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A bstract

T H E  D E V E L O P M E N T  O F  T H E  L A T E R A L  SPIN O T H A L A M IC  

T R A C T  IN RATS A N D  ITS R ESPO N SE TO  LESIO N

by

D orene Y. Miya 

Adviser: Professor G ordon A. B arr

The aim of these experim ents was to exam ine the m aturation of the 

ascending lateral spinothalam ic, tract (LSTT) in fetal, neonatal and young 

rats and to exam ine the LSTT response to lesion relative to its 

developm ent. In experim ent 1, W G A -H R P and green fluorescent 

m icrosphcrcs w ere injected into the lateral vcntrobasal nucleus o f the 

thalam us in rats on fetal day 18 o r 19, the day of birth and postnatal day 

10. The results show that the LSTT projects to the vcntrobasal thalam us by 

the earliest day exam ined, fetal day 18. W G A -H R P and m icrosphcrcs both 

labeled cells con tra lateral to the injection in the ventrom edial dorsal horn 

and superficial lamina o f the lum bar spinal cord in all age groups 

examined. Postnatal anim als also showed labeling in the neck of the dorsal 

horn. In fetal anim als only, W G A -H R P faintly labeled a tract in the 

contralateral lateral funiculus of the dorsal horn. A t this age, faint labeling 

was also seen in the ipsilatcral medial lemniscus and m ost lateral portion of 

the contra lateral principal sensory trigem inal nucleus.



Di-I was used as a postfixation anterograde tract tracer in experim ent 2 and 

showed that the LSTT had developed at least to the level of the cervical 

spinal cord by fetal day 17, the earliest age exam ined.

E xperim ent 3 exam ined the anatom ical and behavioral consequence of 

lesions that are m ade to the spinal cord at different developm ental stages 

of the LSTT. Two age groups o f anim als (fetal day 17 and postnatal day 12 

o r 14) underw ent a lateral hcm iscction of the thoracic spinal cord. Both 

groups of anim als underw ent behavioral testing approxim ately 72 hours 

after surgery and again at postnatal day 47. A t the end of the survival 

period, all anim als w ere injected with W G A -H R P into the vcntrobasal 

thalam us. M orphologically, both groups showed m ajor dorsal horn 

disorganization caudal to and at the site of lesion. Bchaviorally, both 

groups w ere also sim ilar in their severe im pairm ent in responding to 

noxious tests and no m ajor differences w ere noted. R eplication with W GA- 

H R P is necessary to m ake conclusions as to the plasticity of the LSTT in 

developing animals.
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G E N E R A L  IN T R O D U C T IO N

T he overall goal o f these experim ents was to clarify the relationship  

betw een  developm ental status and spinal cord  lesion. In o rd er to 

accom plish this the lateral spinothalam ic tract (LSTT) was used  as the 

m odel system. First, its developm ent in fetal, neonatal and young rats is 

described. Second, the  effects o f spinal cord lesion bo th  before  and  after 

LSTT m aturity  can w ere assessed. It is the hypothesis of these experim ents 

tha t anatom ical plasticity is d ep en d en t on the developm ental status o f the 

system in question and  no t on the  overall m aturity o f the animal. In 

general, understand ing  the developm ent of any system will provide guides 

to understand ing  the  organization of tha t system. In studying issues of 

anatom ical plasticity, the developing anim al as a m odel system may provide 

clues as to  the  role tha t ontogenetic  factors may have in the  regulation of 

functional CNS regenera tion  in the  adu lt m am m al.

T he lateral spinothalam ic tract (LSTT) was used as the  m odel system in 

these experim ents for several reasons: 1) in the adult rat, the anatom y and 

physiology of this system has been  studied extensively and has been  shown 

to be quite  distinct, 2) it is a  functionally significant system m ediating pain 

nociceptive behavior, 3) the procedures and calibration of behavioral tests
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m easuring pain nociception have been  well established and studied by this 

lab, and 4) th e re  has been  little  research on the  developm ent of ascending 

spinal systems in general, and no w ork on the developm ent of the LSTT.

Descriptive overview of the ascending pain system

T he organization of pain systems is very sim ilar from  species to  species and 

consists o f serial chains o f neurons tha t link the periphery with the  spinal 

cord, b ra in  stem , thalam us and cerebral cortex (see F ig .l). O th er aspects of 

sensation, such as touch and vibration, are processed in d ifferent but 

parallel systems.

C ontact w ith the  external environm ent occurs through specialized sensory 

receptors. F o r painful stimuli this occurs through specialized sensory 

recep tors called nociceptors. T h e re  are  th ree  different types o f nociceptors 

tha t respond to the  th ree  d ifferen t types of damaging, noxious stimuli. 

M echanical nociceptors respond  to  strong m echanical stim ulation such as a 

pinch or a pinprick. T em p era tu re  nociceptors are  activated by in tense heat 

or cold stimuli. T he third class o f nociceptors, polym odal nociceptors, 

respond to both  o f the  above stim uli as well as to noxious sensations 

caused by chem ical stim lation (Burgess & Perl, 1973). All o f the above 

nociceptors are  b a re  nerve endings predom inantly  connected  to axons of 

two fiber classes, A<5 and C. Both of these types of fibers are  considered  to



be o f relatively fine d iam eter, with a slower conducting ra te  com pared  to

the  larger m yelinated A a  or A/3 fibers tha t are  associated with tactile 

sensation and proprioception .

Prim ary a fferen t fibers en te r the  spinal cord through the  dorsal roo t ganglia 

at its dorso la teral m argin. O nce in the spinal cord, these dorsal roo t fibers 

carrying pain sensations pass in to  the  zone of L issauer which is located 

dorsal and la teral to the  m ost superficial lam ina of the dorsal horn. In 

adu lt anim als, the  m edial and la teral boundaries o f the zone o f L issauer are 

clearly indicated by the large, m yelinated proprioceptive and tactile fibers. 

T he fibers from  the  zone or trac t o f L issauer ascend o r descend one o r two 

segm ents away from  the  cell bodies of origin and term ina te  in the  upper 

tw o-thirds o f the  dorsal horn, mainly in lam ina I-III, known respectively as 

the  m arginal zone and substantia  gelatinosa. This m arks the  beginning of 

the  LSTT. T hese  second o rd e r fibers im m ediately cross in the  spinal cord 

to the  con tra la tera l side and ascend in the  an tero latera l q uad ran t o f the 

lateral w hite colum n.

O n its ascent to the thalam us, the  LSTT assum es a lateral position in the 

m edulla, and som e axons give off collaterals or te rm inate  in the re ticu lar 

form ation. Known as the  sp inoreticu lar tract, this tract is im portan t in the 

sensation o f slow pain m ediated  by C fibers and in the relay o f inform ation



to the  m idbrain periaqueductal gray (PA G ). T he PA G , which surrounds the 

cerebral aqueduct is also known to be im portan t as p a rt of a descending 

pathw ay that m odulates noxious inform ation. As the fibers o f the  LSTT 

ascends th rough the  pons and m idbrain, they take on a m ore m edial course 

before  term inating  in the ventral posterio r lateral (V PL ) nucleus of 

thalam us.

The anatomy of the lateral spinothalamic tract (LSTT)

T he spinothalam ic tract (STT) has been  a subject o f enduring in te rest to 

both  basic and clinical scientists since Gowers (1878) first described its 

im portance in the  transm ission o f pain and tem pera tu re  sensations in 

victims of spinal gunshot w ounds. It was described experim entally by M ott 

(1895) as a long fiber bundle th a t ascends in the an tero la tera l quadran t 

(A L Q ) o f the  spinal cord, term inating in the thalam us of the monkey. 

Surgical an tero la tera l cordotom y was used first by Spiller & M artin  (1912) 

to alleviate chronic pain and they confirm ed the im portance of this area  of 

spinal cord  in pain transm ission (W alker, 1940; W hite & Sweet, 1955; K err 

& Lippm an, 1974).

D egenera tion  techniques dem onstrated  that the STT sends a sizeable 

portion  o f its fibers to nuclei within both  the medial and lateral thalam us in 

a num ber o f d ifferen t species (C lark, 1936; A nderson & Berry, 1959;



M ehler, F eferm an  & N auta, 1960; Bowsher, 1957; Lund & W ebster, 1967; 

M ehler, 1969; Boivie, 1971; R ockel, H eath  & Jones, 1972; Zem lan, 

L eonard, Kow & Pfaff, 1978; Boivie, 1979). M odern electrophysiological 

techniques, utilizing antidrom ic activation from  the  thalam us, allow ed for 

the exam ination of the  individual spinal cord cells of origin (Dilly, W all & 

W ebster, 1968). It was found tha t the STT arises from  cells o f lam inae I, 

IV, V, V I and  V II in the  lum bar portion  of the contralateral spinal cord in 

the m onkey; in the  cat lum bar cord  the STT originates prim arily from  

lam inae I, V II and V III and receives little contribution from  lam inae IV- 

VI. G iesler, M enetrey, G uilbaud & Besson (1976) dem onstrated  tha t the 

lum bar com ponen t of the  ra t STT m ore closely resem bled tha t o f the 

m onkey than th a t o f the  cat.

Small injections o f H R P  w ere m ade to  the ventrobasal com plex (V PL  and 

V PM ) o f the thalam us in the ra t to  identify the cells of origin of the lateral 

projecting spinothalam ic tract (G iesler e t ah, 1979). Spinal cord  neurons 

w ere labeled contra laterally  in the superficial lam inae (lam inae I & II), a 

zone known to  receive therm al and  nociceptive inputs (K uru, 1949; Willis 

& Coggcshall, 1978), and in the in term ediate  gray zone (IG Z ) o f lam ina 

V II in all regions o f the spinal cord. In upper cervical segm ents (C1-C3), 

cells w ere also encoun tered  contralaterally  in the in ternal basilar nucleus 

(IBN ). Cells w ere  also found in the  contralateral lateral cervical nucleus



(LCN ). This area  is located  in the  dorso lateral funiculus, im m ediately 

ventral to the  la teral aspect of the  dorsal horn. In the cervical enlargem ent, 

cells w ere  found contralaterally  in nucleus proprius located  a t the neck of 

the dorsal horn, as well as in the  superficial lam inae. The thoracic segm ents 

had very little  labeling, occurring in the nucleus proprius and IG Z . M any 

m ore cells w ere found in the lum bar en largem ent than in the cervical 

en largem ent. T hese  cells w ere also contra lateral to  the injection and w ere 

located th roughou t the dorsal horn , in term ediate  gray zone and V M D H .

In sum m ary, in the rat, the  axons of the LSTT originate from  neurons 

w hose cell bodies lie in the  dorsal 2/3 of the dorsal horn  and deep  gray 

m atte r from  all segm ents of the  spinal cord, b u t especially from  the upper 

cervical and the  lum bar regions.

T he axons o f the LSTT im m ediately cross in the spinal cord  and ascend in 

the an tero la tera l q uad ran t (A L Q ) of the cord, ascending through the 

lateral portion  o f the  brainstem  to the lateral ventrobasal com plex (V PL) 

(G iesler, M enetrey, G uilbaud & Besson, 1976; G iesler, M enetrey & 

Basbaum , 1979; Pcschanski, M antyh & Besson, 1983). In addition, G iesler 

e t al. (1981) found that, as the LSTT ascends through the cord, it assum es 

a m ore lateral position within the ALQ . A t lum bar levels, axons are 

distributed th roughout the A LQ ; within the thoracic cord they are
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distributed th roughou t the  A L Q  bu t are  not found in such close proximity 

to the  ventral horn . As they reach cervical regions, they are  m ore  tightly 

organized in the  lateral m ost portion  of the A LQ . A lthough the  anatom y 

(and physiology) o f the ra t LSTT is sim ilar to that o f the  m onkey, axons 

destined  for lateral and m edial thalam ic nuclei in the m onkey are  mixed 

and ascend w ithin bo th  the  ventral funiculus and the  A LQ  (M ehler, 1969; 

Boivie, 1979).

In studying the  differential origins of the  LSTT and the  m edial projecting 

STT (M STT), G iesler e t al. (1979) no ted  tha t the lum bar cord  cells tha t 

w ere labeled in the  ventrom edial dorsal horn w ere less densely filled with 

H R P  than  o th e r labeled  spinal cord  cells a fter injections w ere  m ade to 

e ither the  ventrobasal o r m edial thalam us. This finding suggested th a t these 

neurons send axons th a t may bifurcate, giving off collaterals to o ther 

structures. In o rd e r to study the above possibility, K evetter & Willis (1982, 

1983) in jected  rats concurrently  with F ast B lue o r N uclear Y ellow  into the 

m edial (in tralam inar) thalam us and with H R P  into the ventrobasal complex 

of the  sam e side. In an o th er group of animals, injections w ere also m ade to 

the  re ticu lar form ation. A bout 15-20% of the STT cells pro jected  to both  

the m edial and ventrobasal thalam us and m ost of these cells w ere 

concen tra ted  bilaterally in the  upper cervical segm ents and contralaterally  

in the  ventrom edial dorsal horn of the lum bar cord. To a m uch lesser



extent, K evetter & Willis (1983) also found tha t a larger p roportion  o f STT 

neurons th a t p ro ject to  the m edial thalam ic structures, ra th e r than  to the 

ventrobasal com plex, send collaterals to the re ticu lar form ation. In 

ag reem en t with the  findings o f G iesler e t al., (1979), it was concluded that 

the M STT and the  LSTT are  largely distinct projections in the ra t and that 

the  LSTT is probably a d irect pathw ay arising from  the spinal cord  dorsal 

horn  and  term inating  in the ventrobasal thalam us.

H arm ann , C arlton  & Willis (1988) injected D iam idino Y ellow  and Fast 

B lue in to  the  ventrobasal thalam us and periaqueductal gray (PA G ), 

respectively, in o rd er to study the  distribution of LSTT neurons tha t p ro ject 

to bo th  areas. A n average o f 1.4% of all LSTT neurons send collaterals to 

the PA G . T hese  double-labeled cells w ere observed in the  area  o f the 

V M D H  (lam ina V) and in the  m arginal zone (lam ina I) o f only the  cervical 

and lum bar segm ents o f the spinal cord. T h ere  was a shift in the  

concen tra tion  of double-labeled cells from  lam ina I in cervical levels to 

lam ina V in lum bar levels.

T he thalam ic target o f the  LSTT, the ventrobasal complex, is also the  ' 

target of the  tactile sensing dorsal colum n-m edial lem niscal system (Lund 

& W ebster, 1967; Feldm an & K ruger, 1980). In o rder to de term ine  if there  

is an overlap of term inations betw een these two ascending pathways or if
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there  is a segregation o f term inations, Ma, Peschanski & Besson (1986), 

used  bo th  tritia ted  leucine and W G A -H R P in a double-labelling study. It 

was found  th a t the  areas o f term ination  for both  the  dorsal colum n-m edial 

lem niscal pathway and the LSTT do overlap in the lateral portion  o f the 

ventrobasal com plex (V PL). T he overlap appears to be som atotopically 

organized, indicating th a t the  sam e area  o f the ventrobasal com plex 

receives som atic inputs from  the  sam e p a rt of the  body through both  

pathways.

A n o th er trac t o f th a t te rm inates in the  ventrobasal com plex is the  

trigem inothalam ic tract. A lthough this tract, which originates from  the 

principal trigem inal nucleus, ascends within the m edial lemniscus, studies 

have shown tha t it term inates in the m edial aspect o f the ventrobasal 

com plex (V PM ) (B elford & Killackey, 1978, 1979).

In sum m ary, the  LSTT originates from  spinal cord cells in the  m arginal 

zone (lam ina I) and dorsal nucleus proprius (lam ina V), in te rm ed ia te  gray 

zone (lam ina V II) and ventrom edial aspect of the dorsal horn from  all 

levels, b u t especially from  upper cervical and lum bar segm ents. T he axons 

im m ediately cross in the spinal cord  within 1 -2 segm ents and ascend in the 

A LQ  as a diffuse bundle, becom ing m ore tightly organized to the o u te r 

edge o f the  A LQ  as they ascend to cervical levels. As this trac t travels
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through the  lateral aspect o f the  brainstem , a few collaterals are  given off 

to the  re ticu lar form ation and la teral PA G , before  term inating in the 

lateral portion  of the ventrobasal complex, coincident w ith the term inal 

region o f the  dorsal colum n-m edial lem niscal system.

Physiology o f the lateral spinothalamic tract

B ecause of clinical dem onstrations that an an tero la tera l cordotom y induces 

hypoanalgesia in the opposite side of the body in hum ans, num erous data 

have confirm ed tha t the fiber tracts contained in this portion of the cord 

are necessary for the sensori-discrim inative aspects o f pain sensation 

(W hite & Sweet, 1955). Also, because it has been  known from  the classical 

studies o f Poggio & M ountcastle (1960) that th e re  are  neurons in the 

posterio r nuclear group o f the  thalam us that respond to  noxious 

stim ulation, the  LSTT has been  suspected as the m ajor pathway in the 

transm ission o f noxious m essages to the brain.

T he involvem ent o f the  ra t’s LSTT in the pain-signaling system was first 

suggested by the  electrophysiological experim ents of G iesler, M enetrey, 

G ulbaud & Besson (1976). A ntidrom ic activation from the thalam us (Dilly 

et al. 1968) was used to  identify the neurons at the origin of this tract in 

the lum bar portion  of the spinal cord. They found cells located in the 

superficial layers (lam ina I & II) and neck of the dorsal horn (lam ina IV-
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V) th a t responded  to  noxious stimuli. Cells tha t responded  to  non-noxious 

stimuli, such as a touch to the paw with a cam el-hair brush, w ere also 

identified bu t w ere  also powerfully activated by noxious stimuli. T hese 

results are  very sim ilar to  several reports in which the  antidrom ic activation 

technique was used  to  identify and study the cells o f origin to  the  prim ate  

LSTT (Trevino, C oulter & Willis, 1973; A pplebaum , Beall, F orem an & 

Willis, 1975; F orem an, A pplebaum , Beall, Trevino & Willis, 1975).

In o th e r electrophysiological studies (G uilbaud, Peschanski, G autron  &

B inder, 1979; Peschanski, G uilbaud, G autron  & Besson, 1980), the

response of the  ventrobasal thalam ic neurons to noxious m echanical and

therm al stim uli w ere studied. In the rat, ventrobasal neurons activated by

noxious m echanical stimuli are also responsive to  noxious therm al stimuli.

By plunging the  tail o f a ra t in to  a tem peratu re-con tro lled  ho t w ater bath,

Peschanski e t al. (1980), found tha t 70%  of the identified neurons encoded

stim ulus intensity by frequency o f discharge. Som e units also responded  to

a stim ulus increase by the  recru itm en t of o ther cells for tem pera tu res up to

60°C. R esponse thresholds varied betw een 40° and 50°C. H ow ever, som e 

ventrobasal neurons are clearly activated by non-noxious stimuli. This

result, first discovered by G iesler et al., (1976) as m entioned  above and

again by G uilbaud, Peschanski, G autron  & B inder (1980), is probably due

to the lack o f segregation of LSTT and dorsal colum n-m edial lemniscal
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afferents in the  ventrobasal com plex. In o rd e r to separa te  the behavioral 

and electrophysiological corre la tes of these two som atosensory tracts, the 

following studies w ere undertaken .

Peschanski, Briand, G au tron  & G uilbaud (1985) studied the

electrophysiological responses to noxious m echanical (pinches) and therm al

(50 °C  w ater ba th ) stimuli, as well as to  non-noxious (brushing, p ressu re) 

stim uli applied  to the hindpaw  in the ventrobasal com plex of the  ra t

thalam us, bo th  before  and after lesions w ere m ade to various areas o f the

spinal cord. This study specifically exam ined the crossed LSTT, the

uncrossed sp inoreticu lar tract tha t also travels in the an tero latera l

quadrant, the  uncrossed spinocervical trac t and the dorsal colum n-m edial

lem niscal system that is uncrossed and ascends in the dorso lateral and

dorsal portion  of the cord, respectively. They found that lesions o f the

dorsal and dorso lateral po rtion  o f the cord  failed to  elim inate the

ventrobasal neuronal response to  noxious stim ulation. In contrast, unilateral

lesions o f one an tero latera l q uad ran t elim inated the ventrobasal responses

to bo th  m echanical and therm al stimuli of the contralateral hindpaw,

strongly indicating that the LSTT is necessary for neuronal responses to

noxious stim uli in the ventrobasal complex.

Peschanski, K ayser & Besson (1986) next exam ined the behavioral response
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to  noxious m echanical stim uli a fter system atically lesioning various 

quadran ts o f the  spinal cord. T hresho ld  latencies to vocalize and to 

w ithdraw  from  a noxious m echanical stim ulus applied to the  hindpaw s w ere 

analyzed bo th  befo re  and after cervical cord lesions o f various quadrants. 

R esults indicated tha t only an tero la tera l quadran t lesions significantly 

increased  the  latencies for bo th  responses to  the  noxious stimuli. It was also 

shown th a t the  spinal pathw ay responsible for these results was mostly, if 

no t com pletely  crossed. T aken together, these two studies strongly indicate 

the  direct, crossed LSTT pathway in the  transm ission of noxious m echanical 

and therm al stimuli to the  ra t ventrobasal complex.

A natom ical evidence, previously cited, dem onstra ted  tha t som e LSTT 

neurons do send collaterals to the  PA G  (H arm ann e t al., 1988). This is an 

a rea  known to play an im portan t ro le in pain perception  and pain 

m odulation  (M ayer, W olfe, Akil, C arder & Liebeskind, 1971; M ayer & 

Liebeskind, 1974; R hoades & Liebeskind, 1978) and provides an anatom ical 

m echanism  by which noxious stim uli can activate neurons no t only in the 

thalam us, b u t also in the  PA G .

T h ere  have been  a  few studies, however, tha t conclude tha t the  ra t LSTT 

does not play a ro le in pain transm ission based on LSTT cell counts and 

organization. In these two quantitative studies (G ranum , 1986; K em play &



W ebster, 1986), injections o f H R P  in the ra t thalam us labeled  few er than 

1000 neurons in the spinal cord. In both  studies, the m ajority o f cells w ere 

found in segm ents C1-C4. B ecause of this they concluded th a t in the  rat, 

the  STT is small and unlikely to  play a ro le in transm itting nociceptive 

inform ation to the  thalam us and instead, the upper cervical cord  served as 

a pain sensation relay to m ore rostral targets. In contrast, m ore recen t 

papers (L im a & Coim bra, 1988; Burstein, D ado & G iesler, 1990) have 

quantitatively reexam ined the STT cells of origin and have found th a t the 

n um ber of cells contributing to  this system is 10 tim es g rea ter than 

previously rep o rted  and tha t these  cells extend th roughout the spinal cord 

(K evetter & Willis, 1983; H arm ann  e t al., 1988). Also, because Peschanski 

e t al. (1986) system atically lesioned the different areas o f the  spinal cord, 

and found th a t only dam age to the  A LQ  produced electrophysiological and 

behavioral deficits in response to noxious stimuli, it is likely tha t the  LSTT 

has a significant ro le  in the percep tion  of pain stimuli.

Anatomical and Physiological Development of the Ascending Pain System

A lthough the  dorsal horn cells o f the ascending pain system m ark the  

beginning o f the LSTT, the m aturation  o f a num ber o f o th e r com ponents 

th a t are periphera l to and p art o f this system are necessary befo re  the 

anim al can respond  to pain. M any of these o ther com ponents have already 

been  studied  developm entally  by others and allows for a m ore com plete
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picture as to the  m aturation  of this behaviorally im portan t system that 

m ediates feelings o f pain.

Prenatal studies have concen tra ted  on the  neurogenic period  of spinal cord

neurons (N ornes & Das, 1974; A ltm an & Bayer, 1980; P enderg rast & Beal,

1986; Nandi, Beal & Knight, 1990) and prim ary afferents to  the  spinal gray

(W indle & Baxter, 1936; Smith, 1983; Fitzgerald, 1987). Long tract neurons

from  the  superficial dorsal horn  (lam ina I and II) com plete neurogenesis by

FD-13 (N andi e t al., 1990). A scending tract neurons from  lam inae III, IV,

V and X and the  nucleus dorsalis p ro liferate  on FD-14. O n the o ther hand,

fine-d iam eter A<5 and C afferents grow into the L4/L5 spinal cord  a t FD -19 

w hen they reach  the  reach  the  w hite m atter overlying the dorsal horn  and

begin to p en e tra te  lam ina I. Twelve hours la te r at FD-19.5, term inals are

seen in the  o u te r portion  of lam ina II and by FD -20 they are increasing in

density and have reached  the inner portion  o f lam ina II. By birth, they have

reached the  density in lam ina I and II tha t is found in the neonate  and

young ra t (F itzgerald , 1987).

Peptides such as substance P (SP) and som atostatin, are located in fine- 

d iam eter afferents. T he release o f SP from  neonatal ra t spinal cord has 

been  shown to  be m ediated  by a calcium -dependent m echanism  (O tsuka & 

Konishi, 1974) and electrophysiologically, SP has been  shown to have an
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excitatory effect on neurons o f the neonatal ra t spinal cord (Konishi &

O tsuka, 1974). It has also been  dem onstrated  in the cat spinal cord  that

neurons responsive to SP adm inistration are also responsive to noxious

stimuli (R andic & Miletic, 1977). T herefore , because the above findings

indicate SP as one of the prim ary transm itters contained in and re leased  by

the nociceptive system, SP and som atostatin  histochem ical studies have

b een  used  to  investigate the neurochem ical developm ent of A<5 and C fibers 

into the  dorsal horn.

Sem ba, Shiosaka, H ara, Inagaki, Sakanaka, Takatsuki, Kawai & Tohyam a 

1982) investigated the ontogeny o f the peptidergic system of the  ra t spinal 

cord  and found that SP is p resen t in lam ina I and II of the dorsal horn just 

before  birth, at FD-20. By postnatal day 1 (PD-1), SP containing cells are 

visible in the dorsal roo t ganglion and weakly stained SP fibers are 

concen tra ted  in lam ina I. By PD-8, the staining p a tte rn  is com parable to 

th a t of an adult.

T he fluoride-resistant acid phosphatase  (F R A P ) m arks a specific 

population  o f unm yelinated C afferents. Schoenen (1978), found FR A P  to 

be p resen t in dorsal root ganglion cells as early as FD-15, bu t n o t p resen t 

in spinal cord  lam ina I or II of the fetal rat. FR A P activity in the  dorsal 

horn is first p resen t 12 hours after birth  (F itzgerald & Gibson, 1984).
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H ow ever, Pignatelli e t al. (1989) found tha t the term inal endings o f 

afferents in lam ina II, p resen t a t birth, do no t show F R A P  reactivity until 

PD-2. F R A P  activity in the  dorsal horn  does n o t reach adu lt intensity until 

PD -6 o r 7 (F itzgerald e t al., 1984).

T h ere  have been  very few studies tha t have investigated the  physiological 

and behavioral changes th a t take place in the neonatal som atosensory 

system, in general, and even few er studies that have investigated the 

physiological p roperties  o f the pain system in the first few w eeks o f life.

T he first in vivo investigation o f the cutaneous afferen t input in the 

neonatal dorsal horn  was perfo rm ed  by Fitzgerald, (1985). E xtracellu lar 

recordings o f single dorsal horn cells w ere  m ade in the lum bar (L4) spinal 

cord  to  bo th  electrical and natural m echanical stim ulation (brushing w ith a 

fine brush, touching with a w ooden rod and pinching w ith fine-too thed  

forceps) o f the skin o f the hindlim b in ra t pups aged 0 to 15 days old. In 

the first th ree  postnatal days of life, receptive fields w ere mostly evoked by 

pinching o f the skin and responses w ere found to be  very large covering 

14.2% of the  total hindlim b area. By PD-15, the receptive field had 

decreased  to only 3.6%  of the total hindlim b area. C orresponding to this, 

from  PD -0 to PD-3, pinching the  receptive field resu lted  in long-lasting 

discharges which decreased  in am plitude and duration with age. R esponses 

corresponding  to  both  A <5 and C afferents w ere recorded  in the superficial
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lam ina (I-III) a t PD-O, bu t in the  d eep e r lam ina, only AS fiber responses 

w ere reco rded  until PD -7 and PD -8 w hen C afferen t responses w ere  also

first p resen t. This indicates th a t the  developm ental responses o f C fibers is

m uch delayed com pared  to th a t of AS fibers and does n o t fully develop 

until the  second postnatal w eek o f life. It was p roposed  th a t because C

fiber evoked responses w ere observed in the superficial dorsal horn  at

birth, the  cells h e re  receive m onosynaptic inputs, w hereas deep  dorsal horn

cells con tribu te  to polysynaptic pathways th a t develops secondarily to  the

m onosynaptic ones in the second w eek of life. T he delayed m aturation  o f C

prim ary affe ren t responses also corresponds to  data  th a t specific C fiber

evoked responses to the  chem ical irritant, m ustard  oil, also does no t

develop until PD -10 or PD-11 (F itzgerald  e t al., 1984). As was discussed

earlier, capsaicin is a specific neurotoxin tha t perm anently  destroys fine-

d iam eter prim ary afferents and it has also been  used to understand  the

developm ent o f these afferents. W hen the cu taneous afferen t volley on the

dorsal roo t was reco rded  in norm al ra t pups and in pups th a t had been

trea ted  with capsicin a t birth, F itzgerald  (1988) found tha t no difference

could be de tec ted  to electrical skin stim ulation betw een the  two groups at

PD -2 or PD-5. It was only at PD -9 th a t a c lear long latency burst o f spikes

was absent in capsicin trea ted  pups, indicating strongly tha t the prim ary

afferents are  in a very im m ature state  o f developm ent in the first postnatal

w eek o f life and tha t the behavior tha t they m ediate  may d epend  on the

m aturation  o f C fiber polysynaptic pathways.
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All o f the  above developm ental studies indicate th a t the  m aturation  o f the 

ascending pain system is an early event probably taking p lace prenatally  in 

the rat. H ow ever, th e re  is no d irect inform ation on the  developm ent o f the 

LSTT, in any species and so the  first goal o f these  experim ents is to trace 

the anatom ical developm ent o f this ascending, spinal cord  system in fetal, 

neonatal and young rats.
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Experiment 1: The Anatomical Development of the LSTT Using 

Retrograde Tract Tracers

M uch a tten tion  has b een  focused on tracing the developm ent o f descending 

m oto r systems (D onate lle , 1977; G ilbert & Stelzner, 1979; M artin, Cabana, 

D iTirro, H o  & H um bertson , 1982; Schreyer & Jones, 1982; Leong, Shieh & 

W ong, 1983; Kalil, 1984; Shieh, Leong & W ong, 1984; C abana & M artin, 

1985) in o rd e r to  b e tte r  understand  the  m aturation, connectivity and 

plasticity o f the  CNS in general. T he organization of many ascending spinal 

pathways has been  described fo r a num ber of species (F o rehand  & Farel, 

1982; M artin, C ulberson & H azlett, 1983; N ornes, H art & Carry, 1980); 

how ever th e re  have been  very few studies tha t have exam ined the 

developm ent o f ascending projections in the rat. Studies th a t have traced  

the developm ent of ascending projections have shown that unlike many 

decending tracts tha t m atu re  postnatally  in the neonatal rat, m uch o f the 

developm ent of these  ascending, sensory systems occurs prenatally  (Bryz- 

G ornia & Stelzner, 1986; A sanum a, Ohkawa, Stanfield & Cowan, 1988).

F or exam ple, by the day of birth , the efferents from the dorsal colum n 

nuclei, deep  cerebe lla r nuclei and the inferior colliculus have already 

en tered , and arborized  extensively within their appropria te  thalam ic nuclei 

(A sanum a e t al., 1988).
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In E xperim ent 1, W G A -H R P and  fluorescent g reen  latex m icrospheres 

w ere used to  determ ine  the  earliest age a t which V PL  thalam ic injections 

w ould label the  dorsal ho rn  cells of origin o f the LSTT. W G A -H R P  has 

been  dem o n stra ted  to  be  a  far m ore  effective re trograde  tracer o f the 

spinothalam ic trac t than  H R P  alone (M antyh & Peschanski, 1983). T he 

fluorescen t latex m icrospheres, unlike W G A -H R P, show minimal diffusion 

from  the  injection site and ap p ear to be  an attractive alternative 

neuroanatom ical tracer in m apping the projections of neonatal anim als 

(K atz & Iarovici, 1990).

METHODS

Subjects

M ale and fem ale Long-Evans hooded  ra t pups bo rn  in our colony w ere 

used in this study. A nim als w ere exam ined a t the following ages: fetal days 

18 and 19 (FD -18, FD -19) and postnatal days 0 and 10 (PD-0, PD -10). Five 

to eight anim als w ere exam ined a t each age, for each m ethod  used  (W G A - 

H R P  and m icrospheres). F o r postnatal subjects, rats w ere checked once in 

the m orning and again in the early evening for the presence of pups, with 

the day of b irth  te rm ed  PD-0. F o r em bryonic subjects, tim ed-pregnant 

fem ales w ere checked daily by the  vaginal sm ear m ethod for the p resence 

of sperm . O nce sperm  was detec ted , the m ale was separa ted  from  the
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Postnatal retrograde tracing methods

Postnatal anim als (PD -0 and PD -10) w ere deeply anesthetized  through the

inhalation o f m ethoxyfluorane and  placed in an infant stereotaxic

apparatus. W ith the  aid of the stereotaxic atlas for developing rats (H elle r

et al., 1979), the  V PL  thalam us was unilaterally  injected with e ither .1 /x\ o f 

a 5%  solution o f W G A -H R P in distilled w ater o r an und ilu ted  sam ple of

latex green  m icrospheres (L um aF luor). A  single injection was m ade

through a polyethylene tubing (PE-10)-30 gauge need le  assem bly connected

to a 0.5 fxl H am ilton  syringe. A nim als w ere placed in separa te  tubs in an 

incubator until recovery from  anesthesia  and then  re tu rn ed  to the  m other

in the  hom ecage for a survival period  of 48 hours. Pups w ere then

reanesthe tized  by an in traperitoneal injection of sodium  pentobarb ito l (64

mg/kg) and perfused  transcardially  with phosphate  buffered  saline followed

by e ither 2%  glutaraldehyde/1 % paraform aldehyde if in jected with W GA-

H R P, o r a 4%  solution o f paraform aldehyde if injected with m icrospheres.

T he spinal cord and w hole b rain  w ere rem oved and sto red  in a 30%

sucrose solution. T ransverse frozen serial sections of all brains and spinal

cords w ere cu t at 30 /on and e ith e r reacted  in solution for the p resence  of 

W G A -H R P  by the TM B  m ethod  and countersta ined  with a 1% solution of

neutral red  or co llected  in phosphate  buffered saline and m ounted  on

gelatin coated  slides if injected with the m icrospheres. T hese sections w ere
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air-dried, dehydra ted  in xylene fo r 1 m inute and coverslipped with 

Krystalon (H arleco). Sections w ere  exam ined u n d er a  fluorescent 

m icroscope using w ide-band filters for the presence o f the  green 

m icrospheres.

Fetal retrograde tracing methods

This strain  o f ra t has a gestation  period  o f approxim ately 21 days. All

in trau terine  p rocedures follow the  m ethod  by Sm otherm an (1984). D am s

w ere deeply anesthetized  by an in traperitoneal injection of sodium

pentobarb ito l (64 mg/kg) and p laced  in a restaining device th a t secured  the

ra t in an inclined position, exposing the ventral side. A n incision was m ade

betw een  the  2nd and 3rd pair o f teats through the layer o f m uscle that

overlies the uterus. T he en tire  restraining device was then  placed in a

double w arm ed saline bath  (38 °C) so tha t the caudal half was subm erged 

into the  saline. Both u te rine  horns w ere then  carefully externalized into the

saline bath. P rio r to day 18 of gestation, the layer of am nion th a t surrounds

the fetus is quite  thick, m aking the  su tures of the  skull very difficult to

visualize. T h e re fo re  a  hypoderm ic need le  was carefully used  to  extract

betw een  0.1 and 0.3 cc o f fluid befo re  injection. All o f the fluid was then

rep laced  a fte r injection. H and-held  pressure injections o f 0.05 fx 1 o f W GA- 

H R P  was m ade through all m em branes enclosing the fetus, using the

sutures o f the  skull as landm arks. B ecause the W G A -H R P  and

m icrosphercs appeared  to label the sam e population o f cells, only the
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W G A -H R P  was used  on fetal anim als as it was found to be  easier to inject 

reliably in the  fetus. O nce the  need le  was extracted, the  p unctu re  m arks 

w ere  no t visible. This p ro cedu re  was then  rep eated  with all rem aining 

fetuses. T he  u te rus was then  placed back under the m uscle wall and the 

dam  was b rough t ou t o f the  saline bath . T he incision was closed by 2 layers 

o f square-kno t sutures. A  caesarian  section was perform ed  a fte r 48 hours 

on fe tuses in jected  at FD -18. B irth  was allow ed to occur norm ally in 

anim als in jected  on FD -19. All delivered fetuses w ere intracardially  

perfused , and the  tissue processed  as for postnatal animals.

Experimental rationale

This study was designed to study the  possibility tha t the  LSTT is an early 

developing system, established during the  fetal period  of the  rat. T he 

re tro g rad e  tracers, g reen  fluo rescen t latex m icrospheres and W G A -H R P  

w ere bo th  used  to determ ine  a t w hat age the lum bar afferents have reached 

the V P L  thalam us. D ue to the spread  of W G A -H R P beyond the  injection 

site of the  V PL  thalam us (often  filling the  en tire  hem isphere), g reen  

fluo rescen t latex m icrospheres w ere chosen as a second re tro g rad e  m arker 

to  verify the  results obtained  w ith the  W G A -H R P  since they diffuse very 

little from  the  site of injection.
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Procedure

Postnatal day 10 ra t pups w ere initially used in this experim ent. W hen the 

results indicated tha t cells o f the  lum bar dorsal horn, at this age, pro jected  

to the  V P L  thalam us, PD -0 and  PD-1 pups w ere  used. A lthough the  results 

indicated th a t som e lum bar cord  cells have sent projections to the V PL 

thalam us, bo th  qualitative and quantitative criteria  show this pro jection  to 

be  a t a less m atu re  state  o f developm ent than PD -10 anim als bu t indicated 

the n eed  to  w ork in younger, fetal animals. All injection sites for animals 

injected with re trog rade  tracers w ere visually verified by histology. Only 

those anim als in which the histology verified the  injection to have 

p en e tra ted  the  V PL  thalam us a re  included in the  experim ental results.

RESULTS

Site o f retrograde tracer application

In prelim inary work, rats w ere sacrificed at several d ifferent survival times 

(24, 48 and 72 hours) following injections. No differences in labeling was 

observed w ith the d ifferent survival times, and the  48 hour tim e period  was 

used for all anim als.

T he injections of fetal rats in-utero yielded a hit ra te  o f about 30%  in m ost 

litters. M ost positive injections w ere an terio r to the posterio r com m issure;
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Figure 2. A  rep resen ta tive  transverse section from  a PD -0 ra t in which 

injection of W G A -H R P  was m ade into the V PL thalam us. W G A -H R P  

injection resu lted  in the  extensive spread  o f the reaction p roduct across the 

ventrom edial posterio r nucleus of thalam us the  m idline. Survival tim e was 

48 hours. (M agnification is approxim ately 60X).
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Figure 3. A  rep resen ta tive  transverse section from  a PD -0 ra t in which an 

injection of fluorescen t latex m icrospheres was m ade to the  V P L  thalam us. 

T he m icrospheres spread  far less than  the  W G A -H R P and never spread  to 

V PM  or posterio r thalam us. T he survival tim e was 48 hours. D espite  the 

diffusion differences in the two re trog rade  tracers, bo th  yielded sim ilar or 

identical results. (M agnification is approxim ately 150X).
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how ever anim als in which the  injection p en e tra ted  m ore posterio r levels of 

the V PL  thalam us (a t the  level of the lateral geniculate bodies) w ere also 

included. In anim als in jected with W G A -H R P, the spread of diam ino- 

benzidine (D A B ) reaction p roduct always ex tended across the  ventrom edial 

posterio r thalam us group (V PM ). Posteriorly, a  halo of the D A B  reaction 

p roduct sp read  to the  level o f the  m edial geniculate body, and often tim es 

spread  across the  m idline (Fig.2). In anim als injected with m icrospheres, 

the fluo rescen t g reen  label displayed m inim al diffusion from  the  site of 

injection, never spreading to the  V PM  thalam us or to m ore posterio r 

structures (Fig.3). H ow ever, despite the  differences in the  am ount of 

injection diffusion, bo th  tracers yielded sim ilar o r identical results such that 

for all postnatal age groups (PD-0, PD -10) and for fetal ages FD -18 and 

FD-19, cells w ere labeled  in the  con tralateral dorsal horn o f the  lum bar 

spinal cord  only. B ecause bo th  tracers yielded sim ilar results, the  m ore 

problem atic  m icrospheres was no t used in the  fetal animals. All cell counts 

reflect this po in t with only W G A -H R P labeled  cells being counted  

th roughou t the  study. N eurons w ere  never seen ventral to the  central canal 

o r in o th e r segm ents o f the  spinal cord (cervical or thoracic).

Fetal rats

T he first age at which label was observed in the  dorsal horn  was the 

earliest age, FD -18, bu t only w hen the  p lacem ent of tracer was to the m ore
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Figure 4. Photom icrographs o f cells labeled in the spinal cord o f FD-18 

anim als a fte r in-utero injections o f W G A -H R P into the  V PL  thalam us. A,B. 

Labeled  cells found in the lateral portion o f the superficial lam ina (lam ina 

II). C. L abeled  cell located  in the  m edial aspect o f the  superficial lamina.

All processes w ere  orien ted  tow ard the  con tra la tera l funiculus. D. A  few 

labeled cells w ere  found in the ventrom edial dorsal horn  (lam ina VI).

T hese cells exhibited fewer, shorte r processes and a  larger cell body as 

com pared  to those found in the  superficial lamina. All labeled  cells w ere 

small, and very faintly labeled. (M agnification is approxim ately 1500X)



3 3



34

Figure 5. L abeled  tract o f axons in the lateral funiculus ipsilateral to the 

injecion, b u t con tra la tera l to  the  labeled spinal cord  cells. This trac t was 

not labeled  in o lder groups of anim als. (M agnification is approxim ately 

300X)



3 5



36

Figure 6. Photom icrographs o f  the  contralateral principal sensory 

trigem inal nucleus (P rV ) a fter injections o f W G A -H R P into the  V PL 

thalam us. A. O n day 18 of gestation, the PrV  nucleus is very lightly labeled. 

Arrow s indicate the  faint b o rd e r o f the nucleus. 5 . By the  day o f birth , the  

P rV  nucleus is densely stained  th roughou t its length. (M agnification is 

approxim ately 150X)
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Table 1: Individual counts of labeled cell bodies found in the lumbar area of 

the contralateral dorsal horn after injection of WGA-HRP into the VPL 

thalamus at 18 days of gestation.

FETAL DAY 18 (FD-18)

ANIMAL # SUPERFICIAL 
(lamina II,III)

VMDH 
(ventromedial 
dorsal horn, 
lamina IV,V)

NECK AREA 
(lamina V)

219-1 7 4 0

219-3 13 0 0

219-4 5 0 0

213-3 5 2 0

213-6 13 0 5

TOTAL 43 *  80% 6 *  11% 5 *  10%

MEAN + SD 8.6 +_ 4.1 1.2 + 1.8 1.0 + 2.2
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la teral regions o f the  V PL  thalam us, and at m ore an terio r levels of the 

nucleus. O th e r sites, including m ore  m edial and posterio r regions o f the 

V PL thalam us, tha t labeled cells in o lder animals, did no t do so in these 

fetal anim als. Sim ilar to the p a tte rn  o f labeling observed in neonatal 

anim als, in fetal anim als labeled  neurons w ere confined to the la teral and 

m edial aspects o f the  superficial lam ina (lam ina II) (Figs.4a,4b,4c) w here  a 

m ajority o f the  cells w ere located  and in lam ina IV  and V of the 

ventrom edial dorsal horn  (V M D H ) (Fig.4d). F ine processes w ere seen  from  

som a only in the  superficial lam ina and these w ere o rien ted  tow ard the 

con tra la tera l la tera l funiculus. All cells w ere faintly labeled  displaying small 

cell bodies. F o r a  sum m ary o f th e  am ount and location o f labeled cells at 

this age see T ab le  1. A t FD-18 only, a tract of axons was densely labeled  in 

the  la teral funiculus o f the  lum bar cord  (Fig.5); this tract was no t seen  in 

m ore  rostral regions o f the spinal cord. In addition to the labeling o f the 

cells and trac t o f the  LSTT, the  con tralateral principal sensory trigem inal 

nucleus, known also to send projections to  the V PL thalam us, was very 

faintly labeled  (Fig.6a).

T he p a tte rn  o f labeling in the FD -19 age group was identical to tha t seen 

in the FD -18 anim als with the exception that no spinal cord tract labeling 

was ever seen  and th a t the  sensory m edial lemniscus, which sends afferents 

to the ipsilateral V PL thalam us, was faintly labeled.
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Figure 7. Photom icrographs o f cells labeled  in the  spinal cord  of neonatal 

rats on the  day of b irth  (PD -0) a fter injection of W G A -H R P  into the  V PL 

thalam us. A,B. Cells labeled  in the  lateral portion  o f the  superficial lamina.

In postnatal anim als, few er labeled  cells w ere h e re  w ith few er processes 

than in fetal anim als. Cells found in this area  usually had a characteristic 

angular shaped, thin som a. C,D. Spinal cord  cells labeled  in m ore central 

areas in the  neck of the  dorsal ho rn  (lam ina V). T hese  cells w ere no t 

labeled  in fetal anim als b u t in neonata l anim als typically exhibited m any 

process arborizations com ing off o f the  round  cell body. E,F. Cells labeled 

in the  vetrom edial dorsal horn  also exhibited som e processes and a large, 

round  cell body. In all postnatal animals, the  m ajority o f labeled  cells w ere 

found h e re  and in the  neck of the  dorsal horn. T hese cells w ere usually the 

m ost densely labeled. (M agnification is approxim ately 1500X)
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Figure 8. Photom icrographs o f cells labeled with fluorescent latex 

m icrospheres after injection into the V PL thalam us o f neonatal rats. A  As 

with W G A -H R P , few cells w ere labeled in the lateral portion of the 

superficial lam ina. B. Cells exhibiting larger som a w ere typically labeled in 

the central areas in the  neck o f the dorsal horn. C ,D .M ost cells displaying 

the  fluorescen t label w ere found in the ventrom edial portion  o f the dorsal 

horn  and w ere densely labeled  sim ilar to those labeled w ith the 

W G A -H R P.(M agnification is approxim ately 1500X).
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Table 2: Individual counts o f labeled cell bodies found in the lumbar area 

o f the contralateral dorsal horn after injection o f  WGA-HRP into the VPL 

thalamus on the day o f birth.

POSTNATAL DAY 0 (PD-0)

ANIMAL # SUPERFICIAL 
(lamina 2,3)

VMDH 
(ventromedial 
dorsal horn, 
lamina 4,5)

NECK AREA 
(lamina 5)

RO-4 10 17 9

RO-9 5 17 4

R0-10 4 5 4

RO-12 3 9 1

RO-13 4 31 9

RO-16 2 9 7

TOTAL 28 *  20% 83 *  58% 33 *  23%

MEAN + SD 4.7 + 2.8 12.0 + 10.7 5.7 + 3.2
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PD-0 rats

In this group of anim als, W G A -H R P  or latex m icrospheres w ere in jected  in 

a sim ilar region and level o f the  V PL  thalam us as rep o rted  for fetal 

animals; how ever unlike fetal anim als, cells w ere also labeled  w ith m ore 

posterio r and m edial injections. By the day of birth, a t PD-0, many 

differences from  the  fetal anim als w ere observed in the p a tte rn  o f spinal 

cord  labeling. All cell bodies w ere densely labeled, showing larger somas. 

Specifically, labeled  neurons w ere observed in the  la teral aspects o f the  

superficial layers o f the  dorsal ho rn  (lam ina II and III), a lthough no t in 

g rea t num bers (Figs.7a,7b). In con trast to the fetal anim als, few er than 

25%  of all labeled  neurons w ere  in the superficial lam ina. A lso unlike fetal 

anim als, processes w ere never seen  from  the angular, small cells o f the 

superficial lam ina. Cells w ere observed, for the first tim e, in cen tral areas 

o f the  neck  o f the  dorsal horn  (Figs.7c,7d). All o th e r neurons w ere located 

in the  ven trom edial region o f the  dorsal horn and surrounding the  central 

canal (Figs.7e,7f). T he larger neurons of the V M D H  w ere seen  in m uch 

g rea te r num bers than  in fetal anim als and had processes tha t w ere 

horizontally  o rien ted  tow ard the  contralateral side of the spinal cord. 

In jected  latex fluorescen t m icrospheres also labeled cells only in the 

con tra la tera l superficial, central and ventrom edial portions o f the  dorsal 

horn. (Figs.8a,8b,8c,8d). For a sum m ary of the am ount and location of 

labeled cells at this age see T able  2. By the day of birth, the  ipsilateral
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Figure 9. Photom icrographs o f W G A -H R P labeled cells in the spinal cord 

o f PD -10 rats afte r injection in to  the  V PL  thalam us. A,B .Typical neurons 

found in the  la teral po rtion  of lam ina II. C. Cells labeled  in the central a rea  

in the  neck  of the  dorsal ho rn  exhibited round  cell bodies and several 

processes extending from  it.(M agnification is approxim ately 1500X)
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Figure 10. In a PD -10 rat, the m ajority o f cells w ere found in the 

ventrom edial dorsal horn . A .Typical cells could be found in pairs. 

(M agnification is approxim ately 1500x) B, C. Cells w ere  often  seen  in 

clusters following thalam ic injection with overlapping processes and densely 

labeled cell bodies. (M agnification is approxim ately 600X)
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Table 3: Individual counts of labeled cell bodies found in the lumbar area of 

the contralateral dorsal horn after injection of WGA-HRP into the VPL 

thalamus on postnatal day 10.

POSTNATAL DAY 10 (PD-10)

ANIMAL # SUPERFICIAL 
(lamina 2,3)

VMDH 
(ventromedial 
dorsal horn, 
lamina 4,5)

NECK AREA 
(lamina 5)

R10-35 0 27 16

RIO-36 0 24 10

RIO-37 1 30 15

R10-38 0 28 3

R10-39 0 23 4

TOTAL ;  *  i% 132 *  73% 48 *  26%

MEAN ±  SD 8.6 + 4.1 26.4 ±  2.9 9.6 + 6.0
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m edial lem niscus was m ore  darkly labeled and the en tire  con tra la tera l 

principal sensory trigem inal nucleus was very densely stained (Fig.6b). N o 

difference was seen  in labeling betw een regions o f this nucleus. Axonal 

labeling in the  la teral funiculus was also never observed in any postnatal 

anim al.

PD-10 rats

Sim ilar to the  PD -0 group, injections m ade to  any region o f the  V PL  

nucleus resu lted  in spinal cord  labeling. By PD-10, neurons o f the  m ore  

superficial layers w ere no longer lim ited to  the  m ost lateral aspects o f the 

dorsal horn  as was seen in younger anim als and cells w ere observed in 

m ore  cen tral areas o f the  superficial lam ina (Figs.9a,9b). Cells w ere again 

observed in cen tral areas o f the neck of the  dorsal horn  (Fig.9c). In 

general, by 10 days o f age, a  g rea te r num ber o f labeled neurons w ere 

observed w ith extensive process arborization, especially in the  V M D H . 

T hese la tte r cells w ere densely labeled, w ith m uch larger som as than  in 

younger anim als (F igs.l0a,10b,10c). F o r a sum m ary o f the  am ount and 

location of labeled  cells at this age see T able  3. No differences w ere seen 

in labeling betw een  the  PD -0 and PD-10 age groups in respect to the 

m edial lem niscus and trigem inal nucleus. A lthough in all postnatal anim als, 

the  p a tte rn  of labeled  cells was sim ilar using e ither the  W G A -H R P  or the 

fluorescen t g reen  m icrospheres, the m icrospheres w ere m ore successful at
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Figure 11. Photom icrographs o f cells labeled following latex m icrosphere 

injection in to  the  V PL  thalam us o f PD -10 rats. A. Few  cells w ere  labeled  in 

the  superficial portion  o f the  dorsal horn. B. R epresentative  cells labeled in 

the  ventrom edial dorsal horn. N o te  tha t the green  m icrospheres w ere m ore 

successful a t labeling cells in the  neonatal group than  in the PD -10 group. 

(M agnification is approxim ately 1500X)
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Figure 12. Schem atic com parison of the location and quantitative 
changes of LSTT spinal cord  cells in the developing rat. Pictured from top 
to bottom  is a lum bar spinal cord  section representing  a typical FD-18, 
PD-0 and PD-10 section (respectively) in term s of both  quantity and 
distribution of labelled cells.
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densely labeling som as and processes in the  PD -0 group (See Fig.8) than  in 

the  PD -0 anim als (F ig s .l la , l lb ) .

DISCUSSION

In jection o f e ith e r W G A -H R P  o r fluorescent g reen  latex m icrospheres into 

fetal, neonata l and  postnatal anim als provide an anatom ical m ethod  of 

tracing the  developm ent o f an ascending system. In the  p resen t study, these 

m ethods w ere  used  to study the developing LSTT. T he results confirm  th a t 

in the  rat, the  ascending LSTT is an early developing tract and is p re sen t in 

fetal anim als as early as 18 days after conception bu t tha t changes in 

developm ent occur in the  density, p a tte rn  and quantity o f labeled  cells in 

the neonatal and postnatal rat. F o r a schem atic sum m ary o f the  labeled  

cells a t the  th ree  age groups studied please re fe r to F igure 12.

A lthough the  LSTT originates from  cells o f the  spinal cord  dorsal horn  of 

all levels in the  adu lt ra t (Dilly e t al., 1968; Willis et. al., 1978; G iesler e t 

al., 1979; G ranum -R obson, 1983; K em play e t al., 1986) I found th a t in the 

developing ra t only lum bar spinal cord cells w ere labeled  indicating tha t at 

this tim e, they may develop earlier and contribute  m ore significantly to the 

LSTT than  do m ore rostral segm ents. H ow ever, because the function o f the 

LSTT is the transm ission of noxious m essages to the brain  (G uilbaud,
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Peschanski, G au tron  & B inder, 1980; Peschanski, G uilbaud, G au tron  & 

Besson, 1980; Peschanski, B riand, G autron  & G uilbaud, 1985; Peschanski, 

Kayser, Besson, 1986), this is unlikely since behavioral responses to  painful 

stim uli can be elicited from  the forepaw s o f new born rats (B arr, Miya & 

Paredes, 1991). It is m ore likely, in ag reem en t with o th e r investigators 

(Sm ith, 1983), it may also be likely tha t the fine-d iam eter thickness o f 

afferen t system s in general and of p renatal animals, especially, m akes it 

very difficult to  label w ith W G A -H R P  o r m icrospheres.

T h e  fine-d iam eter A5 and C  prim ary afferents tha t carry noxious and tactile

sensations from  the  periphery  term ina te  on cells in the  dorsal 2/3 o f the

dorsal horn  in the  adu lt ra t (G iesler e t al., 1976), b u t especially in the

superficial lam ina o f the  substan tia  gelatinosa. F itzgerald (1987) found

these  A 8 and C afferents to grow into the  lum bar spinal cord  (L4-L5) at 

FD -19 w hen they reach the w hite m atte r overlying the  dorsal ho rn  and

begin to p en e tra te  lam ina I. Twelve hours la te r a t FD-19.5, term inals are

seen  in the o u te r portion  of lam ina II and by FD -20 they have increased in

density, reaching the  inner portion  o f lam ina II. It is no t until b irth  that

they have reached  the density in the  superficial lam ina tha t is found in the

n eonate  and young rat. N eurons from  lam ina I and II tha t con tribu te  axons

to  long ascending tracts have b een  found to  com plete  ncurogenesis early by

FD-13 (N andi, Beal & Knight, 1990) while ascending tract neurons from

lam ina III, IV, V and X (im m ediately surrounding the  central canal)
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All o f the above studies, like the  p resen t experim ent, illustrate a general 

developm ental principal o f ta rge t guidance w here the  influence o f the 

target cells in establishing appropria te  axonal connections is necessary for 

norm al p a tte rn  developm ent. It seem s likely, in the im m ature  pain system 

as in o th e r sensory systems tha t norm al developm ent depends on the 

prim ary sensory inputs. F o r exam ple, neonatal trea tm en t o f rats with 

capsaicin, a neurotoxin  which destroys unm yelinated prim ary sensory 

afferents, resu lted  in a failure o f descending brain stem  inhibition to 

develop (C ervero  & P lenderith , 1985). In  the  im m ature ascending pain 

system, the  delicate  balance o f target-axon and axon-target in teraction is 

exem plified many times. F o r exam ple, lam ina I-V  and X cells a re  com plete 

by FD-15 and may guide the  grow th of the  prim ary afferents tha t starts 

later, at FD -19 and in the p resen t study, we have shown that by the tim e 

many o f the  prim ary afferents a re  reaching the dorsal horn, a p roportion  of 

these cells have sen t axons to the  V PL thalam us. Also, by 5 days after the 

early neurogenesis of lam ina I and II cells of the dorsal horn, som e of 

these neurons have already term inated  in the V PL thalam us.

A lthough in the fetal anim al, cells o f the  V M D H  w ere also labeled, the 

sm aller p roportions o f the som a relative to the sam e cells labeled  in the
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neonatal anim al, the  absence o f dendritic arborizations and the faintness of 

label indicate th a t although the axons o f these  cells have reached  the  V PL  

thalam us, they may continue to develop and m atu re  in the final th ree  days 

of gestation.

It was in only the  FD -18 group of anim als tha t the  spinal cord portion  of 

the LSTT was labeled  in the  la teral quadran t o f the lum bar cord. T he 

explanation for this finding is n o t known. It is possible th a t this the 

im m aturity o f this tract a t this early age limits its ability to  tran sp o rt W GA- 

H R P; this seem s unlikely in view of the c lear ability o f growing axons to 

transport tracers to  th e ir growing tips as dem onstrated  in o th e r systems 

(Scott, 1982; Sretevan & Schatz, 1984). It is also possible that the  above 

result is due to a com bination o f tract im m aturity and the fine d iam eter o f 

pain system axons.

In tracing the  developm ent of o th e r systems, d ifferent pa tterns of 

organization have been  found. F o r exam ple, by using an o rthograde  tracer 

it was found tha t ascending inputs to  the  thalam us from  the dorsal colum n 

nuclei, deep  cerebe lla r nuclei and  the inferior colliculus overshoot their 

target with ex traneous projections tha t correctly re trac t by the end  of the 

first m onth  o f life (A sanum a, Ohkawa, Stanfield & Cowan, 1988). Spatial 

segregation and som atotopic arrangem ent was found in the developm ent of
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the rubrospinal trac t (Shieh, L eong & W ong, 1983). In the  p resen t study 

the results indicated a possible spatial segregation w hereby in fetal animals, 

only injections o f tracer m ade to  the  an terio r region of the  V PL thalam us 

resu lted  in the  labeling o f spinal cord  cells. This finding was quite  different 

in postnatal anim als w here injections could be m ade to any p a rt o f the 

V PL  thalam us in o rd e r to  label spinal cord  cells. This may indicate tha t the 

neurons o f the  superficial dorsal horn  tha t are  the  first to  p ro jec t to the 

V PL thalam us do so to the  an terio r V PL thalam us.

B ecause the  p re sen t study utilized only re trog rade  tracer m ethods tha t 

indicated the  LSTT is a prenatally  developing tract th a t continues to 

m atu re  to  a t least PD -10 in the rat, the goal of the  second study was to 

utilize an an terog rade  trac t tracer in o rd e r to visualize the  exact location in 

the spinal cord  th a t these  projections have ascended to  in the  developing 

anim al. A  techn ique was also necessary tha t could be accurately used  in 

fetal anim als younger than  FD-18.
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Experiment 2: The Development of the LSTT Using an 

Anterograde Tract Tracer

A n an terog rade  m arker was used  in this study to  trace  the  location of 

LSTT  afferents as they ascend through the  spinal cord to the  thalam us. 

B ecause the  validity o f E xperim ent 3 d epended  on the accuracy o f tim ing 

spinal cord  lesions to take p lace both  during early and la te  developm ental 

stages o f the  LSTT, it was im portan t tha t an ascending m arker be  used.

T he carbocyanine com pound l,r-d ioctadecy l-3 ,3 ,3 ’,3’- 

te tram ethylindocarbocyanine perch lo ra te  (D i-I) was chosen as the  m ethod  

of an terog rade  trac t tracing prim arily because it has the ability to  label 

neuronal circuits in fixed tissue m aking the  visualization o f ascending 

projections in very young fetuses possible (G odem ent, Vanselow , 1987; 

H onig & H um e, 1989; M cC onnel, G hosh & Shatz, 1989; von B artheld , 

Cunningham  & R ubel, 1990).

METHODS

Subjects

M ale and  fem ale  Long-Evans hooded  ra t pups born  in our colony w ere 

used in this study. A nim als w ere  exam ined at the following ages: FD-17, 

FD-18, PD -0 and PD-10. T h ree  to five anim als w ere exam ined a t each age.
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F o r all subjects, the  detection  and  dating o f tim ed-pregnant fem ales is the 

sam e as in E xperim en t 1.

Postnatal and fetal anterograde tracing methods

T he an terog rade  tracer D i-I was used  in postnatal and fetal anim als.

B ecause it can be used  in perfused  anim als, a FD -17 group of anim als was

included, which was n o t possible with the  re tro g rad e  m ethods. Glass

m icropipettes (1 fx\) w ere  pu lled  by hand  over a flam e and sectioned  into 1 

m m  length  "sticks" and soaked overnight in a 2%  solution of D i-I in ethyl

alcohol. A nim als w ere e ith e r im m ersed  in (FD -17) o r perfused  w ith a 2%

paraform aldehyde and 1% g lu taraldehyde in 0.1 M  phosphate  buffer (pH

7.4). A  lam inectom y was p erfo rm ed  a t the  level o f the  lum bar en largem ent

and the  D i-I coated  "sticks" w ere  placed in the  region o f the  la teral

funiculus. R ats w ere placed back  into the  fixative for a period  o f 4-8

m onths a t a  tem p era tu re  o f 37 °C. In o rd er to m inim ize background 

diffusion and  leakage o f label ou t o f the  m em brane, the  brain  and spinal

cord  was sectioned  by vibratom e. B efore sectioning, the  w hole b rain  and

spinal cord  w ere rem oved and em bedded  in a 10% gelatin solution.

T ransverse, sections of 80 /xm w ere  taken  of the brain  and spinal cord.

Som e longitudinal sections w ere  also taken  of the spinal cord. All sections

w ere floated  into .1M phosphate  buffer and then  m ounted  on gelatin-

coated  slides b u t not perm anently  coverslippped in o rd e r to  reduce the

spread  of label (von B artheld , Cunningham  & R ubel, 1990). Sections w ere



Figure 13. Photom icrograph o f a coronal section of the  spinal cord  after 

application o f the  an terog rade  trac t tracer, Di-I. Ju st rostral to  the  site of 

D i-I application in all anim als, diffusion was often seen across the  en tire  

half o f the  spinal cord. This taken  from  a FD-18 rat. (M agnification is 

approxim ately 60X)
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Figure 14. D i-I was in jected  in to  the  lum bar portion  o f the  la tera l spinal 

cord  o f perfused  ra t fetuses for a  period  o f up to 8 m onths. A. Label was 

found in the  cervical cord  at the  earliest age tested , FD-17, concen tra ted  

bilaterally  in the  an terio r la tera l quadrants (as indicated by arrow s) and in 

the  dorsal colum ns. B ln  a  PD-1 rat, the  fluorescen t label had  becom e 

m ore  restric ted  in the  an terio r lateral quadrants and less dense in the 

dorsal colum ns a t the level o f the  cervical cord. (M agnification is 

approxim ately 60X)
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viewed u n d e r a  fluorescen t m icroscope using rhodam ine filters.

RESULTS

B ecause D i-I was used  as a post-fixation tracing m ethod, a  FD -17 age 

group of anim als was the  m ain focus in this portion  o f the  study. In all age 

groups studied, D i-I was p laced  in the  la teral a rea  o f the  lum bar spinal 

cord. Labeling was never seen  rostra l to  the  cervical spinal cord. A t the  site 

o f application, the  sp read  of th e  D i-I covered the en tire  la teral half o f the 

cord  (Fig.13). In FD -17 anim als, the  fluorescence labeling had becom e 

restric ted  to  th ree  sep ara te  tracts  a t the  level of the  cervical cord; 

bilaterally  in the  an terio r la te ra l quadran ts and in the dorsal colum ns 

(F ig .l4a). In PD-1 anim als, a t the  level o f the  thoracic cord, labeling had 

becom e m ore  restric ted  than  in younger anim als clearly showing a large 

bundle  o f fluorescence unilaterally  in the  dorsal la teral q uad ran t and two 

faintly labeled  tracts in the  an te rio r la teral quadrants (Fig. 14b).

DISCUSSION

T he use o f D i-I in perfused  fetal tissue provided an anatom ical m ethod  of 

tracing the  developm ent o f an early m aturing ascending system. T he results 

confirm  tha t in the  rat, the ascending LSTT is an early developing tract
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tha t has ascended to at least the  cervical level of the spinal cord  as early as 

17 days a fte r conception, only 4 days a fter the  early neurogenesis o f lam ina 

I and II cells o f the  dorsal horn. It is no t known why the  fluorescen t Di-I 

label was never seen  supraspinally bu t because the re trog rade  results of 

E xperim en t 1 show tha t cells are  labeled  in the lum bar spinal cord  at FD - 

18, this is probably  a  lim itation of the  m ethod, in our hands.

T he an terog rade  tracer was u sed  in this experim ent in o rd e r to ascertain  

the  approxim ate level o f grow th th a t the dorsal horn  cell afferents had 

ascended  to, and if possible, to  find the age before  any outgrow th was seen. 

It is p robab le  tha t the  earliest outgrow th o f dorsal horn  cell axons takes 

p lace soon a fte r the  neurogenesis o f lum bar spinal cord neurons o f lam ina 

I-IV , X  and o f the  V M D H  is com plete  by FD-17.
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Experiment 3: The LSTT Response to Spinal Cord Lesion

T he overall goal o f this experim ent was to investigate the  response of the 

LSTT to  spinal cord  lesion relative to its developm ental status.

The definitions and issues of central nervous system plasticity 

T he rules th a t govern the  success and failure of central nervous system 

(CNS) plasticity are  n o t fully understood  at the p resen t tim e. T he definition 

of plasticity, itself is no t always agreed upon. In this thesis, plasticity is 

defined as the rerouting, regrow th or general pliablility of an axonal tract 

e ither th rough o r around  its norm al path  o f developm ent, following spinal 

cord  lesion to its norm al trajectory  o r to  that of a  neighboring system. T he 

plasticity th a t occurs allows the  axons to m ake appropria te  term inations 

m aintaining the neurons o f origin to som e degree. This anatom ical 

plasticity will m aintain the  integrity o f that system; thus the behavior tha t it 

m ediates is also m ain tained  to the  sam e degree.

A ctual, functional o r lasting regenera tion  o f m echanically in jured CNS 

axons has no t been  dem onstra ted  in the adult anim al bu t have b een  found 

to reg en era te  abortively (Brow n & M cCouch, 1947; B arnard  & C arpen ter, 

1950; B ernstein  & B ernstein, 1971, 1973). A  num ber of factors have been  

hypothesized to in terfere  with functional CNS regeneration  in the  adult.
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T hese hypotheses include: (1) Lesioned axons cannot reg en era te  through a 

lesion site due  to  the  form ation  o f a heavy glial and/or connective tissue 

scar (Brow n e t al., 1947; C lem ente, 1955; L am pert & C ressm an, 1964; 

L am pert, 1967); (2) Lesioned axons cannot grow through the  fluid in terface 

following CNS in terface (Kao, 1974); (3) Lesioned axons cannot regenera te  

due to  an im m ediate  vascular in terrup tion  (B arnard  & C arpen ter, 1950);

(4) Axonal regrow th is inhibited following the form ation o f p rem atu re , 

inappropria te  synapses (B ernstein  & B ernstein, 1971).

H ow ever, it has b een  shown tha t axons may reg en era te  following a 

chem ical lesion o f the  descending serotonergic spinal system of adult rats, 

bu t no t a fte r surgical lesions (B jorklund, Nobin & Stenevi, 1984; B jorklund 

& Stenevi, 1984). This suggests th a t the local environm ent prevents the 

regrow th o f these  axons. F o r exam ple, in som e m am m alian species, it has 

been  d em onstra ted  th a t if axons in the spinal cord  are  provided w ith an 

a lte rn a te  te rra in  th a t is conducive to axonal elongation, such as a 

peripheral nerve bridge, then  axons are capable o f regenera tion  after 

surgical lesion (David & Aguayo, 1981, 1985; R ichardson, M cG uinness & 

Aguayo, 1982; R ichardson, Issa & Aguayo, 1984). Recently, it has been  

shown th a t injured dorsal roo t axons will regenera te  several m illim eters and 

form  synapses into a transp lan t of em bryonic spinal cord o r brain  tissue 

(Tessler, H im es, H ou le  & R eier, 1988; Itoh  & Tessler, 1990a; 1990b). T he
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local environm ent has also b een  found to  be  an im portan t facto r in the 

regenera tion  of rabbit optic nerve axons. A lthough goldfish retinal ganglion 

cells readily reg en era te  severed  axons and m ake appropria te  and functional 

synapses (A ttard i & Sperry, 1963), m am m alian optic nerve injury leads to 

the death  o f m ost o f the  axotim ized neurons (K iernan, 1979; G rafstein  & 

Ingoglia, 1982). This is probably due to the  form ation of a  heavy glial scar 

a t the  site of injury (G rafstein  e t al., 1982; M isantone, G ershenbaum  & 

M urrray, 1984). By delaying th e  form ation  of the  glial scar th rough  laser 

irradiation and by supplying soluble substances of conditioned  m edium  

obtained  from  regenera ting  fish optic nerves, it is possible to regenera te  

severed axons o f the  rabbit optic nerve. T hese  axons have been  shown to  

have grown 6 m m  distal to  the site o f injury, 8 w eeks postoperatively 

(Lavie, M urray, Solom on, B en-Bassat, B elken, R um elt & Schwartz, 1990). 

This strongly indicates tha t the conditions o f the neuronal environm ent, 

bo th  the  physical substrate  as well as neuro trophic  factors influence 

regrow th a fte r injury.

A lthough som e axons are  capable of plasticity if an a lte rn a te  te rra in  is 

provided in som e non-m am m al species, m ost long axons ascending from  

and descending to the  spinal cord will not regenera te  a fter injury in adult 

m am m als, even if the axons arc  provided with a favorable glial environm ent 

(R ichardson, c t al., 1984). In both  descending (corticospinal) and  ascending
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axon regenera tion  has been  co rre la ted  with the failure o f axotim ized 

neurons to re-induce certain  factors tha t are  available only during a  lim ited 

period  during developm ent.

Factors of plasticity in the developing animal

Lesions in neonata l anim als o ften  resu lt in g rea te r plasticity than  in adults 

and as a  resu lt the  issue o f neonata l plasticity and  recovery o f function is 

less controversial. A lso, because the  repa ir of in jured  tissue o ften  mimics 

the  original on togenetic  developm ent, it is especially useful to understand  

the  p a ram eters  and  factors o f axonal outgrow th during norm al developm ent 

and to  apply these  to  the  injured, adu lt CNS. This is the  theoretical basis 

for em bryonic tissue transp lan tation  studies, to re in troduce  factors to the 

m atu re  CNS th a t will induce and  mim ic ontogenetic  developm ent. Som e of 

these  factors include: axonal p ro te ins th a t are  expressed transiently  only 

during developm ent, such as GAP-43, a m ajor grow th cone constituen t 

(R ichardson  & Issa, 1984; Pate  Skene, 1990); pro teases associated with 

growing neurites of neonatal ra t sym pathetic and sensory neurons, such as 

calc ium -dependent m eta llop ro tease  tha t is re leased  from  grow th cones to 

open  "channels" in the  extracelllar m atrix enabling growing axons in the 

peripheral nervous system to reach their targets (P ittm ann, 1990); 

m em brane pro te ins p resen t in oligodendrocytes and CNS myelin, such as
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NI-35 and NI-250, th a t exert a contact-m ediated  inhibitory effect on neurite  

grow th a fter developm ent is com plete  (Schwab, 1990); and a family of 

nerve grow th neuro troph ic  factors, such as nerve growth factor (N G F), 

brain-derived neuro troph ic  facto r (B D N F) and neurotrophin-3  (N T-3), th a t 

are  necessary for neuronal outgrow th and target finding (B arde, Baily, 

Leibrock, H ohn  & H ofer, 1990). F o r exam ple, th e re  is considerable 

evidence th a t these  polypeptide grow th factors are  secre ted  by ta rge t cells, 

bind to  the  recep tors on axons and retrogradely  transported  back to  the 

cell body w here  they activate genes w hose expression leads to  synthesis o f 

p ro te ins necessary for neurite  outgrow th (M urray, 1990). N G F 

adm inistration p rom otes sprouting from  sensory neurons both  in vitro and 

in vivo (Levi-M ontalcini, 1982; C aroni & G randes, 1990; H e lp er & Lund, 

1990). Synthesis o f grow th-associated p ro teins is also stim ulated  by N G F, 

and increased  synthesis o f G A P43 is associated with central sprouting 

(W oolf, R eynolds, M olander, O ’Brien, Lindsay & Benowitz, 1990; W ong & 

O blinger, 1991).

In the  new born, o th e r factors besides the  above chem ical differences may 

also be in p a rt responsible for the  increased plasticity dem onstra ted  in 

neonatal systems. F o r exam ple, debris absorption is faster in younger 

anim als (G uillery, 1972; Schneider, 1973) and there  is also less scar 

form ation  (Liu & Cham bers, 1958; Hicks & D ’A inato, 1970). A strocytes
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th a t develop at the  PNS/CNS transition zone are thought to  obstruct or 

inhibit dorsal ro o t regenera tion  (M oyer, K im m el & W inbourne, 1953; 

P indzola & Silver, 1990; Liuzzi, 1990) and w ithout an em bryonic spinal 

cord  transplant, axotim ized dorsal roo t axons are unable to regenera te  into 

spinal cord  a fter the first postnatal w eek (C arlsted t e t al., 1987). In fetal 

spinal cord  transp lan t research, possible m echanism s for the increased 

plasticity seen  in the  adu lt hosts after transplantation  are exam ined. Itoh, 

Sugawara, K ow ada & T essler (1992) have shown that em bryonic day 14 

spinal cord  grafts transp lan ted  into the lum bar en largem ent of adult rats 

w ith severed L4 or L5 dorsal roots, p rom otes the regeneration  of the 

severed dorsal roo ts in to  the transplant. T he exact na tu re  o f this pro longed 

period  o f grow th is unclear bu t it is thought tha t the prim ary afferen t fibers 

grow into the  transp lan t p rio r to the  form ation of the astroglial barrie r tha t 

subsequently  inhibits axon grow th and tha t this barrie r is in place by one 

m onth  a fte r transplantation .

The infant lesion effect

T he infant lesion effect (IL E ) refers to g rea te r recovery and sparing of 

function w hen CNS dam age is sustained neonatally, ra th e r than  in 

adulthood. Evidence for the  IL E  has been  dem onstrated  in m otor systems 

(B regm an & G oldberger, 1983a,b,c) and in sensory systems (Kalil & Reh, 

1979; Carlson, 1984). T hese studies conclude tha t w hen lesions are  m ade in
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the neonata l nervous system, som e developing pathways are  able to  survive 

and m ake app rop ria te  connections in their term inal field th a t are  no t m ade 

a fter com parab le  lesions in the adult nervous system. M any tim es this 

plasticity is due to the  growth o f late-developing tracts of axons th a t w ere 

no t them selves in jured  by the  lesion. T he  dam age is only to  the  trajectory 

o f th e ir fu tu re  pathw ay allowing axons to  re ro u te  to a d ifferent location of 

the  spinal cord  th a t was n o t injured by the lesion. T he form ation of 

a b erran t tra jecto ries is only one m echanism  that may be m ediating the ILE; 

o th e r com pensatory  m echanism s include active sprouting by e ither the 

axons o f an o th e r system sharing the  sam e term inal fields o r the collaterals 

of the  lesioned  axons them selves, or the  re ten tion  o f developm entally 

exhuberan t projections (G oldberger, 1986). A n exam ple o f a spinal system 

th a t dem onstra tes  the IL E  is the  descending corticospinal tract (CST).

An example of the ILE: CST development and plasticity

T he grow th of CST axons into the  spinal cord was dem onstrated  in a study 

by D on a te lle  (1977) that also exam ined the tem poral relationship  betw een 

the developm ent o f this trac t and  of paw placing behavior. T he m ost 

com m on type of paw placing reaction is elicited by gently touching the the 

dorsal surface o f the  anim al’s paw to the edge of a p latform  and tim ing the 

an im al’s reaction  to lift the limb and place it on the platform . By using
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both  au toradiographic  and silver degenera tion  techniques, D onatelle  (1977) 

found C ST axons in the  con tra la tera l dorsal funiculus o f the  low er cervical 

cord  by postnatal day 1, in the  m id-thoracic region by 3 days postnatal, in 

the lum bar cord  by postnatal day 5, and in the coccygeal segm ents by 9 

days of age. A  close tem poral relationship  was found betw een  the 

appearance  o f the  hindlim b placing reaction  and the appearance  o f the 

CST axons w ithin the  spinal gray a t the appropria te  level of the  cord. M ore 

precisely, in a  study utilizing th e  an terograde  transport of horseradish  

peroxidase (H R P ) in jected into the  cerebral cortex of fetal and neonatal 

mice, Schreyer & Jones (1982), found th a t labeled corticofugal axons 

traverse the  d iencephalon  by fetal day 17.5, reach the pon tine  nuclei by 

fetal day 19.5 and the  caudal lim it of the m edulla  by fetal day 20.5, just 

befo re  b irth . Exam ining som e general features o f axonal grow th, they also 

found th a t the  CST dem onstrates initial axonal overproduction follow ed by 

axonal d im inution (Schreyer & Jones, 1988). This initial overproduction  has 

been  exem plified by sensory systems as well, such as the visual system 

(Innocenti, F iore  & Cam initi, 1977; Innocenti, 1981; Crespy, Leary & 

Cowan, 1984). Schreyer & Jones (1988) injected the retrogradely  

transpo rted  dye, Fast blue, into the cervical o r lum bar segm ents o f the 

spinal cord  o f new born rats, and found th a t the first CST axons arrive from 

a circum scribed group of layer V  pyram idal cells in the cortex. D uring the 

second and  th ird  weeks, the a rea  sending axons to the up p er cord



76

dim inishes and  re trogradely  labeled  cells d isappear until the  adu lt p a tte rn  

o f labeling is seen  by the  end  o f the  third w eek. They concluded th a t this is 

probably due to  the  occurrence o f axon elim ination and no t p a ren t cell 

death . In ap p ro p ria te  CST axons may arise from  corticobulbar axons tha t 

may have ex tended  beyond th e ir norm al targets in the  pons and m edulla  

and on failing to  e n te r the  spinal gray o r m ake stabilizing connections die 

during the  second and  th ird  postnatal weeks. In sum m ary this system is 

relatively im m ature  bo th  functionally and anatom ically a t b irth  and because 

m uch is know n abou t its anatom y in the adult and neonate , the  effects of 

lesioning can be  studied  in a developm ental paradigm .

B ernstein  & S telzner (1983) em ployed a m idthoracic spinal cord 

"overhem isection" to cu t the  en tire  right hem icord and left dorsal funiculus 

in neonata l and  w eanling age rats (21 days postnatal), severing the  

pathways in which m ost CST axons are found in the m atu re  rat. T he 

rem ainder o f the left hem icord was left intact to serve as an a lte rnate  

axonal pathw ay for CST axons w hose path  was severed by the  lesion. It is 

im portan t to no te  th a t this lesion did no t dam age CST axons them selves in 

the neo n ate  b u t severed  the a rea  in which they would have traversed  la ter 

in developm ent. In the  w eanling ra t (4 weeks postnatal), this lesion cut the 

m ajority o f CST axons. T he results showed that in the  neonate , left CST 

axons bypassed the lesion and followed an aberren t pathw ay in the  dorsal
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position in the  la teral funiculus and term inated  in norm al CST sites. In the 

w eanling opera te , CST axons severed by the  lesion did no t regenera te  

around  the  site o f lesion, bu t grew  axonal sprouts. It should be n o ted  that 

even in this group o f anim als, undam aged axons did no t grow through a 

glial scar o r across a gap. In a series of papers, B regm an & G oldberger 

(1982, 1983a,b,c), fu rth er exam ined the IL E  in the  im m ature  cat CST. T he 

initial effects o f a low thoracic hem isection on hindlim b m oto r function are 

severe in the  adu lt cat (M urray & G oldberger, 1974; G oldberger & M urray, 

1978). T h e  ipsilateral limb is passive during a ttem p ted  locom otion and 

segm ental activity is depressed . Postural reflexes are  abolished ipsilaterally, 

bu t this is an expression o f spinal shock, as it re tu rns in a  day or two. In 

these  experim ents, the con tact paw  placing reaction  was used  to  assess the 

behavioral deficits. They found th a t contact paw placing is abolished in 

adu lt op era tes  b u t no t in neonates. It was concluded th a t since the  neural 

circuits th a t m ed ia te  this behavior are  no t yet developed in neonates at the 

tim e o f th e  surgery, the  neonates dem onstra ted  a sparing, ra th e r than  a 

recovery o f function. T he sparing o f function is probably due to  the  late- 

developing, and  th e re fo re  undam aged, CST axons tha t take an aberran t 

course a round  the lesion, since only p a rt of the  CST has ex tended 

th roughou t the  cord  on the  day of birth. In sum m ary, the above studies 

show tha t the CST is a late-developing tract in m am m als and it is this 

relative im m aturity  tha t allows the  tract to dem onstrate  rem arkab le



anatom ical and behavioral plasticity.

78

The Gudden effect

T he G udden  effect (G E ) describes an opposite reaction to the  IL E  and 

states th a t younger neurons are  m ore  susceptible to injury than  older, m ore 

m atu re  neurons (B rodal, 1940). It is generally accepted tha t CNS injury 

sustained in infancy often produces few er and less severe consequences 

than does identical injury sustained a t m aturity in som e systems, as seen  in 

the  CST. H ow ever, in con trast to  the  plasticity of the im m ature CST, is the 

response to  lesion o f o th e r systems like the  rubrospinal tract (R ST) to 

neonatal lesions. Thus, the response o f the  im m ature CNS to dam age is no t 

uniform .

An example of the GE: RST development & degeneration 

T he course and developm ent o f  the R ST was first described by von 

M onakow  (1883, in Brown, 1972). It has been  shown that the cat and 

m onkey rubrospinal fibers te rm inate  in precisely the sam e region of the 

spinal cord  as do the fibers of the  CST (Law rence & Kuypers, 1965). In 

both  the  ra t and opossum  (M artin  & Fisher, 1968), the R ST descends in 

the dorso lateral funiculus, principally con tralateral to its origin and projects 

to the base o f the dorsal horn  and to in term ediate  regions of the  ventral 

horn.
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Shieh, Leong & W ong (1983) utilized injections of H R P  to  describe the  

origin and developm ent of this descending tract. H R P  was adm inistered  to 

the lum bosacral region o f the cord in th ree  different age groups of rats: 

neonate , w eanling and adult. T h e  results showed that, unlike the  relatively 

im m ature  CST, the  R ST  extends to the lum bosacral p a rt o f the cord  at 

birth. F u rtherm ore , labeled neurons w ere found bilaterally in the  red  

nucleus w ith a con tra la tera l p redom inance.

In studies th a t have exam ined the  effects o f lesioning this relatively m atu re  

tract in infant rats and cats, the G udden  effect, ra th e r than the  ILE, has 

been  exem plified. T he response of the RST to spinal cord lesion, in 

neonatal and adu lt rats and cats, was different in that the im m ature 

rubrospinal system responded  to the  lesion by a massive re trog rade  cell 

death  no t seen  in the  adu lt opera tes  (P rendergast & Stelzner, 1976). T h e re  

was little to no re trog rade  labeling in the red  nucleus w hen W G A -H R P was 

injected in to  the  spinal cord  con tralateral to the site o f lesion, in e ither age 

group. It is uncerta in  w hat precip itates the re trograde  cell death  response 

seen in neonates. O ne hypothesis is tha t this phenom enon  reflects a critical 

period w here  som e neurons depend  on an environm ental factor, such as a 

trophic substance, or suitable relationships with postsynaptic structures tha t 

are necessary for the ir survival (B reginan & R eier, 1986). A n obvious 

p rerequ isite  for the  regrow th o f axons after injury is the survival o f the
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p aren t cell body. O ne factor th a t may influence the  im m ature  n eu ro n ’s 

response to  axotom y may be its degree  of dependency on troph ic  support 

from  its env ironm ent or targets. This need  for trophic support may itself 

vary w ith the  developm ental stage o f the  neu ron  (R eier, Perlow  & G uth, 

1983).

O th er early developing pathways tha t dem onstra te  the  G E  w hen lesions 

have b een  m ade in bo th  the  adu lt and neonate  are  the  la teral 

vestibulospinal tract, and afte r high cervical lesions, the  spinal com ponent 

of the  E dinger-W estphal nucleus (Stew ard, C otm an & Lynch, 1974). U nlike 

w hat the  IL E  and  G E  state, all o f the  above studies indicate tha t it is no t 

the  age o r m aturity  o f the  anim al in question tha t de term ines CNS 

plasticity and  recovery o f function, bu t som e o th er factor(s).

Tract maturity is an issue

T he question  rem ains w hether the  response o f the  ra t R ST to neonatal 

lesion is due to characteristics n o t yet determ ined , inheren t to the  system, 

o r if the  re tro g rad e  cell death  o f the  R N  is due to the  advanced grow th of 

this early developing tract at birth.

B ecause the  N orth  A m erican opposum  is born  in a highly im m ature  state,

12 days a fte r conception, and climbs into an external pouch in the m other
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for a  p eriod  o f 3 m onths, M artin  & X u (1988) used  it as a  m odel for 

developm ental studies to address the above questions. By injecting 

w heatgerm  agglutinin conjugated to H R P  (W G A -H R P ) in to  the  red  

nucleus o f neonata l opossum s, C abana & M artin  (1986) found tha t unlike 

the  rat, R ST  projections do no t reach the cord  until postnatal day 5 and 

tha t the  adu lt opossum  p a tte rn  o f rubrospinal innervation is n o t com plete 

until postnatal day 35. B ecause the m aturity o f the  R ST occurs postnatally  

in this anim al, as the  CST does in cats and rats, the  opposum  serves as a 

good m odel to  dem onstra te  plasticity o f the RST. O possum s, ranging in age 

from  postnatal day 12 to 75, w ere  o p era ted  on while still in the m o th e r’s 

pouch, lesioning the  R ST a t m id to caudal thoracic levels. Injections of 

W G A -H R P  w ere m ade caudally and ipsilaterally to the thoracic lesion in 

o rd e r to  label rubral neurons w hose axons had grown caudal to the  lesion. 

W hen R ST  lesions occurred  betw een  postnatal day 12 and 43, rubral 

neurons w ere  labeled  con tra la tera l to the lesion. Lesions m ade to a m atu re  

R ST  in postnata l day 54 anim als resu lted  in no re trog rade  labeling o f the 

con tra la tera l red  nucleus one m onth  later. T hese results show th a t the  R ST 

is capable o f plasticity a t early stages of its developm ent and so, in the 

opposum , exem plifies the IL E  and  no t the G E. This study also 

dem onstrates th a t there  is a sensitive period for plasticity th a t is dep en d en t 

on the  stage o f developm ent o f the particular system involved (M artin  &

Xu, 1988). In o rd e r to d e term ine  w hether this plasticity resu lted  from  the
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grow th o f new axons a round  the  lesion, true  regenera tion  of severed  axons 

or both , X u & M artin  (conference com m unication, 1990) utilized 2 

fluorescen t re tro g rad e  m arkers, Fast B lue (FB ) and D iam idino Y ellow  

(D Y ). T he  long-lasting m arker, FB was in jected  into the lum bar cord to 

label R S T  neurons in developing and adult opposum s. A fte r the 

app rop ria te  survival tim e, the  R ST  was lesioned several segm ents rostral to 

the injection. A fte r approxim ately 30 days, injections of D Y  w ere  m ade 

betw een  the  first injection and the  lesion. W hen the  red nucleus was 

exam ined, it was found th a t relatively few rubral neurons w ere  labeled  by 

FB, b u t m any w ere  labeled  by D Y , suggesting th a t plasticity results 

prim arily from  the  grow th of new  axons. A  few neurons w ere double 

labeled  suggesting th a t they no t only survived axotom y b u t th a t they 

supported  reg en era ted  axons.

The response of the immature CNS to damage is not uniform

T h e  G udden  and  infant lesion effects are  two paradoxical and  com peting 

responses to  neonata l lesion and  illustrate the  po in t tha t the  anatom ical 

and functional consequences to neonatal spinal cord  lesion a re  quite 

diverse and  no t well understood . All o f the  above studies have exam ined 

specific spinal system s to characterize the anatom ical and behavioral 

responses to  neonatal spinal cord  dam age. T he concept th a t has em erged  

from  these  developm ental studies is tha t in neonatal m am m als, spinal cord
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systems develop and m atu re  at different rates, and tha t it is this differential 

ra te  o f specific trac t m aturity  th a t dictates plasticity, ra th e r than  the  overall 

m aturity  of the  anim al. If anatom ical and behavioral plasticity are 

dep en d en t on the  individual m aturity  o f the tract, and no t on the  age of 

the anim al, it should becom e possible to  define a  type of sensitive period  

for recovery once the developm ent o f any tract is known.

T he aim of this experim ent was to  investigate the  anatom ical consequence 

of lesions tha t a re  m ade to  the  spinal cord  at d ifferent developm ental 

stages o f the  LSTT. B oth o f the  preceding experim ents have shown th a t the 

developm ent o f the  LSTT occurs prenatally  in the rat. Specifically, 

E xperim ent 1 show ed th a t som e, bu t no t all, afferents have already 

term inated  in the  V PL thalam us by FD-18 and that the  LSTT has 

term inated  in all parts o f the  V PL  thalam us by PD-0, although m aturation  

continues a t least to PD-10. E xperim ent 2 found that by FD-17, LSTT 

afferents are  p resen t in the  cervical spinal cord  and so the initial growth 

of this trac t m ust take place soon after neurogenesis of the spinal cord  cells 

of origin at FD-14. F o r the  p resen t experim ent, it was hypothesized tha t a 

sensitive period  for anatom ical plasticity could be dem onstrated  such that if 

lesions are  m ade through the  ventro lateral quadran t o f the spinal cord  

w hen the  LSTT is a t a relatively im m ature state  of developm ent, then  the 

system will be able to take an aberran t course around the site o f lesion and
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te rm inate  in the  V PL  thalam us. Because it was hypothesized tha t the  tract 

w ould be able to m ake appropria te  contacts w ith the  neurons o f the 

term inal field, the  integrity o f the  LSTT and the  pain behavior th a t it 

m ediates will also be m aintained, thus dem onstrating the infant lesion 

effect. In  contrast, if a lesion is m ade through the  ven tro la teral q uad ran t of 

the  spinal cord  afte r the LSTT has ascended to the V PL  thalam us, 

p e rm an en t anatom ical and behavioral dam age should occur. T he 

anatom ical and  behavioral plasticity tha t is hypothesized to  occur is a 

g raded  response d ependen t on th e  relative m aturity  o f the  tract. A lthough 

m axim um  plasticity w ould be expected to occur before  the  spinal cord  cells 

of origin has s tarted  to send any axons through the cord, plasticity is still 

expected to occur at FD-17, w hen the  LSTT is at a  very early stage o f its 

developm ent. In  the p resen t experim ent, the effects of spinal cord  lesion 

w ere studied  in two d ifferent age groups o f rats tha t rep resen t two very 

d ifferent developm ental stages o f the  LSTT.

METHOD

Subjects

Twelve to  fo u rteen  day old (PD -12 to  PD -14) Long-Evans hooded  ra t pups 

born  in our colony w ere used in this experim ent to study the  effects of 

spinal cord  lesion on the m ore m atu re  LSTT. Fetal day 17 rats from  tim ed-
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pregnan t fem ales w ere  used  to  study the  effects of spinal cord lesion on the 

very im m ature  LSTT. F o r p rena ta l subjects, fem ale rats w ere checked daily 

by the  vaginal sm ear m ethod  fo r the  presence of sperm . O nce sperm  was 

detected , the  m ale was sepera ted  from  the fem ale and this day was term ed  

FD -0. F o r postnatal subjects, rats w ere checked twice daily fo r the  p resence 

o f pups, w ith the  day o f b irth  te rm ed  PD-0.

Postnatal spinal cord surgery

Pups w ere  deeply anesthetized  by inhalation o f m ethoxyfluorane. A  

lam inectom y was perfo rm ed  at the  level of the  m id-thoracic spinal cord, 

leaving the dura  intact. A pproxim ately .5 cm o f the  cord was exposed.

U sing a  fine scalpel (F ine  Science Tools, troutm an corneal knife), and 

working u n d e r a binocular, stereoscopic surgical m icroscope (C arl Zeiss 

#41010, W est G erm any), a la teral spinal hem isection o f the  spinal cord  was 

m ade. T he  a rea  was cleansed and the incision was closed w ith a  few drops 

o f externally applied  cyanoacrylate cem ent. T he en tire  p rocedu re  took  

about 20 m inutes. T h e  pup was then  w arm ed un d er a h ea t lam p and placed 

in an incubator until full recovery from  anesthesia, about 60 m inutes.

U pon  recovery, the  pup was transpo rted  back to its hom ecage with its 

o p era ted  litte rm ates and m other. A fter being w eaned from  its m other, all 

litterm ates w ere sexed and housed  together with food and w ater available 

ad libitum.
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Fetal spinal cord surgery

Following the  in trau terine  fetal m ethod  th a t was explained previously (see 

Fetal R etro g rad e  Tracing T echniques), the  u terus of the  dam  was 

externalized  in to  the  w arm  saline bath. T he p rocedure  o f G earhart, O ster- 

G ran ite  & G u th  (1979) in which the  spinal cord  was lesioned in fetal m ice 

was follow ed. C are  was taken  to  n o t lesion neighboring fetuses in o rd e r to 

p u t the  least am oun t o f stress on the  u te rine  wall. U sing a surgical 

m icroscope, a hem isection was m ade w ithout lam inectom y. B ecause a t this 

age the  ve rteb rae  are  very soft, cutting through the  vertebral segm ents as 

well as th rough  the  cord  did n o t pose any special problem s. O nce 

hem isections w ere  m ade, the  u terus was carefully p laced beh ind  the  m uscle 

wall and the  fem ale was rem oved from  the saline bath . All incisions w ere 

closed w ith square  knot sutures. T he en tire  p rocedure  lasted  about 90 

m inutes. T h e  dam  was then  b rough t back to her w arm ed hom ecage to 

recover from  surgery.

Behavioral testing

In designing the  battery  of tests for assessing the pain m ediating behavior 

o f the LST T bo th  before  and a fte r hem isection, it was very im portan t to 

separa te  those responses tha t are  supraspinally m ediated  from  those tha t 

are  segm ental reflexes. T he p resen t test battery  included only those tests 

tha t w ere found  to be supraspinally m ediated  in p ilo t w ork w ith transected
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anim als in which all pathways betw een  the  spinal cord and  brain  had  been  

severed. If the  transected  anim al in itia ted  a withdrawal response to  the 

noxious stim uli then  the  stim ulus a t tha t intensity was defined  as 

segm entally m ediated .

E xperim ental groups o f rats th a t had  spinal hem isections as fetuses 

u nderw en t testing following a 30-day survival period . P ostnatal 

experim ental anim als w ere te sted  72-96 hours a fter surgery and following a 

30 day survival period. A lthough all anim als dragged bo th  o f the ir 

hindlim bs, care  was given to insure th a t the  limb con tra la tera l to  the  lesion 

still had  the  m o to r capability to respond  to all behavioral tests.

Noxious heat test

This test exam ined the  supraspinal reaction  of the  pup to  a  noxious heat 

stim ulus. A  hem isection o f the right side o f the lum bar spinal cord  causes a 

loss o f pain sensation in the  left hindlim b bu t spares som e m otor function 

o f th a t limb due to the  d ifferen t points o f decussation o f bo th  the  CST and 

the  LST T relative to  the  lesion. M otor functioning of the  hindlim bs is 

carried  by the  ipsilateral spinal cord  and does no t cross until the  level of 

the  m edulla. Painful sensory inform ation for the  hindlim bs (via the  LSTT), 

ascends in the con tra la tera l spinal cord  since the decussation of the  LSTT 

is com plete  im m ediately a fter entry  into the  cord through the  spinal gray
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m atter. Prelim inary w ork with transected  pups showed th a t w ater

tem peratu res  exceeding 5 3 °C  elicited a segm entally m ediated  reflex 

w ithdrawal response and so was not used. Limb withdraw al at low er

tem peratu res however, requ ires an in tact spinal cord  (P aredes & Barr,

unpublished data). T o  test the  response to  a noxious heat stim ulus, each

hindlim b was subm erged in a  h o t w ater bath  o f 49 °C  and the latency to 

both  vocalize and w ithdraw  was recorded . In o rd er to avoid tissue dam age,

a cu toff latency o f 5 seconds was observed.

Noxious mechanical test

In following the  ra tionale  o f the  above test, this test exam ined the  p u p ’s

supraspinally m ediated  w ithdraw al response to a noxious m echanical

stim ulus. Prelim inary w ork with PD-1 to PD -10 transected  pups has shown

that a t high forces (above 64 g), the response to w ithdraw  is segm ental

bu t th a t at m ore  conservative weights o f 57 g, pups reliably em itted  an

audible vocalization and a withdrawal response. In younger animals, a b lunt

m etal probe fashioned from  a dulled  23 gauge needle, was slowly low ered

to the dorsal surface o f each hindpaw  at a force o f 57 g. T he p robe was

bevelled  to  30° and had a surface area  d iam eter o f .2 cm. T he latency to 

initiate a w ithdraw al and vocalization response was recorded . A  cutoff

latency of 5 seconds was observed. A fter careful prelim inary observations

with the o lder age group, it becam e necessary to change the  testing

stim ulus that was used in o rd er to obtain reliable, supraspinal responses to
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a noxious m echanical stim ulus. In this age group, use o f the  b lun t m etal 

p robe w ould requ ire  an excessive am ount o f weight to elicit a  response and 

would m ake the separation  betw een  a  spinal and supraspinal response 

difficult to  m ake. T he strength  o f this age group of anim als (th e  average 

w eight is 200 g) also m ade it difficult to accurately determ ine  a w ithdrawal. 

In o rd e r to  alleviate the  above problem s, a small alligator clip was used.

T he m etal clip has a m outh th a t m easures approxim ately 10 m m  in length 

and w hen the  m outh  is maximally opened, it m easures 6 m m  wide. The 

serra ted  edges o f the tee th  w ere  filed down until blunt. T he alligator clip 

was gently pu t on each hindpaw  only w hen the  anim al was no t visually 

orienting tow ards it. T he  biting response was a  clear, reliable, supraspinally 

m ediated  behavior. T he latency to initiate this response was recorded , and 

the cu toff latency o f 5 seconds was again observed.

Experimental design

T he anatom ical plasticity th a t was hypothesized to  occur was expected  to 

be a  g raded  response d ep en d en t on the  relative m aturity o f the  tract. 

T herefo re , maxim um  plasticity w ould be dem onstrated  to occur befo re  the 

spinal cord  cells of origin had s tarted  to send any axons to the V PL 

thalam us. But, plasticity would still be expected if the lesion was m ade at 

any early developm ental stage. B ecause the youngest age a t which spinal 

cord lesions could  reliably take place was FD-17, and the  results of
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E xperim ent 1 and 2 dem onstrated  this to be  a  very early stage of LSTT 

developm ent, this age group was chosen as the optim al group to  reliably 

dem onstrate  anatom ical plasticity in the p resen t experim ent. E xperim ent 1 

also found tha t the  LSTT had already term ina ted  in all parts  o f the  V PL 

thalam us and app eared  in its m atu re  form  by PD-10, and so anim als aged 

betw een PD -12 and PD -14 was also investigated to dem onstrate  the 

response of the  m atu re  LSTT to  axotomy. Experim ental groups o f 3-9 

anim als w ere  used  for bo th  ages studied. B oth  groups underw ent a  lateral 

spinal cord  hem isection o f the  m id-thoracic cord  and was allow ed to survive 

for a period  o f e ith e r 35 o r 52 days. T he o lder group o f anim als underw ent 

behavioral testing to noxious stim uli 48-72 hours after surgery and again at 

the end  of the  35-day survival period. T he group o f anim als hem isected  in 

utero a t FD -17 w ere  tested  in an identical m anner as the PD -10 group with 

the exception th a t testing began 48-72 hours after b irth  and then  a t the  end 

o f a 52-day survival period. T he d ifferent survival tim es for the  two groups 

was done so th a t bo th  groups w ere  exam ined at the sam e age (surgery done 

a t PD-12 +  35 day survival period  =  PD -47 a t the tim e of testing and 

sacrifice; surgery done a t FD -17 +  52 day survival period =  PD -47 a t the 

tim e o f testing and sacrifice). A  control group of PD -12 anim als was also 

behaviorally tested  at the  sam e tim e periods as experim ental anim als after 

receiving only a spinal lam inectom y. T he fetal control group was m ade up 

of unlesioned  litterm ates o f the  experim ental group. A t the end  o f the
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Figure 15. Photom icrographs showing coronal sections o f the  site o f 

thoracic spinal cord  lesion in PD -12 anim als. A .T he  sm allest lesion 

destroyed m ost o f the  la teral h a lf o f the  cord  except for a portion  o f the 

ventral horn . B. T he  m ost extensive lesion included the  con tra la tera l dorsal 

funiculus as well as the la teral h a lf o f the  cord.
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survival period , a fte r behavioral testing was com pleted , anim als o f each age 

group w ere stereotaxically in jected  with W G A -H R P  into the  contralateral 

V PL thalam us and processed  as described in a  previous section (see 

Postnatal re tro g rad e  tract tracing m ethods). A lte rna te  sections from  all 

anim als used  in this study w ere stained with cresyl violet in o rd e r to verify 

spinal cord  hem isections.

RESULTS

T he results are  based  on rats in which qualitative and quantitative 

behavioral da ta  and m orphological inform ation indicated with certainty, 

tha t thoracic spinal cord  la teral hem isections w ere successfully perform ed. 

In PD -12 operates, the  sm allest lesion destroyed the en tire  la teral ha lf of 

the spinal cord  except a small po rtion  o f the  ventral horn (Fig. 15a), and the 

largest lesion included  the  con tra latera l dorsal funiculus (Fig. 15b). In fetally 

lesioned anim als, the  ex tent to  which the  lesions destroyed the  spinal cord 

was difficult to verify anatom ically as no open  cavity or lesion was ever 

seen  in cresyl violet sections and so was assessed using behavioral da ta  and 

o th e r visual m eans such as d isrupted  o r missing lam inar organization in the 

low er segm ents o f the  spinal cord  or shrunken appearance o f the 

caudal spinal cord  as com pared  to  controls.
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In-utero surgery and behavior at PD-4

Two litters o f fetuses w ere o p e ra ted  on in utero. In the  first dam , #245 , 5 

o f the  9 fetuses w ere given spinal lesions. In dam #231 , 6 o f the  12 fetuses 

w ere also given la teral hem isections. B ecause at this age, all m em branes 

and verteb rae  surrounding  the  spinal cord  are  transparen t, use was m ade of 

the posterio r spinal vein tha t runs down the  cen te r of the spinal cord  as a 

landm ark  th a t divided the  right and left halves o f the cord  w hen lesioning. 

B oth dam s gave b irth  w ithout incident on FD-22. Surgically lesioned 

anim als w ere  verified at b irth  by an open w ound to the  back tha t was 

im m ediately closed by cyanoacrylate cem ent. Lesioned anim als w ere then  

im m ediately given a small ta ttoo  in the  forepaw . A t birth, th e re  was a  very 

low survival ra te  am ong bo th  lesioned and unlesioned  animals. D am  #245  

gave b irth  to 2 living (one was lesioned, #L 245-1) and 7 dead  anim als.

D am  # 2 3 1  gave b irth  to 4 living (two w ere lesioned #L231-1, #L 231-2) 

and 8 dead  anim als. B ecause surgery was done w ithout lam inectom y, and 

through all m em branes encasing the fetus, it was difficult to de term ine  at 

b irth  which side o f the  cord  was hem isected. All lesioned anim als had  a 

defin ite and obvious paralysis o f a t least one hindlim b; in all cases one 

hindlim b was m ore im paired than the  o th er and this was designated as the 

side ipsilateral to the lesion. A t PD-4, all lesioned anim als w ere tested  and 

showed behavioral deficits. In the  limb con tralateral to the lesion, the m ean 

latency to w ithdraw  from  a noxious therm al stim ulus was 3.68 sec. (in
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Table 4: Latency means (seconds) of fetally and postnatally lesioned rats.

Noxious
Mechanical

Noxious
Thermal

A fter
Lesion

A fter Survival 
P eriod

A fter Lesion A fter Survival 
Period

Fetal Lesions 
n —3

3.59 sec.
±  2.43 (sd)

3.51 ±  2.48 3.68 ±  2.29 3.85 ±  1.99

F eta l C ontrols 
n = 3

.76 ±  .24 .78 ±  .19 .71 +  .18 .84 +  .25

Postnatal
Lesions
n —9

3.49 ±  1.85 4.26 ±  1.10 2.48 +  1.71 3.68 +  1.45

Postnatal
C ontrols
n = 9

.91 ±  .47 1.16 ±  .48 .58 +  .14 .85 ±  .21



96

controls, x= .71 sec.). T o  w ithdraw  from  a m echanical stim ulus, x =3.59 

sec. as com pared  to  controls, x =  .66 sec. (See T able 4)

B ehavior in fetal lesioned  anim als a fter survival period  a t PD -47 

A fter the  52 day survival period, #L 231-2  m aintained norm al groom ing and 

elim ination behavior, bu t the  o th e r two lesioned anim als n eed ed  to  be 

w ashed and groom ed by the  experim enter. All th ree  anim als had 

bodyw eights com parable  to tha t o f controls, about 185 g.

All 3 lesioned  anim als had serious behavioral deficits ranging from  dragging

b o th  hindlim bs and  no m ovem ent (#L 245-1), to  bo th  hindlim bs dragging

and som e m ovem ent (#L 231-1 and #L 231-2). In two lesioned anim als

(#L 245-1 , #L 231-1), the  p lan tar surface o f both  dragging hindlim bs was

facing dorsally and  in #L245-1, the hindlim b ipsilateral to  the  lesion was

atroph ied  at a  30° angle to the  ground. In  animal #L 231-2, bo th  hindlim bs 

w ere  o rien ted  norm allly  to the ground, although dragging. This anim al

ap p eared  to have ad op ted  a d ifferen t behavior to adap t to  the  im pairm ent

by pushing off o f the  hindlim bs, sim ilar to a hop, in o rd er to escape o r to

obtain food, indicating tha t som e m otor ability was spared. All anim als did

have voluntary m ovem ent in the con tralateral hindpaw  as they did at PD -4

and  the m eans o f bo th  therm al and m echanical tests w ere unchanged. In

lesioned  anim als a fte r the survival period, the m ean latency to  respond  to  a

noxious therm al stim ulus was 3.85 sec. (in controls, jc =.92 sec.). In
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Figure 16. C oronal sections o f the  spinal cord from  an adult anim al 

lesioned a t FD -17. A. Caudal to  the  site o f lesion, the  spinal cord  appeared  

sm aller in d iam eter and  lacked clear lam inar organization, o ften  displaying 

m uch few er cells than  in a  norm al, un lesioned  control anim al. B. In  coronal 

sections o f the  sacral spinal cord, several m illim eters caudal to  the  lesion, 

sections ap p ea red  relatively norm al.(M agnification is approxim ately  60X)
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responding to  a noxious m echanical stim ulus, x =  3.51 sec. as com pared  to 

unlesioned  controls, x =  .91 sec.

Anatomical results of FD-17 operates

In all rats lesioned  as fetuses, gross observation o f the  w hole cord showed 

no open cavity in the  spinal cord  corresponding to  the  site o f lesion. In  all 

cases, th e re  was dam age in the  longitudinal axis m arked  by an obvious 

tapering  o f the  cord  tha t con tinued  to the  caudal end. In cresyl violet and 

neu tra l red  sections, the  gray m a tte r appeared  cytoarchitectually norm al 

and o f norm al size to  within a few m illim eters rostral to the  lesion. A t tha t 

point, and th rough  the  lesion site, the  gray m atte r progressively d isappeared  

giving the  spinal cord  the  tap ered  appearance. M any times, the  spinal cord 

w ould b reak  on dissection a t this point due to  the w eakened  state  o f the 

tissue. D isorganization could be seen  unilaterally  in the  gray m a tte r of 

transverse spinal cord  sections caudal to  the site of lesion. In #L245-1, one 

dorsal ho rn  ap p eared  to  be  missing. In the  o th er anim als, th e re  was an 

ap p aren t reduction  in the  size o f the dorsal horn. In bo th  #L231-1 and 

#L245-1, the  ventral horn  was also greatly reduced  with an obvious lack of 

large m o to r neurons, and the  en tire  section appeared  to lack lam inar 

organization (F ig .l6a). H ow ever, several m illim eters caudal to the  lesion, 

cresyl violet sections revealed sacral sections tha t appeared  norm al in term s 

of both  size and organization (F ig .l6b). C orresponding to bo th  the  relative
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Figure 17. D ifferen t degrees o f spinal cord  disorganization was observed 

in the  adu lt sections o f anim als lesioned a t PD-12. In one anim al, 

transverse sections revealed  a  m inim um  of dam age in the  dorsal horn. 

(M agnification is approxim ately 60X)
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lack o f m o to r im pairm ent and  behavioral da ta  from  pain tests, the  spinal 

cord  sections rostra l and  caudal to  the  site o f lesion from  #L 231-2  w ere 

in tact with little  dam age.

D u e  to  reasons unknow n, the  W G A -H R P  reaction  failed in these  animals.

In  this im portan t group of anim als, care  was taken to  insure th a t W G A - 

H R P  injections w ere  m ade carefully by testing tha t the  need le  was no t 

clogged b o th  p rio r to and a fter each  injection. All tissue sam ples from  this 

group  o f anim als w ere hand led  identically to each o th e r and  to previous 

groups o f anim als in earlier experim ents. It can only be specu lated  tha t the 

sam ple o f W G A -H R P  used  on these  anim als was the n a tu re  o f the  p roblem  

as it was mixed fresh with each new experim ent.

Surgery at PD-12 and behavior at PD-14

E leven  anim als w ere given la te ra l spinal cord  hem isections in the  thoracic 

cord  w ith lam inectom y. A utophagia  occurred  in two of these  anim als and 

they w ere  im m ediately  eu thanized . All o th e r anim als (n = 9 ; contro l anim als 

n = 5 )  survived surgery and the  survival period  w ithout incident and  w ere 

included in the  study.

A fte r the  48 hour recovery period  from  surgery, all lesioned pups dragged 

the  ipsilateral hindlim b. M ost tim es, the p lan ta r surface o f the  paralyzed
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hindlim b faced dorsally. A t PD-14, all anim als w ere behaviorally tested . In 

the  limb con tra la tera l to  the  lesion, the m ean latency to  w ithdraw  from  a 

noxious therm al stim ulus was 2.48 sec. as com pared  to  0.67 sec. for control 

anim als. T o  w ithdraw  from  a noxious m echanical stimulus, x= 3 .49  sec., in 

con tro l anim als x=0.80  sec.

Behavior in postnatally lesioned animals after survival period at PD-47

A fte r the  35 day survival period , all lesioned anim als rem ained  paralyzed in 

the  ipsilateral hindlim b dragging it as they m oved, with the  p lan ta r surface 

o f the  a troph ied  limb facing dorsal, in only 2 cases (#L507-1, #L 507-5) 

was the  paralyzed limb o rien ted  norm ally to the  ground. All anim als 

m ain ta ined  groom ing and elim ination behavior. In all cases, the 

con tra la tera l hindlim b ap p eared  norm al and although food and w ater w ere 

easily accessible to  the  anim als, the average weight for these  anim als was 

abou t 140 g as com pared  to  191 g for lam inectom ized control anim als.

In  all experim ental anim als, the con tra lateral hindlim b rem ained  m obile 

and norm al in all appearances. In the noxious m echanical test, the  subject 

bit a t the  clip on the  con tra la tera l hindlim b only after the anim al visually 

o rien ted  to  it. N o vocalizations o r apparen t urgency to rem ove the  clip was 

ever seen, unlike the  control anim als. In lesioned anim als after the 35 day 

survival period, the  m ean latency to respond to a noxious m echanical
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Figure 18. In typical transverse spinal cord  sections caudal to  the  site of 

lesion in anim als lesioned at PD-12, the  dorsal and ventral horn  showed 

disorganization no t seen in fetal operates. A  T he  dorsal horn  o f this anim al 

ap p eared  shrunken due to the lack o f cells and the  en tire  gray m atte r was 

shifted relative to  the  w hite m atter. B. M any tim es the ventral horn  was 

com pletely  missing, rep laced  by glial cells o r was o f an unusual shape due 

to the  lack o f neurons. (M agnification is approxim ately 60X)
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stim ulus was 4.64 sec. (in controls, x=1.16  sec.). In responding to  a  noxious 

therm al stim ulus the  m ean  latency to rem ove the  hindpaw  was 2.48 sec. 

versus a  m ean  latency of .85 sec. in control animals.

Anatomical results o f PD-12 operates

In  rats lesioned  a t PD -12, an a rea  of dam age a t the  site o f the  lesion was 

noticeable on visual inspection o f the dorsal side o f the  spinal cord. As in 

fetally lesioned  anim als, th e re  was a tapering o f the  spinal cord caudal to 

the  lesion. In  cresyl violet and neu tra l red  transverse sections, the  spinal 

cord  ap p eared  norm al rostral to  the lesion. Im m ediately caudal to  the 

lesion, d ifferen t degrees o f disorganization of the  la tera l h a lf o f the  spinal 

cord  was seen . In  one anim al, the  dorsal horn was fain t and lacked cells. 

H ow ever, from  a m ajority o f anim als, the  dorsal ho rn  was e ither missing or 

shrunken  exhibiting g rea te r d istortion in general than  fetal opera tes 

(Fig. 18a). U niden tified  large neurons w ere also seen  in the  a rea  of the 

dorsal horn . T he  ventral ho rn  displayed disorganization no t seen  in fetal 

o pera tes in th a t it was e ith e r missing and\or elongated, tapering to an end 

in the  ven tro la te ra l q uad ran t (F ig .lSb). Sacral sections, several m illim eters 

caudal to  the  site o f lesion, w ere unavailable for exam ination as the  spinal 

cord d isin tegrated  a t this point.

Cresyl vio let sections o f the thalam us showed th a t W G A -H R P  injections



Figure 19. In e ith e r control o r in anim als lesioned a t PD-12, adu lt anim als 

show ed heavy labeling o f the  con tra la tera l P rV  nucleus following injections 

o f W G A -H R P  into  the  V PL  thalam us. (M agnification is approxim ately
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Figure 20. Cells labeled  w ith W G A -H R P w ere found in the  lum bar spinal 

cord  o f adu lt con tro l rats b u t no t in adu lt anim als lesioned at PD-12.

A,B .T he  m ajority o f cells w ere found in groups o r in pairs in the 

ventrom edial dorsal horn. C. Cells w ere also seen in the  neck o f the  dorsal 

horn. D .Sm aller bodied, angular cells w ere som etim es encoun tered  in the 

superficial layers o f the  dorsal horn . (M agnification is approxim ately 

1500X)
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w ere accurately  p laced  in the  V PL  nucleus and w ere verified by the  results 

th a t d em onstra ted  heavy labeling o f the con tra la tera l principle sensory 

trigem inal nucleus (P rV ) bo th  in lesioned anim als (Fig.19) and unlesioned  

controls. As was found in postnatal rats in E xperim ent 1, densely labeled 

cells w ere  found in groups o r in pairs (Fig.20a,b) in the lum bar cord  of 

un lesioned  con tro l anim als. A lso, as was found in E xperim en t 1, m ost cell 

bodies w ere  spindle shaped w ith extensive processes in the  V M D H . T hese 

neurons w ere the  m ost num erous, as well as the  largest. N eurons with 

round  som ata  and m ultip le processes w ere encoun tered  in the  neck  o f the 

dorsal horn  (Fig.20c). Small m ultipolar neurons w ere located  in the 

superficial lam ina o f the  dorsal horn  (Fig.20d). L abeled  spinal cord  cells 

w ere  never seen  in experim ental groups although the  con tra la tera l P rV  

nucleus and  ipsilateral m edial lem niscus was labeled.

DISCUSSION

I t was hypothesized th a t lesions m ade to  the  spinal cord  during the 

developm ent o f the  LSTT in rats may resu lt in a differential am oun t of 

anatom ical and  behavioral plasticity d ependen t on the  relative m aturity  of 

the  tract. Lesions m ade to the  spinal cord at FD -17 w ere p red ic ted  to 

resu lt in g rea te r am ount o f anatom ical plasticity and behavioral recovery 

than  in anim als lesioned at PD-12.
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Behaviorally, bo th  groups w ere sim ilar in tests using noxious stimuli, w hen 

tested  im m ediately  a fter surgery and a t the  end  of the  survival period. 

M orphologically, the  disorganization o f the  spinal cord was also 

approxim ately the  sam e for bo th  groups and so d em onstra ted  n e ither the 

IL E  o r the  G udden  effect. H ow ever, the com plete  lack o f H R P  results 

from  the  fetally lesioned anim als m akes it im possible to  m ake firm 

conclusions and the  possibility th a t the  LSTT was able to re ro u te  through 

the  cord  to  the  thalam us cannot b e  elim inated. Also, because no m etabolic 

assays o r staining was done to verily the neurochem ical integrity of the 

spinal cord  sections, firm  conclusions about d ifferences e ith e r betw een  or 

w ithin the  two experim ental groups cannot be m ade. A lthough the  am ount 

o f dam age was approxim ately th e  sam e in bo th  groups, the  fetally-lesioned 

group adap ted  to  the  injury m ore  successfully than  the  PD -12 group in 

m aintaining norm al bodyweight. It is also no ted  tha t desp ite  the  paralysis, 

one anim al o f the  fetal group ad op ted  the  "hop" behavior, no t seen in any 

anim al of the PD -12 group w hereas 2 anim als o f the PD -12 group had  to 

be eu than ized  due to au tophagia o f bo th  hindlim bs, indicating a severe loss 

o f function.

A lthough in the  p resen t experim ent, the V P L  thalam us o f experim ental 

groups ap p eared  norm al, in ag reem en t w ith o th er investigators th a t have 

lesioned  the  spinal cords of neonata l anim als (P rendergast & Stelzner;
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1976a, 1976b) the  reduced  a rea  o f the  dorsal, ventral and la teral funiculi 

and  the  lack o f dorsal horn  organization following m idthoracic lesion 

indicates a m assive re tro g rad e  cell and fiber loss o f supraspinal systems. In 

all anim als o f the  fetal group a type o f reorganization was seen  th a t was 

no t evident in the  o lder group; the  large bodied  neurons o f the ventral 

ho rn  ap p ea red  to be displaced into the  area  of the dorsal ho rn  and laterally  

a t the  neck  o f the  dorsal horn.

A lthough E xperim en t 3 needs to  be rep licated  befo re  conclusions can be 

m ade, w e a ttem p ted  to  show a type o f critical period  o r a  specific am oun t 

of tim e th a t exists during which the  nervous system is reacts d ifferently  to 

dam age, nam ely early in the  developm ent o f the LSTT befo re  it has 

p ro jec ted  to  and  m ade term inations in the thalam us. H ow ever, in the  true  

sense o f a critical period, the  nervous system is reactive to m anipulations 

presum bably  because  they are  m ade at a sensitive po in t in the  developm ent 

of the  system. F o r exam ple, w ithin the som atosensory system, studies have 

indicated th a t reorganization  o f the term inal thalam ic field is d ep en d en t on 

age at the  tim e o f dam age to the  mystacial vibrissae o f rodents, indicating a 

type o f critical period  (Killackey, Belford, Ryugo & Ryugo, 1976). T he  

m echanism  behind  this period  o f m alleability is probably due to a trophic 

substance th a t is crucial to the  organization o f this system during a short, 

specific critical period  o f developm ent. O nce the system is established, it is
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no longer u n d er the  influence o f the trophic substance. S aporta  (1986) 

exam ined the  LSTT cells o f origin in adu lt rats after they had  undergone 

neonata l capsaicin trea tm en t tha t specifically destroys the  sm all-diam eter 

prim ary afferen t fibers. N eonatal rats w ere injected with capsaicin a t e ither 

PD-1, PD-2, PD -7 or PD-15. A  critical period  was found for the  cells of the 

LSTT w hereby rats in jected with capsaicin before  PD -7 dem onstrated  a 

significant reduction  o f dorsal ho rn  cells. N o differences w ere found in the 

am ount o f labeled  spinal cord cells betw een control adult rats and in rats 

in jected  with capsaicin on PD -7 o r PD-15, indicating tha t for the  spinal 

cord  cells of the  LSTT, a critical period  of developm ent exists early in the 

n eonata l period, befo re  postnatal day 7. This is in clear ag reem ent with the 

results o f the  p resen t study tha t showed the developm ent o f the  LSTT to 

continue into the  first postnatal w eek of life.

T he  design and m ethods o f this study did no t address the issue of 

regenera tion  or co llateral sprouting bu t was in terested  in exam ining the 

question  o f w hether LSTT neurons would be p resen t in the  dorsal horn  

caudal to the  lesion indicating the  growth o f the tract around  the  lesion to 

the  p ro p e r site o f term ination  in the  thalam us. It is no t known why the 

W G A -H R P  reaction failed in the  m ost im portan t group of anim als to  this 

study and so the replication of this experim ent in m ore anim als is necessary 

before  conclusions can be drawn. However, from  the H R P  results o f the
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PD -12 group of anim als, the  G udden  effect does no t appear to be 

dem onstra ted  in the LST T since no spinal cord  labeling occurred  following 

V PL  thalam us injection.

GENERAL DISCUSSION

T hese experim ents w ere designed to exam ine the  developm ent o f a 

behaviorally im portan t system o f fibers, the LSTT, and then  to  study the  

effects of lesioning this system in re la tion  to  its s ta te  o f developm ent in 

o rd er to  u n d erstand  b e tte r  som e o f the  laws o f anatom ical and behavioral 

plasticity.

F rom  E xperim ents 1 and 2, it can be concluded th a t the developm ent of 

the LSTT, like o th e r sensory systems, is an early event taking p lace in the 

ra t fetus as early as FD-17. A t this tim e, LSTT axons are  already p resen t in 

the cervical spinal cord  and m aturity  continues into the early postnatal 

period. This is evidenced by the  addition of labeled neurons w ith extensive 

projections a t PD-10. A lthough there  have been  no studies that have 

exam ined directly the developm ent o f the  LSTT, these results are  in 

ag reem en t with the neurochem ical (O tsuka e t ah, 1974; R andic e t ah, 1977; 

Schoenen, 1978; Sem ba e t ah, 1982; F itzgerald e t ah, 1984; Pignatelli e t ah, 

1989) and physiological (F itzgerald  e t ah, 1984; F itzgerald, 1985; Fitzgerald,
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1988) developm ental studies th a t indicate the  LSTT to  be  a system th a t 

undergoes m uch of its m atu ra tion  in the late fetal period  soon after the 

neurogenesis o f the  dorsal ho rn  cells, with m ajor developm ental changes 

probably occurring a t abou t the  sam e tim e th a t nociceptors are  becom ing 

functional. Lesioning the  spinal cord  in utero, ra th e r than  during m aturity  at 

PD-12, did no t resu lt in g rea te r behavioral recovery o r anatom ical 

reorganization, although additional results and replication a re  necessary 

befo re  accura te  conclusions can be m ade as to  w hether the  infant lesion 

effect is illustra ted  by this system during the  fetal period.

The definitions and issues o f CNS plasticity for future investigation 

T he p resen t experim ents w ere in te rested  in developing a m odel th a t could 

be u sed  in the  investigation of som e of the  basic laws th a t govern 

behavioral recovery following spinal cord  injury. It rep resen ted  only the  

first step  o f m any th a t are  n eed ed  before  we can begin to un d ers tan d  m ore 

fully w hat the  im portan t questions in CNS plasticity are.

It has long b een  know n th a t following axonal lesion to the  periphera l 

nervous sytem of the adu lt m am m al, regrow th of lesioned axons, sprouting 

o f the  axonal co llaterals o f e ith e r the injured system (regenerative 

sprouting) o r o f a neighboring, in tact system (collateral sprouting) may 

occur, resulting in recovery of function. All o f these  phenom ena  have
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resu lted  in at least partial reinnervation  o f the  denervated  regions, and in 

m ost cases resto ration  o f lost function (E dds, 1953; G uth, 1956; G uth  & 

B ernstein , 1961; W illiams, Jew  & Palay, 1973). H ow ever, the  axons of the 

CNS ap p ea r to  be m ore com plex in th a t generalizations abou t their 

recovery and regenerative capacity cannot be  m ade and a num ber o f isssues 

n eed  to  be addressed  such as regeneration , collateral sprouting and 

regenerative sprouting. 1) R egeneration , o r the  actual regrow th o f severed 

axons m ay occur, bu t it rem ains a challenge to  show unequivocally tha t this 

has tak en  place. A n N IN C D S Advisory Task F orce ou tlined  5 criteria, tha t 

if m et, w ould guaran tee  tha t regenera tion  had  been  achieved. T hese  criteria 

w ere devised w ith specific re ference  to  spinal cord  injury. T he  5 criteria  

are: a) the  experim ental lesions m ust disconnect the  nerve processes; b) the 

processes o f CNS neurons m ust bridge the  level o f injury; c) the 

reg en era ted  fibers m ust m ake junctional contacts; d) the  reg en era ted  fibers 

m ust gu aran tee  postjunctional contacts; e) changes in function m ust derive 

from  reg en era ted  connections (in C ohen, M ackler & Selzer, 1988). Even 

with this se t o f criteria, problem s rem ain in dem onstrating  th a t the recovery 

is based  on the  actual regrow th of severed axons. M ost com m only, the 

p rob lem  has b een  to  ru le  out co llateral sprouting. 2) C ollateral sprouting 

occurs w hen intact fibers of a d ifferen t system that share  the  sam e term inal 

field as the  injured fibers, increase the  density of the ir pro jections into the 

shared  term inal field. T hese  collaterals are  from  axons th a t w ere not
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in jured o r severed by the  lesion. C ollateral sprouting in the  adu lt CNS was 

first described by Liu & C ham bers (1958). In w hat has becom e the  classic 

p rep ara tio n  fo r the  exam ination o f co llateral sprouting, the  spared  roo t 

preparation , in which all dorsal roots bu t one are  unilaterally  cut from  the 

spinal cord. O ne year later, w hen all stainable degenera tion  disappears, the 

pro jections o f the  spared  roo t a re  com pared  to  th a t o f the  sam e ro o t on 

the norm al side o f the  spinal cord . In the  absence o f the ad jacen t roots, the 

projections o f the  spared  roo t increased  in density, w ith the  a rea  o f 

increased density being in the  region o f m axim um  overlap am ong ad jacent 

roots (G o ldberger & M urray, 1978). U n it recordings show these  sprouts to 

be  functional (Pubols & G oldberger, 1980) as do behavioral tests (M urray 

& G oldberger, 1974). This rep resen ts  an exam ple of specific co llateral 

sprouting since th e re  is an increase in the existing pro jection  by the  spared 

roo t and it is to  a region of convergence o f the  spared  ro o t w ith ad jacent 

roo ts th a t w ere  destroyed. M any questions rem ain  as to w h e th er sprouting 

in the  adu lt CNS is a nonspecific phenom enon , elicited from  all nearby 

axons such as in the  developing, im m ature  CNS (Gall, M cW illiam s &

Lynch, 1979), or w hether sprouting becom es lim ited to particu lar systems 

during the  course o f developm ent. T he stim ulus for sprouting also rem ains 

unclear although it has been  suggested th a t sprouting may be due to  the 

p resence o f a partially denervated  field and/or the lack o f com petition  for a 

specific troph ic  factor. 3) R egenerative sprouting is an o th er phenom enon
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tha t may underlie  anatom ical plasticity. It is defined as new grow th of the 

lesioned axons them selves.

In exam ining the  two types o f sprouting, collateral and regenerative, 

P rendergast & S telzner (1976) hem isected  the spinal cords o f new born rats 

and of w eanling age rats (21 days of age) and studied the resulting p a tte rn  

of degenera tion  a fter bo th  groups of rats received a second hem isection, 

ipsilateral to the  first, in the high cervical region, 5-7 m onths a fter the 

original thoracic hem isection. Several responses to the lesions w ere found. 

First, no regenera tion  o r grow th of lesioned axons was observed caudal to 

the thoracic hem isection  in e ither group. In the  neonate, this m ay be due 

to a  dram atic  loss of cells from  supraspinal systems tha t w ere  already 

p resen t a t the  tim e o f lesion. H ow ever, o ther factors are  also likely to be 

involved since som e supraspinal tracts, no t yet p resen t at the  tim e o f lesion, 

w ere no t cu t by the  procedure, b u t still did not grow caudal to the  lesion. 

T he lack o f regenera tion  in the weanling operates may have been  due to 

the p resence  of a heavy glial scar tha t was not p resen t in the  neonate  

group. A lthough th e re  was no axonal regeneration  in e ither the neonata l or 

w eanling operates, m ore  degeneration  was found in the gray m atte r 

ipsilateral and rostral to  the thoracic hem isection o f both  groups than  was 

observed in the  cervically lesioned control animals. T he increase in 

degeneration  probably rep resen ts resu ltan t sprouting following the  thoracic
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lesion and  could be due to e ither collateral o r regenerative sprouting.

T here  was m ore degeneration  o f the ipsilateral w hite m atter, rostral to the 

thoracic lesion in the  neonates w hen com pared  to e ither the contralateral 

side o f the  cord or to the w eanling operates. This indicates collateral 

sprouting since any grow th in this group would be from  unlesioned  axons 

w hereas, in the  weanling opera tes the m echanism  is unclear since sprouting 

may be  due to  bo th  lesioned and unlesioned  axons. A ddressing this 

question, Bryz-G ornia & S telzner (1986) exam ined the  early m aturing 

ascending tracts of the spinal cord  in young rats. B ecause lesions did no t 

resu lt in re trog rade  cell death  and many of these  axons rem ained  p resen t 

near the  site of axotomy, they hypothesized tha t ascending projections are 

kep t viable due to collaterals term inating  below  the  site o f the  lesion, 

m aintaining these  neurons o r th a t the im m ature neurons are  able to  grow 

regenerative sprouts and form  synaptic connections with these neurons.

R egenerative sprouting o f severed axons has been  postu la ted  by B ernstein  

& B ernstein  (1971, 1973a,b) a fter hem isection of the spinal cord  of the  ra t 

and m onkey and by o thers w hen studying the regenerative capacity o f the 

m onoam ine neurons (Nygren, O lsen & Seiger, 1971; B jerre, B jorklund & 

Stenevi, 1973; B aum garten, B jorklund, Lachenm ayer, R ensch & R osengren, 

1974). B ernstein  p roposed  tha t these regenerative sprouts may m ake the 

p rem atu re  inappropriate  synapses in denervated  zones near the lesion thus
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creating an im portan t factor lim iting axonal regeneration .

T he LSTT  m odel th a t I have p resen ted  to investigate issues o f developm ent 

and plasticity is an exciting one tha t lends itself to  fu tu re  experim entation  

and investigation o f the  above issues. F o r exam ple, by using a reliable 

an terograde  tracer, com parison can be  m ade o f the V PL  thalam us a fter 

injection o f the  P rV  nucleus in the  two different age groups in o rd e r to 

investigate co lla teral sprouting by the  unlesioned axons o f the 

trigem inothalam ic tract. A n an terog rade  tracer w ould also m ake it possible 

to investigate o th e r fundam ental issues o f developm ent such as, initial 

axonal outgrow th and extraneous projections by the  LSTT. E xperim ent 1 

also discussed the  issue o f axon-target in teraction tha t is probably necessary 

in o rd e r to  form  a norm al p a tte rn  of connectivity. T he replication of 

E xperim ent 3 along w ith the results o f Experim ents 1 and 2 will have 

im portan t consequences for o u r understanding of the  developm ent o f spinal 

pathways and to som e o f the  basic laws tha t govern behavioral recovery 

a fter spinal cord  lesion. F u tu re  experim entation with this m odel should also 

include the  influence th a t neonatal and p rena tal V PL  thalam ic lesions have 

on norm al LSTT developm ent.

In sum m ary, all o f the  above studies along with the replication o f 

E xperim ent 3 and the  results o f Experim ents 1 and 2 will have im portan t
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consequences fo r ou r understand ing  of the  developm ent o f spinal pathways 

and to som e o f the  basic laws th a t govern behavioral recovery a fter spinal 

cord  lesion.
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