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Summary

Spinal cord injury is a tragically debilitating event affecting up to 5 or more out of 

every 100,000 people in many countries across the globe. Axotomised neurons in the 

mammalian CNS are unfortunately unable to regenerate properly after such injury, unlike 

those in lower vertebrates such as fish, which are readily repaired throughout life. Some 

studies have achieved a lim ited restoration o f function in mammals fo llow ing blockade of 

inh ib itory proteins and/or supply o f exogenous growth factors, but the CNS of higher 

vertebrates is very complex, making it d ifficu lt to isolate individual components and 

mechanisms that may be at work. In the present study, I have investigated regeneration 

fo llow ing a complete spinal transection in the eel, which has a relatively simple nervous 

vertebrate system and recovers rapidly from a spinal transection.

L ittle  research has analysed quantitatively the recovery o f movement in lower 

vertebrates, although specific relationships between measurable aspects o f movement have 

been determined. I have developed a protocol for testing functional recovery by showing 

that uninjured eels alter tail beat frequency to regulate swimming speed and do not rely 

heavily on the force o f muscle contraction to effect such changes, since the amplitude of 

the caudal body wave remains constant. Immediately after a complete spinal transection, 

the body region caudal to the cut oscillates slowly because central pattern generators 

(CPGs) in this area are released from supra-spinal inhibition. Tail beat frequency is higher 

at all speeds than before the operation, while caudal amplitude is reduced, reflecting the 

loss o f power caudally. These locomotory parameters return to normal from I month 

onwards and are dependent on axonal growth across the lesion and into the caudal stump, 

as such rehabilitation can be prevented i f  regeneration is obstructed by a rubber block. O f 

particular interest was the observation that recovery is manifest when reinnervation o f the 

caudal portion  o f cord is s t ill m in im a l, assessed both h is to lo g ica lly  and 

electrophysiologically. It would appear therefore that supra-spinal control o f the first 1 -  2 

caudal segments is then relayed throughout the remaining cord via propriospinal coupling, 

although more extensive regrowth is needed for the restoration o f pre-surgery amplitude 

and refinement o f complex behaviours such as the startle response. M y findings highlight 

the importance o f contact formation as well as growth, which is often the sole objective in 

mammalian studies. Whether the original synaptic configuration is restored or necessary 

remains under debate.
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It is now widely accepted that during development and regeneration, most circuits 

within the CN S are constructed  and stabilised in an activ ity-dependent manner. The 

m echanism  by which specific arrangements of connections arises correctly relies on the 

d ivers ity  o f  f ir ing  patterns  expressed  by d ifferen t neurons, so that contac ts  are 

s trengthened between pre- and post-synaptic cells with correlated impulse patterns. The 

spontaneous initiation of CPG activity below a spinal transection may represent a critical 

event that facilitates appropriate synapse developm ent between regenerating descending 

pathw ays and com ponents  of the locomotor network. I sought to elevate the activity of 

this network after transection by forcing the animals to swim continuously against a water 

current since previous research has shown that training can improve locomotor capability 

after spinal injury in a variety of higher vertebrates. I also manipulated activity at the 

cellular level directly by administration o f  L-Dopa, which is widely known to modulate 

CPG firing frequency. Animals regained normal tail beat frequencies sooner follow'ing 

only a vigorous exercise regime or L-Dopa treatment, but in both cases recovery of caudal 

amplitude was unaffected or even delayed. Axonal growth was prolific across the lesion 

site, but did not extend as far within the caudal portion as in inactive animals. However, 

we also discovered that such exercise in conjunction with e levated tem perature shifts 

improved recovery overall and enhanced elongation of axons. Extended growth was also 

observed  after  e levated  tem pera tures alone, a lthough functional recovery  was not 

accelerated. It was supposed therefore that activity enhanced regeneration across the 

lesion site and then initiated rapid synapse formation once the target had been reached. 

Such events may have occurred at the expense of more caudal innervation that is needed 

for appropriate muscle contraction.

The importance of the pattern of activity specifically was revealed by experiments, 

where C PG  activity was interrupted after spinal transection by local application of D-2- 

amino-phosphono-valeric  acid (APS), a blocker of the N M D A  receptor. These receptors 

are involved in the production of pattterned behaviours and the detection of correlated 

impulse patterns during synapse formation. Such treatment delayed functional recovery by 

inhibiting axonal regeneration, although a compensatory surge o f  growth was seen at late 

stages as the drug wore off, and as such supports my earlier hypothesis regarding activity- 

dependent release of growth factors. The consistent detection o f  fewer putative synaptic 

responses in AP5 treated fish may be a consequence of such reduced growth or may also 

reflect impaired synapse re-establishment. In any case, it is clear that the integrity of CPG 

activity is essential for effective regeneration to be achieved.
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1. Introduction
While the central nervous system (CNS) of amniotes is limited in its ability to 

regenerate injured neurons after embryological development (Xu and Martin, 1991; Hasan 

et al., 1991; Hasan et al., 1993; Z’Graggen et al.,1998), the CNS of anamniotes, such as 

fish and amphibians, is capable of self repair after neural trauma incurred throughout life 

(Bernstein and Bernsein, 1967; Rovainen, 1976; Wood and Cohen, 1979; Wood and 

Cohen, 1981;Forehand and Farel, 1982;Coggeshall and Youngblood, 1983; Yin et al., 

1984; Mackler and Selzer, 1985; Cohen et al., 1986;Mackler and Selzer, 1987; Cohen et 

al., 1988; Lurie and Selzer, 1991; Davis and McClellan, 1993; Lurie et al., 1994; Cohen et 

al., 1999). It has been postulated that the difference in regenerative potential between the 

two groups may be due to an intrinsic inability of central neurons in the former to regrow 

following such injury (Wood and Cohen, 1981; Hasan et al., 1993; Z ’Graggen et al., 

1998). Alternatively, it has been proposed that the cellular environment of damaged 

neurons in the adult amniote CNS is more prohibitive to growth than that of fish and other 

anamniotes, because it is characterised by a lack of neurotrophic factors and the presence 

of growth inhibitory proteins (Wiebel et al., 1994; Z ’Graggen et al., 1998). In addition, the 

formation of an astrocytic glial scar in the wound region in adult mammals (Abnet et al., 

1991; Ridet et al., 1997) that seems to inhibit axonal regrowth (Fawcett and Asher, 1999; 

Bradbury et al., 2002; Olson, 2002) is not observed in juvenile amniotes (Moore et al., 

1987; Trimmer and Wunderlich, 1990) or in anamniotes (Dervan and Roberts, 2002a).

1.1 The eel as a model for functional recovery and axonal regeneration

While numerous studies have examined cellular aspects of CNS regeneration after 

injury in vertebrates, such as extent of neuronal regrowth and reconnection (Mackler and 

Selzer, 1987; Cohen et al., 1988; McClellan, 1990; Davis and McClellan, 1993; Hasan et 

al., 1993; Bosch, 1994; Edgerton et al., 1997; Z ’Graggen et al., 1998), the manifestation of 

repair at the behavioural level has only been investigated in detail in mammals and birds 

(Hasan et al., 1993; Edgerton et al., 1997; Z ’Graggen et al.,1998). Such studies have done 

so by measuring knee, hip and ankle joint angles (Barbeau et al., 1987; Muir, 1999; 

Rossignol et al., 2001, Thota et al., 2001), testing stepping ability on a treadmill (Lovely 

et al., 1990; Edgerton et al., 1997; Barbeau and Rossignol, 1987; Barbeau et al., 1987; 

Joynes et al., 1999; Rossignol et al., 2001) or beam (Van Meeteren et al., 1998; Bradbury 

et al., 2002), using open field locomotor scores (Wrathall et al., 1992; Cheng et al., 1996; 

Van Meeteren et al., 1998; Fouad et al., 2000), or by electromyographical analysis of
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f lexor and  ex ten so r  bursts  (B arbeau  and  R ossigno l,  1987; B arbeau  et al., 1987; M u ir  and 

Steeves, 1997; Rossignol et al., 2001).

H ow ever, m any  behav iou ra l  tests are insensit ive  to fine details  o f  locom otion  and 

do  not adequa te ly  re flect no rm ali ty  o f  m o v em en t.  In add ition , the C N S  o f  m am m als  is 

very com plex ,  m ak ing  it often  difficult  to control for a m ulti tude o f  poss ib le  effects and to 

isolate key factors involved  in regenera t ive  processes . F o r  these, and  eth ica l  reasons, it is 

o ften  p re fe rab le  to use an im a ls  w ith  s im p le r  n e rv o u s  sy s tem s,  such as fish, m olluscs ,  

lobsters or leeches, in w hich  c o m p o n en ts  o f  entire  c ircuits  have been iden tif ied  (Satterlie, 

1985; D ick in so n  and  M ard e r ,  1989; F riesen ,  1989). S o m e  o f  these  an im a ls  are  very 

d iffe ren t from  hum ans ,  h o w ev er ,  and  it is unrealis t ic  to  ex trapo la te  f ro m  one sys tem  to 

an o th e r  that is so ev o lu t io n ar i ly  d ivergen t.  P rev ious  re search  has  ind ica ted  that the eel, 

A n g u i l la  angnilla  is a good  m odel in w hich  to s tudy  regenera tion  b ecau se  it takes  p lace 

rapidly and in several def ined  s tages (F ligh t and V erheijen , 1993; B osch , 1994), and  also 

because  it p ossesses  a basic  ver teb ra te  body plan. T he  loss o f  both  e scap e  re sponses  and 

control o f  the tail region upon co rd o to m y  dem onstra te  how  the anim al is incapacti ta ted  by 

such injury. M oreover,  the subsequen t  restoration o f  such  aspects  o f  m o v em en t  fo llow ing  

co n s is ten t  t im e in terva ls  se rv e  as m ile s to n es  o f  reh ab i l i ta t io n ,  w h ich  have  a lso  been 

corre la ted  with regeneration  o f  specif ic bra instem  pro jec tions as d e te rm in ed  by retrograde 

labelling by horseradish perox idase  (B osch , 1994).

H ow ever, to date, functional recovery  in the eel and o ther fish has  been described  

in only vague term s, yet spec if ic  re la tionships  betw een  various pa ram ete rs  o f  m ovem en t 

have been extensive ly  quantif ied  for this and several o ther  species in the absence  o f  neural 

dam age  (Gray, I933a,b; B ainbridge, 1958; Lighthill, 1971; W ebb , 1 9 7 1; M cC le llan ,  1990; 

Gillis, 1996, 1997, 1998a). It w as considered ,  therefore , that the pattern  o f  rehabilita tion  

co u ld  be traced  by c o m p ar in g  q u an t i f iab le  aspects  o f  lo co m o tio n  p r io r  to  a co m p le te  

spinal transection with those m easu red  at several set in terva ls  thereafter . C onsequen tly ,  a 

tem pla te  o f  ‘n o rm a l ’ sw im m in g  b eh a v io u r  in the in tact eel n eed ed  to be estab lished ,  as 

rev iew ed  in C hap te r  2, to enab le  such com parisons  to be m ade, w hich  co u ld  be corre la ted  

w ith  axona l  re g ro w th  and  e le c t ro p h y s io lo g ic a l  re s p o n se s  cau d a l  to  the  w o u n d ,  as 

d iscussed  in C hap ter 3.

1.2 Formation o f  a bridge o f  regenerating material between the cut portions o f  spinal 

cord

T he return o f  apparen tly  norm al sw im m in g  m o v em en ts  in fish from  4 - 1 2  w eeks 

after spinal transection  is a c co m p an ied  by axonal reg ro w th  and  the re -e s tab l ish m en t  of
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functional synapses (Coggeshall and Youngblood, 1983; Mackler and Selzer, 1985; Cohen 

et al., 1986;Mackler and Selzer, 1987; Cohen et al., 1988; Davis and McClellan, 1993; 

Bosch, 1994; Cohen et al., 1999). In the eel, the onset of regeneration is characterised by 

the development of a bridge of regenerating material (Fig 1.1, Dervan and Roberts, 2002a, 

b), ensheathed by layers of meningeal fibroblasts and composed initially of blood from the 

cut cord and subsequently replaced with axotomised neurons regrowing around an 

enlarged central canal. Such expansion of the central canal has similarly been witnessed in 

lamprey (Wood and Cohen, 1981; Lurie and Selzer, 1991; Lurie et al., 1994) and goldfish 

(Nona and Stafford, 1995) and has been ascribed to the proliferation and migration of 

ependymal cells (Wood and Cohen, 1981; Lurie and Selzer, 1991; Dervan and Roberts, 

2002a) that line the lumen. However, this reaction to injury follows the initial wave of 

neural regeneration and is not thought to provide a structural framework through which 

the latter extend. Similarly, although the basal lamina and extracellular matrix of collagen 

probably play a supportive role to the advancing neurites, neither appear to be necessary 

for their regrowth, as many such processes have already crossed the bridge by day 20 after 

transection, before either structure has developed (Dervan and Roberts, 2002b). 

Meningeal fibroblasts, on the other hand, are required for correct formation of the 

regenerating bridge. Some of the ependymal cells differentiate into liquor contacting 

neurons (LCNs) that produce tyrosine hydroxylase (TH), an enzyme involved in the 

production of dopamine (Carlson, 1991; Levitan and Kaczmarek, 1997), while the bridge 

is still incomplete and constitute the first pharmacologically active cells in this region after 

injury (Dervan and Roberts, 2002a). Such cells are present in uninjured cord, along the 

ventral side of the central canal, where they have been shown to be immunoreactive for 

TH and dopamine (Roberts et al., 1989; Roberts et al., 1995; Dervan and Roberts, 2002a), 

as are the fibres they send as a dense plexus into the ventral horn (Wallen, 1989; Roberts 

et al., 1995). This network has hence been implicated in the modulation of activity within 

spinal central pattern generators or CPGs (Grillner et al., 1995), since the capacity for 

dopamine to alter the output of such circuitry has long been established (Andersen and 

Baker, 1977; Harris-Warrick, 1988; McPherson and Kemnitz, 1994; Grillner et al., 1995; 

Kiehn and Kjaerulff, 1996; Kemnitz, 1997). The role, if any, of these cells in regeneration 

remains unclear, however, although it is possible that they continue to regulate CFG 

activity in surviving spinal neurons, which may be an important feature of the regenerative 

process. Alternatively, they might enhance axonal growth in
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some way, perhaps by the provision of growth factors, as suggested by Roberts et al. 

(1995) and Dervan and Roberts (2002a).

1.3 The importance o f neuronal activity in development and regeneration

There is an abundance of evidence for the significance of molecular cues, such as 

growth factors, and neuronal activity in the construction of CNS circuitry (Cline, 1991; 

Goodman and Shatz, 1993; Katz and Shatz, 1996; Purves et al., 1997; Zhang and Poo, 

2001). However, the relative contribution of each influencing factor to the overall process 

changes as the system is built. Initial guidance of axonal projections to roughly the correct 

targets depends on a variety of diffusible and nondiffusible factors that may serve to either 

attract or inhibit the growing tips as appropriate. Examples include laminins, neural cell 

adhesion molecules, neurotrophins, netrins, Ephrin ligands and their receptors, 

semaphorins and Nogo proteins (Daniloff et al., 1986; Goodman and Shatz, 1993; Fields 

and Itoh, 1996; Serafini et al., 1996; Tessier-Lavigne and Goodman, 1996; Chen et al., 

2000; GrandPre et al., 2000; Tessier-Lavigne and Goodman, 2000). However, the 

refinement of such pathways is shaped ultimately by neuronal activity in both developing 

(Reh and Constantine-Paton, 1985; Cline, 1991; Debski et al., 1991; Simon et al., 1992; 

Goodman and Shatz, 1993; Katz and Shatz, 1996; Purves et al., 1997; Levitan and 

Kaczmarek, 1997; Catalano and Shatz, 1998; Weliky and Katz, 1999; Zhang and Poo, 

2001) and regenerating (Meyer, 1983; Schmidt and Edwards, 1983; Schmidt, 1990; 

d’Aldin et al., 1997) systems. Connections do not form correctly and fail to be stabilised if 

neuronal activity is blocked. The mechanisms involved are quite complex, however, as a 

mere overall increase in cellular activity, induced, for example, by stroboscopic 

illumination to the visual sysyem, also produces a disruption to the evolving network 

(Cook and Rankin, 1986; Katz and Shatz, 1996; Purves et al., 1997), thus highlighting the 

relevance of neuronal firing patterns specifically as defining factors in synaptic 

architecture. The importance of appropriate impulse frequencies in the establishment of 

properly functional contacts has also been demonstrated by the development of cerebral 

palsy in patients that suffered supraspinal lesions shortly after birth (Muir and Steeves, 

1997; Wolpaw and Tennissen, 2001). Such injuries distort descending input from the brain 

during development and prevent the modification of unrefined spinal reflexes typically 

seen only in infants. Inappropriate muscle contractions that are characteristic of the 

disease then persist into adulthood. Similarly, increases in the responsiveness of segmental 

reflexes often occur after spinal injury and are manifested as uncontrolled muscle 

contractions. The fact that such changes in spinal neurons occur illustrate the plastic
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na tu re  o f  c ircui t ry  wi th in  in the cord,  contra ry  to p re v io us ly  held  tenets  re g a rd in g  its 

i m m u t a b i l i t y .  H o w e v e r ,  the  r e m a r k a b l e  c a p a c i t y  o f  th is  re g io n  o f  the  C N S  for 

a c c o m m o d a t in g  new  info rmat ion should  co m e  as no surpr ise ,  g iven the  w ide  range of  

ski lls  that can be  mas tered  by athletes,  bal let  dancers  and gy m nas t s  if r igorously  pract ised 

(N ie ls en  et al. ,  1993; W o l p a w  and Tenn i ssen ,  2001) .  By  ex ten s ion ,  it shou ld  also  be 

po ss ib le  for  the spinal  co rd  to re learn  the m o to r  p r o g r a m  essentia l  for  lo co m o t io n  by 

t r a in in g  the  co r rec t  n e tw o r k  c o m p o n e n t s  to fi re at ap p r o p r i a t e  t imes .  T h i s  can  be 

ac co m p l i s h e d  wi th the aid o f  exerc ise  regimes ,  w here  the individual  s teps  on a m oving  

treadmil l  wi th the body weight  partly suppor ted  in a harness  (Gri llner,  1969; Barbeau and 

Ross ignol . ,  1987; Love ly  et al., 1990; Edger ton  et al., 1997; Joynes  et al., 1999; Tho ta  et 

al., 2 0 0 1; Ross ignol  et al., 2001; W o lp aw  and Tenni sson,  2001).  Such t raining af ter  injury 

can i m p ro v e  lo co m o t io n  in a var ie ty  o f  m a m m a l s ,  i nc l ud ing h u m an s ,  p re s u m a b ly  by 

inc re as ing  the  proba b i l i ty  wi th  w hi ch  the co rrec t  b ra in s tem  and  s egm en ta l  p a th w a y s  

con ne ct  with appropr ia te  spinal targets.

H ow ever ,  there  has  been som e  content ion r ega rd ing  the im por t ance  o f  neuronal  

a c t iv i ty  in the d e v e lo p m e n t  o f  s o m e  centra l  pa thw'ays  (Twit ty  and  J o h n s o n ,  1934; 

S tu e r m e r  et al. ,  1990; F rank and M e n d e l s o n ,  1991; G o o d m a n  and Shatz ,  1993).  For 

example ,  sensory-m otor  connect ions  in both tadpoles  and chick e m b ry o s  can arise almost  

en t i r e ly  in the  a b s e n c e  o f  such ac t iv i ty  (F ra n k  an d  M e n d e l s o n ,  1991).  S im i la r l y ,  

am ph ib ian  larvae were  subsequent ly  observed  to swim and feed normal ly  in spite o f  prior 

appl ica t ion of  the sod ium channel  blocker ,  tet rodoxin (TTX),  which induced paralysis at a 

cr i t ica l  s tage  o f  d e v e lo p m e n t  (Twit ty  and Jo h n s o n ,  1934).  W h i l e  the f o r m a t io n  of  

app ro pr ia te  n eu r o m u sc u la r  contacts  relies heavi ly  on activi ty i ndependen t  cues,  such as 

d i f fus ib le  gr ad ien ts  o f  chemoa t t r ac tan t s  and the di fferent ial  express ion o f  ce l l -adhes ion 

m o lecu le s  ( G o o d m a n  and Shatz,  1993),  the f ine- tuning  o f  these  co n ne c t ions  d o es  also 

ap p e a r  to be ac t i v i ty -d ependen t ,  as incorrect  t e rm inal s  are e l im in a t ed  in a ‘H e b b ia n ’ 

fa sh ion .  It is clear,  h ow ever ,  that  a d ive rg ence  exis ts  in the deg ree  to w h ich  act iv ity 

d e p e n d e n t  and independen t  m ech a n i s m s  are em p l o y e d  by di f ferent  c o m p o n e n t s  o f  the 

ne rvous  sys tem.  Ac co rd ingly ,  we wan ted  to ex a m in e  the s igni f icance  o f  C P G  activi ty in 

the regenera t ion o f  central  projec t ions  in our  eel model .  Chap ter  4  provides  a descrip tion 

of  ho w  we deve lope d an exerc ise protocol  to e levate  neuronal  firing pat terns indi rectly in 

such n e tw o r k s  by fo rc ing  the an im a l s  to s w im  c o n t in u o u s ly  aga in s t  an ar ti f ic ia l ly  

genera ted  current  after the operation.

25



As m e n t i o n e d  ea r l ier ,  the  o u tpu t  o f  sp inal  C P G s  can a lso  be m o d i f i ed  by 

ca techo lamines ,  such as do p am in e  or its agonis ts  (Gri l lner ,  1973; W in b e r g  and Ni lsson,  

1992; M cP herson  and Kemni tz .  1994; Gril lner et al., 1995; Kemni tz  e t  al., 1995; Kemnitz,  

1997).  T h e  m o s t  f a m o u s  e x a m p l e  o f  these  s u b s tan ce s  is u n d o u b te d ly  the  do p am in e  

precur sor ,  L - 3 ,4 -d ih y d r o x y p h e n y la la n in e  (L -D opa) ,  w h ich  w as  d is t r ibuted  in the late 

sixties to patients suffer ing f rom a rare d isorder  o f  the nervous  sys tem  ca used  by a viral 

infect ion know n as ‘encephal i t i s  lethargica’ or ‘s leepy s ickn es s ’ (Sacks ,  1973).  Their  story 

has  been recoun ted in several  edi t ions o f  the book,  ‘A w a k e n i n g s ’, by  Ol ive r  Sacks ,  and 

has since been adap ted  for  the c in em a  screen as a m a jo r  fea ture fi lm of  the sam e name.  

Affected individuals d isp layed a n um ber  of  lo com otory  abnormal i t ies  typical ly associa ted 

with P a rk in s o n ’s d isease,  in which  degenera t ion o f  do pam ine rg ic  neurons  occurs  in brain 

regions co nce rn ed  wi th mo to r  function (Sacks ,  1973; Car lson,  1991). T he  drug,  L-Dopa,  

in it ia l ly  a m e l i o r a t e d  b e h a v io u r a l  def ic i t s ,  bu t  p r o l o n g e d  a d m i n i s t r a t i o n  p r o d u c e d  

compl ica t ions ,  wh ich  were often worse  than the original affl ict ion,  and increas ingly  larger 

and larger doses  had to be given to achieve  the original  ef fect  (Sacks , 1973).  In both lower 

and higher  ver tebra tes,  how ever ,  the drug can induce s w im m in g  or s tepping movem en ts  

after a spinal  t ransect ion (Grillner,  1969; Poon,  1980; Wi l l ia m s  et al., 1981; Barbeau and 

Ross igno l ,  1987; Ross ignol  et al., 2001)  and,  in con junc t ion  wi th a t ra in ing p rogram,  

ca tc h o lam in e s  have been fo und  to dramat ic a l ly  im p ro v e  s t epp ing abil i ty  over  t ime in 

m am m als  (Barbeau  et al., 1987; Wickelgren,  1998; Ross ignol  et al., 2001).  Whi le  L -D opa  

could  never  realist ically be conside red  as a therapeutic option for humans ,  due its com plex 

ef fec ts  on the body  as a whole .  1 w o nde re d  w he th e r  such t rea tmen t  migh t  also enhance  

locomotory  recovery  in the eel by regula t ing the f iring f r equency of  C P G s  di rect ly and so 

at least  i sola te  key ce l l u la r  c o m p o n e n t s .  T h e  det a i l s  o f  these  e x p e r i m e n t s  are also  

presented in Chap te r  4.

1.4 The pattern o f  neuronal firing  as a determinant o f  connectivity?

These  tests,  how ever ,  could  only  reveal w he the r  or  not  activi ty in genera l  was an 

inf luent ia l  fac to r  in the a t t a inm en t  o f  behav ioura l  recove ry  and fa i led  to speci fy  how 

precise pat terns o f  neuronal  f iring serve to shape the conf igura t ion o f  synapt ic  contacts.  A 

decis ion  w as  there fo re  m a d e  to in ter rupt  im pu ls e  pa t t erns  in only  the  target  cells of  

d e s c e n d in g  proj ec t io ns ,  via local  app l i ca t ion o f  D - 2 - a m in o - 5 - p h o s p h o n o v a l e r i c  ac id 

(APS) to the caudal  s tum p,  as this d ru g is a k n o w n  b lo ck e r  o f  N -m e th y l  D-aspar t a te  

( N M D A )  recep to rs  (Dale  and Rober ts ,  1985; B ro d in  and Gri l lner ,  1985; Brodin  et al., 

1985; Gr i l lner  et al., 1988; D ev o lv e  et al., 1999).  The  results  o f  my  inves t igat ions  are
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discussed  in detail in C h ap te r  5. I chose  to in terfere  with the ac tiva tion  o f  this receptor 

spec if ically  since  its role in the p roduction  o f  slow  co m p o n en ts  o f  C P G  activity has been 

proven  (D ale  and  Roberts ,  1985; Brodin  and G rillner,  1985; B rodin  et al., 1985; H agevik 

and  M cC le llan ,  1994). F u rtherm ore ,  the ability o f  the recep to r  to detec t  corre la ted  firing 

freq u en c ie s  has  been  p ro p o sed  as a m ech an ism  by w h ich  ac tiv ity  can regu la te  synapse  

form ation (Schm idt,  1990; Cline, 1991; D ebski et al., 1991; K atz and Shatz, 1996; Levitan 

and  K aczm arek ,  1997; Purves et al., 1997). A m odel for regenera tion  is then proposed  in 

C h ap te r  6, based  on the find ings o f  each  ch ap te r  and  with  re ference  to  curren t research in 

the field.

In summary, the main aims of this thesis are:

• To estab lish  a ‘tem p la te ’ o f  normal sw im m ing  in the intact eel that cou ld  be com pared  

with such  b e h a v io u r  a f te r  the surg ica l  t ran sec t io n  o f  the sp inal co rd  to assess 

locom otor recovery,

•  To test w he the r  such recovery  is co rrelated  with axonal regeneration , de term ined  both 

histo logically  and electrophysio logica lly ,

•  T o  assess the influence o f  a range o f  ac tivity  t rea tm ents  and thus ascertain  the relative 

contribu tion  o f  neuronal activity to the regenerative process,

• T o  isolate the ce llu lar  com ponen ts  to which such m echan ism s  apply,

•  To  elucida te  key features o f  the m echanism , such as the im portance o f  pattern o f  

activity and particu lar receptor types involved in m edia ting  such inform ation.

27



Chapter 2

Locomotory Behaviour of Eels before Spinal Cord

Transection
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2.1. Introduction
The traditional classification of fish locomotion was devised by Breder (1926), and 

focused on the body form  of fish fam ilies  as a m eans o f  describ ing  m ovem ent 

characteristics. O thers have since expanded on such categorisation o f  sw im m ing by 

considering the gaits adopted by fish over a wide performance range and how some of 

these are supressed or enhanced according to habitat and biology (Webb, 1994). Most fish 

employ a wide variety of gaits to deal with the extra  pow er requirem ents inherent to 

m ovem ent through fluids, utilising both axial and appendicular organs and the muscle 

groups with which these are associated (Webb, 1994). In general, the median and paired 

fins are used in slow swim m ing (M PF swimm ing), while faster swim m ing tends to be 

powered by undulations of the body and caudal fin (BCF swimming).

Fish that use M PF-powered gaits tend to hover and swim slowly, in open water or 

alternatively among rocks or coral. Propulsion is achieved by either undulations {Raja, 

Hippocampus)  or oscillations {Pterophyllum, Cymatogaster)  of the relevant fins (Blake, 

1983). Eels, which primarily burrow and manouevre throughout the substratum (Tesch, 

1977) and lack well developed median or paired fins, rely exclusively on the use of BCF 

propulsors (Blake, 1983; W ebb, 1994). BCF swim m ers in general, however, are to be 

found throughout the water column as well as benthic regions and may display burst and 

coast behaviour (intervals of fast swimming followed by coasting at a constant level or 

with a gradual increase in depth), cruising at constant speed, sprint behaviour or startle 

responses followed by sprints (Alexander, 1989; W ebb, 1994). In these cases, the entire 

body, or portions thereof, are thrown laterally into several series o f  waves that propel the 

animal in the desired direction (Breder, 1926; Blake, 1983; W ebb, 1994).

C onsiderable  research has been undertaken investigating the nature of BCF 

swimm ing in terms of hydromechanics, kinematics and how such aspects of movement 

are defined  by d iffe ren t m orpholog ica l  features (Breder, 1926; G ray, 1933a, b; 

Bainbridge, 1958; Lighthill, 1971; W ebb, 1971; Blake, 1983; Jayne, 1985; W ebb, 1994; 

Gillis, 1996, 1997, 1998a). W ithin this broad um brella  term are four related though 

distinct m odes (Breder, 1926; Blake, 1983). These include the anguilliform  (eels, 

lam prey), subcarang ifo rm  (goldfish, trout and dace), ca rang ifo rm  (m ackerel)  and 

thunniform modes (shark, swordfish and marlin).

The anguillifonn mode

Anguilliform swimmers are usually long and thin, with a laterally compressed tail region 

and use backw ard  travelling waves o f  the entire body to move them selves forward
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(Breder,  1926; G ray , 1933a, b; Lighthill ,  1971; B lake, 1983; W eb b ,  1994; Gillis, 1998a, 

b). T hese  w aves  m ust p ro ceed  at a fas te r  velocity  than  the fo rw ard  speed  to enable  the 

an im al to advance .  T he  w ave leng th  is considerab ly  sm alle r  than the length  o f  the body, 

such that the specif ic w aveleng th  (w aveleng th  o f  body  w ave/body  length) is less than one 

(B red er ,  1926; W e b b ,  1971; B lake ,  1983; G il l is ,  1998b) an d  at least  one h a lf  o f  a 

w ave leng th ,  and  often  m ore  than one w ave leng th ,  can  be seen at any time. Each w ave 

increases  in am p li tu d e  as it p ro g resses  to w ard s  the tail (G ray ,  1933a, L igh th il l ,  1971; 

B lake, 1983; D av is  and  M cC le l lan ,  1993; G ill is ,  1998a) and  is p ro d u c ed  by alternate  

rhy thm ic con trac tions o f  m uscle  on opposite  sides o f  the body (G rillner et al., 1988; Davis  

and M cC le llan ,  1993).

I f  the bo d y  is c o n s id e red  in te rm s  o f  s e g m e n ts  (an d  seve ra l  seg m en ts  m ay 

c o m p r is e  a m u s c u la r  w a v e ) ,  each  s e g m e n t  m o v e s  t ra n s v e rs e ly  ac ro ss  the ax is  o f  

p rogress ion ,  at a speed  that increases  as it c rosses  this axis, thus en h an c in g  thrust (Gray, 

1933a; B lake, 1983). C o n v erse ly  its speed  dec reases  to a m in im u m  as it reaches either 

ex trem e o f  lateral d isp lacem ent.  D uring  these m ovem en ts ,  the leading surface o f  the body, 

that def lects  the w ate r  aw ay  from  the anim al, is inclined ob liquely  back w ard s  at an angle 

to the axis o f  p rogress ion  (G ray 1933a, b). T he  angle changes  as the section crosses  this 

axis, such  that it is largest at ex trem es  o f  lateral ex cu rs io n  and  v ice  versa  (Fig. 2.1 A). 

T hese alterations occur  because  each part o f  the e e l ’s body travels  in a transverse figure of 

eight m otion  that is p e rpend icu la r  to the d irection  o f  longitudinal m o v em en t  (Fig. 2 . IB), 

but the pattern is m ore  obvious at the tail tip w here  am pli tude  is at a m axim um .

Kinematic relationships between measurable aspects o f  locomotion

R ela tionsh ips  betw een  certain quantif iab le  aspects  o f  locom otion ,  such as forward 

velocity  and frequency  o f  tail beat oscillation, fo r exam ple ,  have a lready been described  

for fish u ti lis ing  the sub ca ran g ifo rm  m o d e  (B ainbridge ,  1958; W eb b ,  1971) and there is 

a lso  e x te n s iv e  in fo rm a t io n  re g a rd in g  such  in te ra c t io n s  fo r  a n g u i l l i fo rm  sw im m ers  

(G ri llner  and  K ash in ,  1976; Jayne ,  1985; G illis ,  1996, 1997, 1998a). B o th  sw im m in g  

m odes  invo lve an increase in the frequency  o f  tail beat oscil la tions  with a rise in forw ard  

speed  and  sm a l le r  sp ec im e n s  d isp lay  fa s te r  tail bea t  f req u en c ie s  than  la rge r  an im als  

m oving  at the sam e velocity  (B ainbridge , 1958; W eb b ,  1971; G ri l lner  and K ashin , 1976; 

Gillis, 1996, 1997, 1998a). H ow ever, som e im portan t d iffe rences exist betw een  the two
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F ig u r e  2 .1 .  Tracings from c in ep ho lograp hs  o f  a sw im m in g  eel .  A: T he  ang le  subtended  by the lead ing  

surface o f  the body (segm en t  X Y ,  travelling from right to left; segm en t  X | Y | ,  travelling from left to right)  

and the axis  o f  progression (ab) as the eel sw im s  forward increases to a m a x im u m  at ex trem es o f  lateral 

excursion, but is sinallest  as the body crosses  this axis.  B: A s  the fish sw im s  a long  an axis (ab), each part o f  

its body m o v e s  in a transverse figure e ight pattern, which is most noticeable  at the tail tip. (Gray. 1933a).

modes.  For  example ,  the relat ionship between tail beat  f requency  and speed only bec omes  

d i r ec t ly  p r o p o r t i o n a l  a b o v e  osci l l a t ion  ra tes o f  5 H z  in g o ld f i sh ,  t rou t  and d a c e  

(B ainbr idge,  1958; W e b b ,  1971, Blake ,  1983),  wh i l e  such a re la t ionship  is de tec t ed  in 

s w i m m in g  eels and sa lm ande rs  f rom the out se t  (Gill is,  1997, 1998a).  Also ,  am pl i tu de  

m easu red  at the tail tip increases l inear ly wi th speed in subca ra ng i fo rm  s w im m e rs  up to 

f r equencies  o f  5 Hz,  but  remains  relat ively constant  in e longate  ver tebra tes  at all speeds . 

Cur iously ,  ho wever ,  Gi ll is  (1998a)  found that the increase  no rm al ly  seen in stride length 

and slip (the ratio of  forward speed to speed o f  the t ravel l ing  w ave)  in associa t ion wi th
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rising speed did not apply to eels {Anguilla rostrata), although anguilliform swimmers 

d isplay such en h an ced  m echanical efficiency. This w'ould suggest that there are 

d ifferences even  across anim als that em ploy the same locom otory  m ode. He also 

m aintained that Am erican eels {A. rostrata) elevated tail beat frequency with increasing 

speed at a higher rate than was previously reported in European eels and snakes (Grillner 

and Kashin, 1976; Jayne, 1985).

This chap ter  investigates the presence and interactions o f  such param eters  of 

locomotion in the intact European eel and absolute values and trends are contrasted with 

those already dem onstra ted  for other anguilliform vertebrates and subcarangiform  fish. 

Com parisons of sw im m ing behaviour before and after a complete spinal transection will 

then be made in subsequent chapters.
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2.2. Materials and Methods
General maintenance o f  animals

Sixty eight eels of unknown sex and ranging in length from 276 -  436 mm were 

obtained from a hatchery (Aqua Arklow, Ireland) or from the river Ballisodare in Co. 

Sligo (n = 7). They were kept, 30 - 40 at a time, in large aquaria (755 mm tall, 920 mm in 

diameter), each served by a separate aeration source and bio-filtration tank (960 mm tall, 

580 mm in diameter), through which water was circulated using Sicce Suprema pumps to 

enable degradation of waste materials produced by the animals. The bio-filtration tanks 

held numerous plastic ‘b io-balls’ (Aqua Arklow, Ireland), designed to maximise surface 

area availab le  to n itr ify ing  bacteria  (B io -P lus ,  B io  Industr ie s  L td ., I re land) for 

colonisation. The bacteria  were obtained as a liquid suspension and 20 ml of culture 

usually maintained each bio-filtration tank system for 3 -  4 months. The tanks were then 

dismantled and thoroughly cleaned. The temperature was kept constant at 24 ± 2°C in 

each aquarium using submersible Rena or Sicce heaters and eels were monitored and fed 

daily with pellets of dried fish fry.

Analysis o f  swimming

Sixteen of these fish (245 - 400 mm) were examined individually as they swam in 

a water tunnel that consisted of a transparent perspex tube measuring 600 mm long and 60 

mm in diameter, placed in a large shallow tank (103 x 43 x 25 mm^) that acted as a heat 

insulator. W ater was pum ped from a reservoir tank (640 mm in height and 490 mm in 

diameter) through this tube and into the surrounding tank, using a Leader Ecosub pump at 

6 different speeds (0, 94, 164 ± 5 mm/s and 234, 310, 340 ±  10 mm/s) set by turning a 

valve on the inflow piping and measured with an ADA Sensa RC2 flow meter (Fig. 2.2). 

Two outflow pipes carried the water back to the reservoir tank. It was later deemed 

unnecessary  to m easure  behav iour  at every  velocity , since ind iv idual aspects of 

locom otion did not change m arkedly between some speeds that were very similar. 

Therefore, for 4 of these fish, recordings were taken at only four of the defined swimming 

velocities (0, 164, 234  and 310 ± 10 mm/s). This swim  tube (tunnel 1) and the 

accompanying water pump were later replaced by another bigger tube, 780 mm long and 

73 mm in diam eter, and a stronger Leader Ecosub pump. This enabled the range of 

swimming speeds to be increased further up to a maximum velocity of 750 ± 20 mm/s and 

allowed the fish more space in which to move and counteract turbulent effects. The 

locomotory performance of the remaining 51 fish (276 - 436 mm) was then observed in 

this later tunnel (tunnel 2) at 6 speeds with larger increments in flow rate (0, 164 ± 5;
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320 ± 10, 450 ± 10, 590 ± 20, 750 ± 20 mm/s). Due to the consistent linear relationship 

between tail beat frequency and forward speed o f these animals (see Results section (2 .4 ) ) ,  

swimming was later filmed at only four o f these speeds (0, 164, 320 and 590 mm/s, n = 

11) and eventually at only three representative speeds (0, 164 and 590 mm/s, n = 21).

Insulator tank

W ater tunnel with sw im m ing eel

Reservoir 
containing pump

Figure 2.2. Diagram of experimental apparatus, containing water tunnel and insulator tank, through which 

water was pumped at defined velocities from a reservoir located nearby using a pump and a series o f pipes 

(indicated by empty block arrows). The swim m ing movements of each fish were then recorded as it swam 

against the current using a camera positioned above the set-up and connected to a m onitor and video 

recorder. Not to scale.
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In each  tube a p lastic m esh  barrier p laced  100 m m  from  the p rox im al end  (nearest 

the in f lo w  o f  w a te r)  m in im ise d  tu rb u len c e ,  w h ile  a s im ila r  m esh  at the d istal end  

p re v en ted  the an im al from  ex it in g  the appara tus .  T h e  latter m esh  w as  th read ed  with 

copper  wires co nnec ted  to a 9V battery and  a sw itch  so that, if necessary , electrical shocks 

could  be de livered  to the f ish ’s tail to initiate bou ts  o f  sw im m ing . T h e  w ate r  tem perature  

(range = 21 - 25°C ) did not vary by m ore  than one degree  during each  experim ent.

T h e  s w im m in g  fish  w as  f i lm ed  w ith  a V a n ta g e  m o n o c h ro m e  v id eo  ca m e ra  

m o u n ted  above  the tunnel and  co n n e c ted  to a Z X  m o n i to r  and ZXlOO v ideo  recorder.  

R eco rd in g s  w ere  m ad e  w hen  the fish w as sw im m in g  at co n s tan t  sp eed  in a s ta tionary  

position re la tive  to an o p to m o to r  stripe (W ebb , 1971) pa in ted  on the outs ide  o f  the tube. 

Later, on tape replay, the fo llow ing  param eters  (Fig. 2.3) were de te rm ined  from  draw ings 

m ad e  on ace ta te  shee ts  p o s i t io n ed  aga ins t  the m o n i to r  screen ,  u s in g  the sing le  fram e 

advance facility (25 fram es/s), and  sw im m ing  sequences o f  up  to 20 tail beats:

(i) m ean tail bea t frequency  o f  5 -  8 m easu rem en ts  (tail beats/s  o r  caudal cyc le ra te):

(ii) m ean  sw im  cy c les  per second , m easu red  at the m id  po in t o f  the body , using  5 - 8  

observa tions  (rostral cycle ra te ):

(iii) m ean am pli tude  o f  the body w ave m easu red  at the m id  point o f  the body, ca lcu la ted  

by m easu r in g  the m ean  d is tance ( 3 - 5  m easu rem en ts)  betw een  excurs ions  o f  that part o f  

the body during  ha lf  a sw im  cycle (rostral am p li tu d e ) . T hese  m easu rem en ts  were taken by 

o ver lay ing  fram e by fram e dravi/ings o f  the m id line  o f  the body m ad e  on acetates. This 

pa ram ete r  was later d iscarded  as it did not change  after surgery  (see ch ap te r  3 for details) 

and w as only  ca lcu la ted  for 12 fish in tunnel 1;

(iv) m ean  a m p li tu d e  o f  the body  w ave  at the tail tip, a lso  m easu red  from  o ver la id  

d raw ings  on acetate  sheets  (caudal am p li tu d e ). C audal am plitude  m easu rem en ts  in tunnel 

2 were later taken at only two sw im m ing  speeds (164, 320  m m /s, n = 8) and finally at only 

the lowest speed  at w hich  the fish sw am  (n =  37), because  it was found  that the param eter 

rem ained  re latively constan t at ail speeds (see R esults  ( 2 .4 ) ) \

(v) m ean speed  at w hich  the m uscu lar  w ave m oves  dow n  the body, using 3 m easurem ents  

(m ean w ave  sp ee d ). T he  tim e taken for a w ave to partic ipa te  in a single sw im  cycle was 

es t im ated  by co un ting  the nu m b er  o f  fram es  advanced  in such  a cyc le .  T h is  nu m b er  was 

then d iv ided  by 25 (25 fram es/s)  to obtain  the tim e value in seconds  so that w ave speed 

cou ld  be e s t im a ted  from: length o f  f ish /(n u m b er o f  f ram es/25).  T h is  p a ram e te r  was also 

later d isca rd ed  due to the t im e c o n su m in g  nature  o f  its ca lcu la t io n  and the fact that it 

increased linearly with forw ard  speed in a virtually identical m an n er  as tail beat
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F i g u r e  2 .3 .  P h o to g r a p h  o f  s w im m in g  eel lo 

i l lu s t ra te  lo c o m o to r y  p a r a m e te r s  m e a s u re d .  

T h e  s w im  tu n n e l  a n d  t an k  o v e r l i e  a g r id  of 

s q u a r e s  (5 0  m m  x 5 0  m m )  p a in t e d  on  a 

r e f l e c t i v e  s u r f a c e  ( F a s i g n ® )  th a t  fa c i l ta te d  

th e  s u b s e q u e n t  m e a s u r e m e n t  o f  a m p l i tu d e .  

A  rostra l  c y c le  w a s  d e f in e d  as  o n e  c o m p le te  

o sc i l la t io n  o f  the  p o r t io n  o f  the b o d y  ab o v e  

the  w o u n d  a n d  is in d ica ted  by  sm a ll  c i rcu la r  

w h i te  a r ro w .  A  tail  bea t ,  d e n o te d  by large 

c i r c u l a r  b la c k  a r ro w ,  w a s  d e f in e d  as  o n e  

c o m p le te  o sc i l la t io n  o f  the  tail t ip  in a sw im  

c y c le  and  w as  c o n s id e re d  to be  iden t ica l  to a 

c a u d a l  c y c l e .  T h e  d i s t a n c e  b e t w e e n  

e x tr e m i t ie s  o f  a rostra l  cy c le ,  as in d ic a te d  by 

the  d o u b l e - e n d e d  t r a n s p a r e n t  a r ro w ,  is the 

ro s t ra l  a m p l i tu d e ,  w h i le  c au d a l  a m p l i tu d e  is 

in d ic a te d  by  the d o u b l e - e n d e d  b la c k  a r ro w .  

Sca le  bar:  50  m m .

frequency (see Results). It was only calculated for 12 fish in tunnel 1.

When the fish aligned with the optomotor stripe, forward speed was equivalent to the 

water velocity (mm/s) and was normalised to body lengths per second (BL/s) to allow data 

from fish o f  different sizes to be combined. The posture o f  a stationary animal was noted 

as normal S-shaped, or abnormal.

Such measurements enabled me to determine the presence, and explore the nature of  

various features these parameters, such as:

• relationships between forward speed and tail beat frequency, rostral cyc le  rate, wave  

speed and rostral or caudal amplitude;

• relationships between forward speed or tail beat frequency and specific amplitude 

(calculated by dividing rostral or caudal amplitude by body length);
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• ratios of rostral to caudal amplitude and of forward speed versus wave speed (slip).

• relationships between stride length (the distance travelled per beat, calculated by 

dividing speed (in BL/s) by tail beat frequency) and tail beat frequency or amplitude. 

The purpose of these exercises was to determine how such parameters of movement

interact with each other in the intact animal and thus establish a behavioural template for 

contrast with performance after surgery, as well as providing a comparative basis of the 

swimming behaviour o f this type of fish with that of others.

Statistical Analysis

The swimm ing performance of all animals at each speed was evaluated using one 

way analysis of variance tests (ANOVA). Student’s t-tests were used to compare various 

locomotory constants within and between tunnels. Differences were considered significant 

when p < 0.05. All tests were performed with the “Datadesk ® 6.0 PPC ” package on an 

iMac computer.
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2.3. Results
Swimming in tunnel 1

W h e n  firs t  p la c e d  in the sw im  tu n n e l ,  e a c h  eel (n = 16) sw am  so m ew h a t  

e r ra tica lly , m o v in g  rap id ly  fo rw ard  aga inst  the cu rren t  o r  fa ll ing  b ac k w ard s  against the 

distal barrier, and  usually  requ ired  tim e to acclim atise .  H o w ev er ,  once  fam ilia r  with the 

ap p a ra tu s ,  the f ish  sw am  as soon  as the  w a te r  f lo w  c o m m e n c e d  an d  co u ld  sw im  

co n tin u o u s ly  up to  speeds  o f  1 B L/s as noted  by G ill is  (1998a) .  It sw am  sm ooth ly  and 

steadily , m ain ta in ing  station aga ins t  the f low ing  w a te r  in the typical angu ill ifo rm  m ode, 

with som etim es  m ore  than one com ple te  w ave p resen t at the h igher speeds. On analysis o f  

the v id eo  tapes ,  w a v es  o f  m u sc u la r  co n trac t io n  p a s s in g  cau d a l ly  a lo n g  the body, as 

descr ibed  by G ray  (1933a , 1933b) and L ighthill  (1971), cou ld  be clearly  seen. O verla id  

d raw ings  o f  each  fram e revealed  an overall longitud inal f igure  o f  eigh t shape fo rm ed  by 

these successive  w aves and the characteristic  t ransverse  figure o f  eigh t m ost clearly traced 

by the tra il ing  edge  seg m en t at the tail tip (Fig. 2 . IB ). It also b ecam e  apparen t that the 

am pli tude  o f  the w aves  increased  as they trave lled  d o w n  the body  tow ards  the tail. All 

eels w ere  ab le  to m ain ta in  s tation at m ost  speeds fo r  several m inu tes ,  a lthough  it was 

so m etim e s  n ecessa ry  to en c o u rag e  them  if they fell back  aga ins t  the grid , by m anual 

s timulation o f  the tail or by delivery o f  a small electric shock.

Each eel increased  tail beat f requency  as the w a te r  speed  w as e leva ted  as seen in 

Fig. 2 .4A. T he re la tionship  was linear ( r ’ = 0.9), so enab ling  a slope value to be ca lculated  

(2.5). Tail beat f requency  d iffered  at each velocity  (p = < 0 .0001). T h e  linear re la tionship 

was re flected  in both the rostral cycle rate, which was found  to be identical to the tail beat 

frequency, and  in the speed  o f  the undulatory  body w ave (Fig. 2 .4B) w hich , when plotted 

aga inst  fo rw ard  speed, also p ro d u ced  a s lope value o f  2.5 (r"=  0.9). T he  p aram ete r  was 

statis tica lly  d iffe ren t at each  speed  (p = < 0 .0001), but there  w ere  no overall  d iffe rences  

b e tw een  fish. W a v e  speed  w as  a lw ays  g rea te r  than fo rw a rd  sp eed  (Fig. 2 .4C ) and  a 

constan t ratio (slip) ex is ted  betw een  the tw o  (forw ard  speed /w ave  speed), ca lcu la ted  to be 

0 .4  ±  0 .0 !  on average .  T h ere  was, how ever ,  a s ligh t ten d en cy  fo r s lip  to be h igher  at 

s low er sw im m in g  speeds.
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F ig u r e  2 .4 . R e la t io n s h ip  b e tw e e n  

forward sp eed  and A: tail beat

frequency (n = 16 fish) and B: wave  

speed (n = 12). Note that both forward 

speed and wave speed are expressed as 

body lengths per second  (BL/s) .  C: 

Wave speed (filled columns) is greater 

than forward speed (empty columns) at 

each speed  ca tego ry ,  numbered I 

through 6 (n = 12).

In contrast to the relationship with tail beat frequency, no obvious link existed 

betw een sw im m ing speed and rostral or caudal am plitude  (r“ = 0.02 and r =  0.01 

respectively). Although a slight decline as speed increased was apparent, there was no 

statistical difference in amplitude measured at either rostral or caudal positions in relation 

to forward speed (p > 0.1). There were, however, some differences between individual 

animals. Rostral am plitude was always statistically different from (p < 0.0001) and 

roughly half the caudal value (Fig. 2.5A, B). W hen either amplitude was divided by fish 

length to give specific amplitudes, so that differences between fish of different sizes could 

be eliminated, there was still considerable variation and only a slight correlation with 

forward speed could be detected with regard to that arising caudally (Fig. 2.5C; r  = 0.04, 

as com pared  with r“ = 0.01 rostrally). In general, at all sw im m ing speeds, rostral and 

caudal amplitude remained relatively constant at about one sixteenth and one eighth of the 

body length respectively.
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Figure 2.5. A: R elationship  between rostral (filled squares; n = 12 fish) or caudal (empty 

circles; n = 16) amplitude  and forward speed (BL/s). B: Caudal am plitude  is larger than 

rostral amplitude. N ote that am plitude is expressed as a percentage o f  body length (mean 

specific amplitude). C: Relationship between specific rostral (filled squares; n = 12 fish) or 

caudal (empty circles; n = 16) amplitude and forward speed.
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There was only a very slight negative correlation between specific amplitude and 

tail beat frequency (Fig. 2.6A). However, when specific amplitude was multiplied by tail 

beat frequency and these values plotted against forward speed, a linear relationship again 

becam e evident (Fig. 2.1 OB, empty circles). The correla tion with respect to rostral 

amplitude was weaker than that for caudal am plitude how ever (r‘ = 0.5 and r” = 0.8 

respectively).
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F ig u r e  2 .6.  R e lat ionsh ip  betw een  sp ec if ic  rostral or caudal am plitude  (i .e .,  exp ressed  as a percentage o f  

body length) and tail beat frequency. Note  that rostal amplitude data are denoted by fi l led  squares (n= 12 

fish), while  caudal values are represented by em pty circles (n = 16).

Stride length (expressed in terms of body lengths) remained fairly constant as tail 

beat frequency increased although it declined slightly at faster oscillation rates and 

showed a marginally better logarithmic correlation than when a straight line was fitted to 

the data (Fig. 2.7A; linear: r" = 0.002; 2.11 A; log: r“ = 0.005). There  was a slight 

dependence o f  this param eter on amplitude, however, in that it was greater at larger 

amplitudes as shown in Fig. 2.7B, but this interaction was weak (r‘ = 0.16, rostral; 0,15, 

caudal).

41



A

0 .6 -,

t J j
C

■Oo
CQ

0.5 • 

0.4. 

0.3.

0 . 2 '

I  ^  ■ ■  ■  ■

V . -

0.5
B

~ i -------- 1----
1.5 2

Tail beats/s

—r~
2.5

—I
3.5

0 . 6 -

0 .4 -

0 .2 -

25 75 10050
Amplitude, mm

Figure 2.7. Relationship between stride length or distance travelled per beat (expressed as body lengths) and 

A: tail beat frequency, and B: rostral (filled  squares; n = 12 fish) or caudal (empty circles; n = 16) amplitude.

Swimming in tunnel 2

Eels required some time to acclimatise to this tunnel, as w ith tunnel I, but 

eventually began swimming normally. Although they swam more smoothly in this tunnel 

than in tunnel 1, the relationships established there also applied. Once again each fish 

elevated tail beat frequency with increasing forward speed up to velocities o f 3 BL/s ,in 

this case, as shown in Fig. 2.8 (filled squares; r‘ = 0.9). Rostral cycle rates were identical 

to the rate o f tail oscillations. Differences in tail beat frequency for each speed were 

significant (p < 0.0001), but there were no differences between fish overall. The animals 

had d ifficu lty  in sustaining locomotion at velocities above 590 ± 20 mm/s, particularly i f  

they were shorter than other eels, in which case they were swimming more body lengths 

per second relative to those fish. Such ‘burst’ swimming was nonetheless included in the
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analysis. T he overall slope value obta ined  (1.8) w as less than that observed  in tunnel 1 (p 

< 0 .0001).  D a ta  points  for fish sw im m ing  in that tunnel are also g iven  (em pty  circles) for 

com parison .

6-1

BL/s

F ig u re  2.8. Relationship betw een  tail beat frequency and forward speed (B L /s )  in tunnel 2 (filled circles, n = 

52 fish) and tunnel 1 (empty circlcs, n = 16).

In tunnel 2 there  w as a lso  no c lea r  re la t ionsh ip  b e tw een  caudal  am p li tu d e  and 

forw ard  speed  (Fig. 2.9A; r" = 0.07), a lthough the p aram ete r  did tend to decrease at faster 

rates o f  sw im m in g  but no statistical d iffe rence cou ld  be de tec ted  in am pli tudes  m easured 

at d iffe ren t speeds  (p = 0.8). T here  w as, how ever ,  a s ign ifican t d iffe rence  when caudal 

am plitudes  observed  in e ither tunnel w ere  com pared ,  although this is not obvious from  the 

graph (Fig. 2 .9A ; p = 0 .009).  If  body length is taken  into accoun t  by ca lcu la ting  specific  

caudal am plitude , this d ivergence  d isappears  (p = 0 .11), as the s im ilar  s lopes  in Fig. 2.9B 

dem onstra te ,  and  the d ep en d en ce  on fo rw ard  velocity  b eco m es  neg lig ib le  (r‘ = 0.01 for 

either tunnel),  with am plitude  rem ain ing  fairly constan t at about one seven th  o f  the body 

length. T h e  ten d en cy  fo r  the p a ram ete r  to dec line  with fa s te r  sw im m in g  w as reversed, 

however.
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As a lread y  w itn essed  in tunnel 1, there  w as  little co r re la t io n  be tw een  specific  

am p li tu d e  and  tail bea t  f req u en cy  (Fig. 2 .10A ),  bu t the p ro d u c t  o f  the tw o  revealed  a 

s trong linear d ependence  on fo rw ard  speed  (Fig. 2.1 OB; r ’ = 0.9 and  0 .8  for tunnel 1 and 2 

respectively).
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0 . 2 5 -0 . 2 5 -

Tail  bcats /s C a u d a l  am p l i tu d e ,  m m

F i g u r e  2 .11 .  R e la t io n s h ip  b e tw e e n  s t r id e  len g th  ( e x p re s s e d  as  b o d y  l e n g th s  p e r  b e a t )  a n d  A: tail bea t  

I 'requency in tu n n e l  2 a n d  tu n n e l  1 and  B: c au d a l  a m p l i tu d e  in bo th  tu n n e ls .  In b o th  ca se s ,  f i l led  sq u a re s  

d en o te  d a ta  p e r ta in in g  to tunnel  2 (n =  52), w h i le  tunnel  1 d a ta  is r e p re se n ted  by e m p ty  c irc le s  (n =  16).

T here  w as a m arked  initial decrease  in stride length as tail beat f requency  rose, but 

the pa ram ete r  b ecam e constan t above  tail beat f requenc ies  o f  around  2 beats/s  so that the 

two were re la ted  by: y = - 0 .42  log (x) + 0.73 with r" = 0.5 (Fig. 2.1 lA ).  N ote  that stride 

length  is ex p re s sed  in te rm s o f  body  length. T h e  resu lt  co n tra s ts  so m ew h a t  with that 

d e te rm in ed  fo r sw im m in g  in tunnel 1, w here  no  linear re la t ionsh ip  w as  de tec tab le  ( i“ = 

0 .002), and only  a small logarithm ic correlation  w as fo u n d  to exist be tw een  the tw o (Fig. 

2.11 A; r" = 0 .005) .  T h ere  w as a tendency  for the p a ram e te r  to  increase  with  a rise in 

am pli tude  but this assoc ia tion  w as not very strong (Fig. 2.1 IB ; r ’ = 0.3),  a lthough it was 

m ore  robust than w as the case in tunnel 1 (r’ = 0.2).
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2.4. Discussion
The experiments described in this chapter have highUghted some of the relevant 

indicators of performance. After acclimatising, eels displayed rostral cycle rates that were 

identical to the rate of tail beat oscillation whichever tunnel was used. They also elevated 

these locomotory parameters in a linear fashion with increasing speed, enabling a slope 

value to be calculated (shown only for tail beat frequency) that was lower in tunnel 2 than 

in tunnel 1. Similarly, wave speed increased in direct proportion with a rise in forward 

speed, although the form er was always larger than the latter and a constant slip ratio of 

0.4, on average, existed between the two. There was no obvious relationship between 

rostral or caudal amplitude and forward speed in either tunnel, although there was a slight 

tendency for both to decline as speed increased. Rostral amplitude was always roughly 

half that measured caudally, and these caudal amplitudes were lower in tunnel I than in 

tunnel 2. Stride length in the latter was seen to decline initially more dramatically with 

increasing speed, whereas in tunnel 1 it remained fairly constant. In both tunnels, the 

param eter was greater at larger amplitudes, but this asssociation was more obvious in 

tunnel 2.

Overall Pattern o f  Swimming in Anguilla

Eels swam erratically when first placed in either swim tunnel. This is perhaps 

unsurprising, since at this stage of their life cycle ( ‘ye llow ’), eels are sedentary (Moriarty, 

1978; W ebb, 1994). W hen in m otion, the anim als utilise the body and caudal fin 

p ropulsors  rather than m edian and/or paired  fins, as these appendages  are poorly 

developed (Blake, 1983; Webb, 1994). Continuous body and caudal fin swimming (BCF), 

however, is relatively inefficient in anguilliform swimmers at high speeds, due to the large 

num ber of waves passing down the body (Lighthill, 1975; W ebb, 1994). Eels, therefore, 

normally employ burst and coast behaviour, which is an alteration between short periods 

of swimming, followed by coasting to economise on the cost of locomotion at high speeds 

(Webb, 1994). Sw im m ing of this nature is only cost effective if the distance travelled is 

greater than the effort required and can be considered in terms o f  the equation; R ' < 1, 

where R ' is the ratio of energy per unit distance travelled (Blake, 1983). Also, if the 

maximum sustainable speed (U J  is greater than the constant swimm ing speed (U J ,  given 

by: U /U e  < I, then R ' < 1, and burst and coast swimming is energetically favourable to 

steady swimming. In contrast, there is no advantage in burst and coast sw im m ing over 

steady swimming if U^AJe = R'. as is the case for fish that do not rely on BCF undulations 

for propulsion {Hippocampus, Gymnotus, Raja  spp., etc.) and consequently do not move
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in this m anner .  It is w orth  noting, how ever,  that not all B C F  p ropu lso rs  utilise burst and 

coast  behav iou r  (e.g. ca rang ifo rm  and thunn ifo rm  sw im m ers) ,  but that it is m ore  com m on  

at h igher  speeds, w hen  ene rgy  conse rva tion  b eco m es  m ore  im portan t.  T h is  o f  par ticu la r  

re levance  in the case  o f  eels, which  a lthough  s lugg ish  in general,  are  requ ired  to m ake 

long m ig ra t ions  and  have a low er proportion  o f  red m u sc le  (T esch , 1975; B lake, 1983; 

W ebb, 1994). D rag is reduced  3 - 5  fo ld  by em ploy ing  such b ehav iou r  because  the body is 

s tretched  s traigh t in the coasting  phase  (L ighthili ,  1971, 1975; W eb b ,  1994). It is not the 

usual b eh av io u r  o f  ‘y e l lo w ’ eels, then, to sw im  stead ily  aga inst  a co n s tan t  curren t,  even 

one o f  low velocities.

It is though t  that sw im m in g  in tunnel 1 w as m ore  irregular initially than in tunnel 2 

because  the n ar ro w er d iam ete r  o f  the fo rm er  c reated  g rea ter  nascent tu rbulence. T h is  was 

one reason  w hy  the ap p a ra tu s  w as la ter  m o d if ied  to  in c lu d e  a la rge r  sw im  tube  and 

prox im al barrier  with sm alle r  m esh. T h e  second  reason  for sw itch ing  to the larger sw im  

tube and  s t ro n g er  p u m p  was to a l low  inves t iga t ion  o f  sw im m in g  at a w id e r  range  o f  

velocit ies ,  pa r ticu la r ly  those  at w hich  the m ajority  o f  the w hite  m usc le  m ass  w o u ld  be 

recruited.

O nce an eel had  acc lim atised  to the apparatus , it was able  to m ain ta in  station (for 

several m inu tes)  in the typical angu ill ifo rm  m ode at ve loc it ies  o f  up to  1.5 body lengths 

per second  (BL/s). This  im plies that sw im m in g  at these  low er speeds  is largely pow ered  

by red  m uscle  fibres and is in accordance  with p rev ious  f ind ings  from  a varie ty  o f  fish, 

p ro p o s in g  a d iv is io n  o f  lab o u r  am o n g  f ib re  ty p es  to  p o w e r  sw im m in g  at d if fe ren t  

velocities  (B one, 1966; Johnston  et al., 1977; Johns ton ,  1981; B lake, 1983; R o m e  et al., 

1984, 1999; Jayne  and Lauder,  1994, Gillis, 1998b). In addition, M os et al. (1990) suggest 

that red m uscle  fibres m igh t be innerva ted  by a d iffe ren t popu la tion  o f  m o to n eu ro n s  than 

w hite  fibre  types, from  their observa tions  o f  e lec tro m y o g rap h ic  activ ity  in dogfish  fictive 

s w im m in g  (M o s  et al., 1990). H o w ev er ,  there  is so m e ev id en c e  to su g g es t  that  w hite  

m uscle  also  con tr ibu tes  to steady sw im m in g , even  at s low  speeds  (B one , 1974; G ri l lner  

and  K ash in ,  1976; H u lb er t  and  M o o n ,  1978; B lake ,  1983). In add ition ,  G ill is  (1998b) 

found that ee ls  begin  to recruit w hite  m usc le  at speeds  as low as 0 .75  - 1.0 B L /s .  It is 

poss ib le  that in te rm ed ia te  p ink  and  w hite  o x ida t ive  f ib res ,  such  as those  id en tif ied  by 

H ulbert  and  M o o n  (1978),  par tic ipa te  in g en e ra t in g  m o re  rap id  co n trac t io n s ,  and  that 

Gillis ( 1998b) m ay have obta ined  m ixed  record ings from  these  co m p o n en ts  as well,  since 

they are located  at the boundary  betw een  the tw o  conven tiona l fibre types. A lterna tive ly ,
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it is possible that there may be some local white fibre activity at slow speeds, as suggested 

by Bone (1974).

At speeds above 2 BL/s, eels were more likely to revert to alternate periods of 

burst sw im m ing followed by phases of gliding slightly backwards, owing to the higher 

current velocities and occasional irregularities of flow. They could  not sustain this 

movement for very long, implying the certain induction of white muscle. Its recruitment at 

these low velocities, together with the relative size of the animals, might explain why eels 

fatigue so much more easily when compared with elvers (McCleave, 1980), goldfish, trout 

or dace (Bainbridge, 1958).

As each animal swam, the metachronal waves of m uscular contraction previously 

described (Breder, 1926; Gray, 1933a, b; Blake, 1983, Gillis, 1998a, b) could clearly be 

seen travelling backwards down the body and an increase in amplitude as the waves 

reached more posterior segments was also apparent (Breder, 1926; Gray, 1933a; Lighthill, 

1971; Gillis, 1998a). Such waves of contraction involve the tranverse motion of segments 

of the body from one side to another in such a way that the surface of each section is 

inclined obliquely backwards at an angle enabling the fish to deflect water backwards and 

thus propel itself forward through its environm ent (Gray 1933a, b). The alterations are 

made possible by the transverse figure of eight motion that is displayed by each part o f the 

ee l’s body (Fig. 2.1 A). This pattern of movement was observed in this study but was more 

clearly traceable at the tip of the tail where the amplitude o f  the waves was greater, as 

already noted by Gray (1933a). Frame by frame overlays of the sw im m ing fish also 

revealed an obvious overall longitudinal  figure of eight pattern formed by the motion of 

successive waves passing caudally towards the tail.

The increase in amplitude of the muscular waves as they travel posteriorly may be 

a consequence of the caudal to rostral pattern of muscle recruitment as observed by Gillis 

(1998b), whereby both red and white muscle fibre types are sequentially recruited in 

posterior regions before anterior regions. He also detected an increase in mean intensity 

and rectified area of the electrom yographic  recording (which can also be used as a 

measure of intensity) of bursts from both types of muscle at successively more caudal 

postions along the body. Such a phenomenon had previously been discussed by W ardle et 

al. (1995) in relation to body m orphology and m ode o f  locom otion. H ow ever, they 

suggested that the caudo-rostral gradient of muscle recruitm ent enabled power to be 

transmitted to the tail by posterior muscle and would be more important in fish that use a 

caudal fin for propulsion (i.e. carangiform fish), while anguilliform swimmers should not
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display such a trend, since they rely on power and thrust being produced along the body. 

Nonetheless, Gillis (1998b) has proposed that the observed shift in onset time of muscle 

activity between posterior and anterior muscle in these eels might serve as a stiffening 

m echanism for caudal regions in order to reduce the work required for dynamic bending 

of those regions. It may also function as an auxiliary source of stability.

Tail beat frequency and wave speed are related to forw ard velocity

In the water tunnel, the eels elevated tail beat frequency with increasing forward 

speed such that a direct linear relationship was found to exist between the two variables. 

The slope value obtained in tunnel 1 (2.5) was not unlike that reported by Gillis (1998a) 

for A m erican  eels (2.4) a lthough lower rates o f  increase were w itnessed  in other 

anguilliform swimmers (Jayne, 1985; Gillis, 1997) and in this species (Anguilla anguilla) 

by Grillner and Kashin (1976). However, when the range of speeds was increased, as in 

tunnel 2, tail beat frequencies at faster velocities were lower than would be predicted by 

the slope pertaining to tunnel 1 (Figs. 2.4A; 2.8A), as also witnessed by Gillis in his work 

on sirenid salamanders (1997). In this case however, it may be a consequence of the less 

turbulent water flow in tunnel 2, but most likely reflects the em ploym ent by the fish of 

burst and coast behaviour at higher velocities. In this way, the gliding phase following a 

sequence of burst swimming would reduce the frequency of oscillations, as observed by 

Bainbridge (1958), although that example concerned a dace swimming at low speeds.

A correlation also exists between speed of the undulatory wave (only calculated 

for tunnel 1) and forward velocity and is expected since the rate o f  wave generation must 

underlie both rostral and caudal cycle rate (or tail beat frequency). W ave speed was 

always greater than forward speed, which is necessary to enable  the animal to move 

forward (Gray, 1933a; Blake, 1983; Gillis, 1998a), and a slip ratio o f  0.4 ± 0.01 was 

calculated between the two. This is half that obtained by Gillis (1998a) and as such 

implies a reduced mechanical efficiency, which may reflect a species-specific divergence 

in muscle performance between European eel and American eels, or may be due to the 

turbulence o f  water flow through the apparatus. The tendency for the param eter to 

decrease with a rise in speed, however, is in agreeement with his findings, although most 

anguilliform swim m ers normally enhance mechanical efficiency in such circumstances 

(Lighthill, 1975).

Amplitude remains relatively constant while tail beat frequency increases with speed

The relationship between tail beat frequency and forward velocity was observed up 

to frequencies of 6 beats per second in either tunnel, above which the fish refused to swim
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in any quan tif iab le  m anner .  C onverse ly ,  no  such re la tionsh ip  was de tec ted  with regard  to 

am p li tu d e  m easu red  at e i th e r  rostral o r caudal pos i t ions  and  fo rw a rd  sp eed  within  this 

range o f  tail bea t frequenc ies .  This  result concurs  w ith  that o f  G ill is  (1997, 1998a) w ho 

reported  s im ilar  re la tionships  betw een  such locom otory  param ete rs  in sw im m in g  eels and 

s a lam a n d e rs .  In co n tra s t ,  su b c a ra n g ifo rm  s w im m e rs  in c re ase  tail b ea t  a m p li tu d e  at 

frequenc ies  below  5 H z (B ainbridge , 1958; W ebb , 1971), possib ly  because  the am plitude 

o f  the body  w ave  m ay  not be at a m ax im u m  at low sw im m in g  speeds  since it decreases  

from  the nose to the o percu lum  (B ainbridge , 1963; B lake, 1983). A s subcarang ifo rm  fish 

begin to sw im  faster, they increase the force with w hich  the m uscles  contract, enabling the 

am plitude  to increase; this is m ade  possib le  by the pattern  o f  m ultip le  innerva tion  o f  both 

red and  w h ite  m u sc le s  in these  fish (Johnston , 1981). E v en tu a lly  a m ax im u m  exten t o f  

contraction  is reached, am plitude at the tail tip becom es constan t and the anim al m ust rely 

on e leva ting  the f requency  o f  contraction  to fu r ther p o w e r  m o v em en t  at h igher speeds, as 

d em o n s tra ted  by the d irec tly  proportional re la tionsh ip  seen be tw een  this pa ram e te r  and 

forw ard  velocity  above 5 Hz.

In a n g u i l l i fo rm  s w im m e rs ,  h o w e v e r ,  the leng th  o f  each  p ro p u ls iv e  w ave  is 

cons iderab ly  sm alle r  than the length o f  the body  (0 .4 8 L  as m easu red  by G illis  (1998a) 

c o m p ared  with 0 .6 8 L  in su b ca ran g ifo rm  fish (W eb b ,  1971) and  co n seq u en t ly  there is 

often m ore  than one com ple te  w avelength  present at any g iven t im e (B reder,  1926, Blake, 

1983; W eb b ,  1994). It is p lausib le ,  then, that the an im als  m igh t use m axim al contractions 

o f  the m uscle  at all velocities, particularly  since this m ode o f  sw im m in g  does not generate 

m uch  th rus t  (L igh th i l l ,  1975; W eb b ,  1994) and  so the an im a ls  rely m ore  heav ily  on 

alter ing  the freq u en cy  o f  m u scu la r  con trac t ions  in o rde r  to ch an g e  speed  (Gillis , 1997; 

1998a). In add ition ,  the fact that eel w h ite  m u sc le  is foca lly  in n e rv a ted  (B one, 1978) 

w ould  m ean  that g rad ed  re sponses  to neural input, as o b se rv ed  in su b ca ran g ifo rm  and 

ca rang ifo rm  sw im m ers  (Johnston , 1981), canno t occur. H ow ever ,  G illis  (1998b) reported  

in c re a s e s  in m e a n  in te n s i ty  an d  re c i t i f ie d  a re a  o f  b o th  red  an d  w h i te  m u sc le  

e lec tro m y o g rap h ic  bursts  at all pos it ions  o f  the body  as sw im m in g  speed  was eleva ted , 

w h ich  w o u ld  su g g es t  c h a n g e s  in ex ten t  o f  m u sc le  co n tra c t io n  are possib le .  G raded  

responses  to such neural inputs  cou ld  be ach iev ed  if there  is p rog ress ive  recru i tm en t  of 

m otor units, as is well know n for m ost o ther vertebrates.

In p re v io u s  w ork ,  G ill is  (1998a)  n o ted  that w h ile  tail tip am p li tu d e  rem ained  

s im ilar  at d iffe ren t  sw im m in g  velocities ,  the m ore  rostral p o rt ions  o f  the body  a lw ays 

d isp layed  very low undulatory  am plitudes  undoubted ly  because  o f  the sequence  o f  muscle
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induction  (Gillis , 1998b), but that these inc reased  w ith  a rise in speed. S im ilarly  in the 

present project, it was occasionally  d ifficult to m easu re  rostral am plitudes  (only taken for 

tunnel 1), as they w ere  so sm all.  H o w ev er ,  they rem a in ed  fair ly  constan t,  although it is 

c o n c e iv a b le  tha t  c h a n g e s  w ith  sp eed  w ere  less  o b v io u s  here ,  o w in g  to  the g rea te r  

tu rb u len ce  o f  w a te r  f low  in this tunnel that su b seq u en tly  co n s tra in e d  the an im als  from  

sw im m in g  in a m ore  consis ten t  m anner .  T he  re levan t g raphs  in F igures  2.5, 2.6, 2.9 and 

2 .10  certa in ly  show  a large degree  o f  sca tte r at all speeds. T he  caudo-ros tra l  g rad ien t o f  

m uscle recru i tm en t (Gillis, 1998b), how ever,  m igh t exp la in  why am pli tude  at the tail tip 

in any case  w as  o b se rv ed  to rem ain  fa ir ly  co n s tan t ,  if  co n trac t io n  in tens ity  w as near 

m axim al from  the outset.

T h e  slight decrease  in am pli tude  at h igher  speeds in e i ther  tunnel m ay  reflect the 

d ep e n d en ce  o f  this p a ram e te r  on size o f  eel, as sh o w n  in Fig. 2 .12A , a lthough  such  a 

result conflic ts  with that o f  B ainbridge  (1958) w ho  fo u n d  that for subcarang ifo rm  fish the 

p aram ete r  w as independen t  o f  size. It is p robab le  that so m e sm alle r  ee ls  found  it hard to 

m ain ta in  m ax im al con trac t ion  at g rea ter  rates o f  tail bea t osci l la t ion ,  particu la rly  since 

sm alle r  fish d isp lay  fas te r  tail beat frequenc ies  than larger fish at identical speeds (Fig. 

2 .I2 B :  r~ =  0.6; B ainbridge, 1958). C onsequen tly ,  if the rate o f  oscilla tion was very high, 

there w ould  be insufficient tim e for the tail tip to m ak e  the usual lateral excursions. T he 

sharp  d ro p  in tail bea t  freq u en cy  with inc reas ing  size  that g ives  the graph  a s tep-like 

ap p e a ra n ce  (Fig. 2 .1 2 B ) m ay  also  be d u e  to the g re a te r  m u sc le  m ass  o f  larger fish, 

rendering  such  an im als  co n s id e rab ly  s t ronger  and  m ore  po w erfu l .  A b so lu te  values o f  

am plitude  were m ore  variable, though larger on average , in tunnel 2, because  o f  the larger 

n u m b er  and  size o f  an im als  ex a m in e d  there , and  as such  m ay  ex p la in  w hy the decline 

appeared  m ore  dram atic  in that apparatus.

If length is taken into consideration  (a lthough the fish used  were usually  sim ilar in 

size) and specific  am plitude  is plo tted  against fo rw ard  speed, the fo rm er  returns to a more 

consis ten t pattern , rem a in ing  fairly constan t  at a round  one s ix teenth  o f  the body length 

(0.06 BL) rostrally and one eighth  (0.13 B L) caudally  in tunnel I o r  one seventh  (0.14 BL) 

in tunnel 2. Specific  am plitudes, m easured  at the tail tip, ranging  from  0.11 - 0 .19 B L  have 

a lso  been  rep o r ted  fo r o th e r  e lo n g a te  sw im m ers ,  such  as sn ak es  and  sa lam a n d e rs  of  

s im ilar sizes (Jayne, 1985; Gillis, 1996, 1997). G illis  (1998a),  how ever ,  m easu red  average 

tail tip am p li tu d es  o f  on ly  0.08 BL in the A m er ican  eel and  G ri l lne r  and  K ashin  (1976) 

s im ila r ly  re p o r ted  lo w er  a m p li tu d e s  in ee ls  than  o th e r  an g u i l l i fo rm  sw im m ers .  It is 

tho u g h t  that the d if fe ren ce  m igh t  be due to the fact that  the eel p o ssesses  a laterally
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c o m p ressed  tail, thus a fford ing  g reater transfer  o f  m o m en tu m  from  its body to the water. 

A n im als  that lack  such  a m o rp h o lo g ica l  fea ture  (e.g. snakes) ca n n o t  p ro d u ce  suffic ient 

p o w e r  in this way. S u b ca ran g ifo rm  sw im m ers ,  on the  o ther  hand ,  have  larger specific 

am pli tudes  once  they b eco m e  constan t,  rang ing  from  0 .17  B L  in the trou t to 0 .20  BL in 

the go ld fish ,  p robab ly  as a resu lt  o f  the la rger  w av e len g th s  p resen t  on the body during  

locom otion  (B ainbridge , 1958).
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F ig u r e  2 .1 2 .  A: Rostra! ( f i l led  squares, n = 16 f ish) or caudal (em pty  c ircles ,  n = 68)  amplitude and B: 

m axim um  tail heat frequency (n = 68 fish) as a function o f  fish length in both tunnels com bined.

T he  slight negative correlation  betw een  specific  am plitude  and tail beat frequency 

below  oscil la tion  rates o f  6 beats/s, w hich  is also in con trast  with the overall  f indings of 

B ainbridge  (1958) and W eb b  (1971), m ere ly  reflects the unvary ing  nature o f  am plitude as 

a param eter.  W e b b  (1971) sugges ted  that fo rw ard  velocity  w ould  be re lated to the product 

o f  tail b ea t  f req u en cy  and  am p li tu d e  on ly  at speeds  b e lo w  5 bea ts /s  in trou t because  

am plitude  is increasing . Such a re la tionsh ip  has been d em o n s tra ted  in the p resen t study 

(Fig. 2.1 OB) but is, a lternatively , a consequence  o f  the increase in tail beat frequency. The 

lack o f  d ep en d en ce  on lateral undu lations as a pa ram ete r  im portan t in speed alteration in 

s w im m in g  ee ls  is p e rh a p s  a re f lec t io n  o f  the in e f f ic ien cy  o f  s teady  sw im m in g  for 

an g u il l ifo rm  an im als  and  re ite ra tes  their  need  to em p lo y  burs t  and  coas t  b eh av io u r  to 

m in im ise  on e n e rg y  u sage .  T h is  m ay  also  ex p la in  the  a n im a ls ’ in ab il i ty  to attain  

m ax im u m  ve loc it ies  as h igh  as those  reached  by go ld fish ,  trou t and  dace  (B ainbridge , 

1958). On the o ther hand, such sw im m ing  patterns m ay, in this case, represent adapta tions
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em p lo y ed  by the fish to coun terac t  effects  of  tu rbu lence ,  a l though  ev e ry  effort was m ade 

to m in im ise  such artificial influences.

B a in b r id g e  (1 9 5 8 )  has  sh o w n  tha t  d is ta n c e  t rav e l le d  p e r  b ea t  is re la ted  to 

am p li tu d e  up  to freq u en c ie s  o f  5 bea ts/s ,  af te r  w h ich  both  are at a m ax im u m  and the 

re la tionsh ip  b eco m es  level. A  s im ilar  assoc ia tion  w as ob se rv ed  in this study (Fig. 2.7B; 

2.1 IB), but the interaction  was w eak  in tunnel 1 due to  the narrow er range  o f  am plitudes 

m easu red  there. H ence, stride length rem ained  fairly co n s tan t  at ap p rox im a te ly  0.4 B L  as 

speed  w as e lev a ted  (Fig. 2 .7A). T h is  is in acco rdance  with the resu lts  o f  G illis  (1998a), 

but d isag re e s  w ith  th o se  co n c e rn in g  o th e r  e lo n g a te  v e r teb ra tes ,  such  as sa lam an d ers  

(G illis ,  1997), that tend  to ex p a n d  str ide  length  w ith  in c reas in g  v e lo c i ty  to en h an ce  

m echanical  eff ic iency. T he slight dec line  observed  at fas te r  oscilla tion  rates in the present 

s tudy (Fig. 2 .7A ; 2.11 A) m ay reflect the need to rev e r t  to burst  and  co as t  beh av io u r  at 

high speeds o r  the inability  o f  these an im als  to sustain  s teady  sw im m in g  at high speeds. 

A lterna tive ly  in tunnel 1, the p h en o m en o n  m ay be the o u tcom e o f  a loss o f  pow er due to 

the tu rbu lence  expe rienced  by eels in this tunnel caus ing  them  to sw im  m ore  erratically. It 

is unc lea r w hy  stride length decreased  m ore  d ram a tica l ly  with inc reas ing  speed  in tunnel 

2, but it is poss ib le  that the dec line  m ay be due to the g rea ter  var iab ili ty  in am plitude at 

low velocities  in that apparatus  and m ore noticeable  negative  correlation  with  speed.

Aspects o f  locomotion as possible gauges o f  trauma and subsequent recovery

T h e  re su lts  o f  th is  s tudy  d e m o n s t ra te  the e x is te n c e  o f  a n u m b e r  o f  read ily  

quantif iab le  p aram eters  o f  locom otion , the values o f  w hich  w ould  be likely  to be strongly 

in f lu en ced  by a d ra m a t ic  in jury , such  as spinal t ran sec t io n .  M an y  o f  these  variab les  

in te rac t  w ith  each  o th e r  in a p re d ic tab le  m a n n e r  in in tac t  fish , th u s  m ak in g  such  

re la t io n sh ip s  g o o d  ind ica to rs  o f  an a n im a l ’s w elfare ,  s treng th  and  sw im m in g  ability . 

Therefore ,  w e dec ided  to com pare  the perfo rm ance  o f  ee ls  in a sw im  tunnel before and on 

several occas ions  after a com ple te  spinal transection, using  each  anim al as its own control. 

W e focused  our  attention on changes  in am plitude , m easu red  rostra lly  or caudally  and on 

shifts in the s lope o f  tail beat frequency  versus fo rw ard  velocity ,  s ince  these param eters  

were quite  sensit ive  to external changes ,  such as a w a te r  tunnel a ltera tion . W e did not 

ex a m in e  o th e r  aspec ts  o f  locom otion ,  as it w as co n s id e red  that they co n tr ib u ted  little 

additional in fo rm ation  regard ing  the recovery  status o f  the anim al.  Such  tests enab led  us 

to d e te rm in e  the a n im a ls ’ reac tion  to such  an in jury , t race  the su b seq u e n t  pattern  o f
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functional recovery ,  if  present,  and corre la te  it w ith  u n d er ly in g  axonal regenera t ion  or 

p lasticity  using histological techniques.
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Chapter 3

Locomotory Behaviour of Eels after Spinal Transection: 

Correlation with Axonal Regeneration and Synaptic

Connection
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3.1. Introduction
Previous researcfi in m am mals and birds has dem onstrated limited recovery of 

measurable aspects of movement after spinal trauma (Chancellor et al., 1994; Cheng et al., 

1996; Edgerton et al., 1997;Li et al., 1997;M uir and Steeves, 1997 ;Z ’Graggen et al., 

1998; Joynes et al., 1999; Muir, 1999; W olpaw and Tennissen, 2001). Conversely, no 

investigation to date has quantif ied  the restoration of normal behavioural in lower 

vertebrates in a similar manner, in spite of the existence of such calculable locomotory 

parameters and their various inter-relationships, as discussed in the preceeding chapter 

(Bainbridge, 1958; W ebb, 1971; Blake, 1983; Gillis, 1996, 1997, 1998a).

Is recovery due to axonal regrowth or caudal plasticity?

Recovery of apparently normal movem ent, as assessed by visual inspection, has 

been re-observed from 4 weeks -  3 months following a spinal transection in lamprey 

(W ood and Cohen, 1981; M ackler and Selzer, 1985; Cohen et al., 1986; Lurie and Selzer, 

1991; Davis and M cClellan, 1993), goldfish (Coggeshall and Youngblood, 1983) and 

lizard (Srivastava, 1992) and is thought to involve neural regeneration  across the 

transection site (Coggeshall and Youngblood, 1983; M ackler and Selzer, 1985; Cohen et 

al., 1986; Cohen et al., 1988; McClellan, 1990; Davis and McClellan, 1993; Cohen et al., 

1999). However, such apparent rehabilitation may be largely a result of the mechanical 

generation of passive movements caudal to the lesion by the rostral musculature, or due to 

mechano-sensory coupling elicited in a similar m anner (Williamson and Roberts, 1986; 

Cohen et al., 1988). The re-organisation of existing neural circuitry may also contribute to 

functional recovery and mask any true regeneration (Edgerton et al., 1997; M uir and 

Steeves, 1997; Wickelgren, 1998; Joynes et al., 1999; Thota  et al., 2001). Such plasticity 

can be complex, as it is distributed throughout the cord at multiple sites and occurs over a 

period o f  time (Feng-Chen and W olpaw , 1996; W olpaw , 1997). It may involve the 

formation o f  initial synapses that interfere with connections  elsewhere, initiating a 

compensatory m echanism, whereby the network is further remodelled in order to refine 

the developing connections. The phenomenon is thought to be an inherent process in the 

production o f  conditioned responses and other behavioural changes in intact animals 

(Feng-Chen and W olpaw, 1996; Wolpaw, 1997; W olpaw and Tennissen, 2001).

Nonetheless, there is a wealth of evidence to suggest that functional rehabilitation 

in some anim als  is accom panied  by axonal regrow th and the re-estab lishm ent of 

functional synapses (Coggeshall and Youngblood, 1983; M ackler and Selzer, 1985; Cohen 

et al., 1986;M ackler and Selzer, 1987; Cohen et al., 1988; Davis and McClellan, 1993;
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Cohen et al., 1999). These findings do not necessarily prove the dependence of one event 

on the other, although the fact that recovered behaviours could  be e liminated by re

transection o f  the spinal cord (W ood and Cohen, 1979) es tab lished  a convincing  

correlation between the two. The strongest evidence was provided by the demonstration of 

co-ordinated ventral root bursts rostral and caudal to a healed lesion in the isolated 

lamprey spinal cord (Cohen et al., 1986; Cohen et al., 1988; McClellan, 1990; Davis and 

McClellan, 1993).

Extent o f  regeneration

W hile recovery at the cellular level is clearly m anifested  in the restoration of 

function (Coggeshall and Youngblood, 1983;M ackler and Selzer, 1985 ;Cohen et a)., 

1986 ;M ackler  and Selzer, 1 987 ;Cohen et al., 1988; M cC lellan , 1990; Davis and 

McClellan, 1993; Cohen et al., 1999), there has been some contention regarding whether 

or not the original synaptic architecture needs to be re-established for this to take place 

(Coggeshall and Youngblood, 1983). Several studies have shown that regrowth of injured 

central neurons in the lamprey is limited to only a few millimetres beyond the transection 

site, after which it ceases or becomes thwarted (Bernstein and Bernsein, 1967; Rovainen, 

1976; W ood and Cohen, 1979; W ood and Cohen, 1981; M ackler and Selzer, 1985). 

Nonetheless, normal sw im m ing has been seen to return and was also re-observed in 

animals where synapses had formed in atypical regions (W ood and Cohen, 1979; W ood  

and Cohen, 1981). M otor recovery was similarly witnessed in goldfish even though only 

a fraction of the total neuronal number seen in intact animals had regenerated (Bernstein 

and Bernsein, 1967). However, some studies have shown that regrowing axons in the 

goldfish, tadpole and lamprey can extend for considerable distances along the spinal cord 

from the site of the lesion and form functional connections (Forehand and Farel, 1982; 

Coggeshall and Youngblood, 1983; Davis and M cClellan, 1993) and that such axons 

exhibit selectivity in their choice of target (Mackler and Selzer, 1985; M ackler and Selzer, 

1987; Lurie and Selzer, 1991; Lurie et al., 1994).

The present project assesses the completenes of functional recovery, in relation to 

the normal sw im m ing patterns defined in Chapter 2 and has attempted to establish the 

relative importance of caudal plasticity, neural regeneration and synaptic re-establishment 

across the site of a complete spinal cord lesion. W e have done this by comparing at set 

intervals after surgery the locomotion o f  animals in which regeneration was at times 

hindered by rubber blocks. The segmental design of these animals allowed us to make the 

lesion caudal to the anus, thereby m inimising the fishes’ handicap yet simultaneously
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enabling us to test locomotion, since the effects of injury were restricted to the tail region. 

W e have therefore been able to assess m ovem ent before and after surgery , and so 

determine the quality of functional recovery, in a manner that has not yet been undertaken 

for anamniotes. I have also included in this chapter some results of electrophysiological 

experiments that were carried out a later stage in relation to the impact of N-methyl-D- 

aspartate (N M D A ) receptor blockade on recovery via treatm ent with D -2-am ino-5- 

phosphonovaleric acid (APS: see Chapter 5 for details). Recordings obtained from isolated 

spinal cord and spinalised eels before the operation are presented and contrasted with 

those pertaining to transected fish (serving as controls to AP5-treated eels in subsequent 

experiments) on three occasions after the operation. The incorporation o f  such material 

with the behavioural and histological data will hopefully  provide the reader with a 

comprehensive illustration of the regenerative process in these animals.

58



3.2. Materials and Methods
A nimals

Thirty six non-migratory specim ens of the European eel, Anguilla  anguilla, of 

unknown sex and ranging in length from 282- 400 mm, were obtained from a hatchery 

(Aqua Arklow) and kept in large aquaria with recirculating water at 25 °C. Each of 

fourteen of these fish was examined as it swam in a water tunnel as described in detail in 

Chapter 2 (tunnel 1) before receiving a complete spinal transection under anaesthesia 

(described in detail later). The swimm ing performance was subsequently m onitored at 

various intervals after the operation and labelling of regenerated axons was undertaken at 

the end of the behavioural experiments using an additional five previously transected fish. 

A further seventeen animals were used for electrophysiological analysis of spinal cord 

responses. Six of these fish did not receive a spinal lesion in order to establish the nature 

of such responses in the intact eel, while eleven were examined at varying times after a 

complete transection and then processed for histological tracing studies. All experiments 

were carried  out in accordance with the European C om m unities  Council Directive 

(86/609/EEC).

Analysis o f  swimming performance

M ovem ents  were film ed and analysed as in C hap ter  2 to give the fo llowing 

parameters;

(i) mean swim cycles per second, measured rostral to the wound, using 5 - 8  observations 

(rostral cycle rate):

(ii) mean swim cycles per second, measured caudal to the wound, using 5 - 8  observations 

(caudal cycle rate, which is the same as mean tail beat frequency):

(iii) mean am plitude of the body wave, m easured 1 cm rostral to the wound (rostral 

amplitude):

(iv) mean amplitude of the body wave, m easured caudal to the wound at the tail tip 

(caudal am plitude).

Forward speed was equivalent to the water velocity (mm/s) and was normalised to 

body lengths per second (BL/s) to allow data from fish of different sizes to be combined. 

The posture of a stationary animal was noted as normal S-shaped, or abnormal. 

Electrophysiological Recordings - Preparations 

Isolated spinal cord preparation

One experiment was undertaken to investigate axonal conduction velocities in the 

isolated spinal cord preparation. The animal was taken directly from one of the stock
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aquaria and an aesth et ised  in neutralised  tricaine m ethane  su lfon ate ,  ‘M S  2 2 2 ’ (0 .4  g/1 

HjO, pH  7 .4 ,  S igm a , U K )  and then injected subcutaneously  (sc) with a lphaxalone  (0.1 ml,  

0.9%  w /v  "Saffan", W e l lc o m e ,  U K ). A n  inc is ion  w a s  m ade in the head a b o v e  the optic  

tectum  and the underly ing  bone rem oved  to reveal the brain, w h ich  w a s  then pithed as far 

as the o b ex .  A n oth er  in c is io n  w as then m ad e further caudally ,  a lon g  the su rface  o f  the 

body  at a leve l  thirteen seg m en ts  b e lo w  the anus, and the m u sc le  cut aw a y  to e x p o s e  at 

least 120 m m  o f  vertebral co lu m n . For a fe w  seg m en ts ,  the dorsal portion o f  the neural 

arch w a s  r e m o v e d  in s ix  p laces  to e x p o s e  the spinal cord. T h e  entire portion w a s  then  

r e m o v e d  from  the b o d y ,  d iv id ed  into three p ie c e s  rough ly  4 0  m m  lon g , w ith  the cord  

e x p o se d  at e ither end, and all p ieces  subsequently  p laced  in co ld  Ringer's so lution  (1 0 °  C; 

158.3 m M  N aC l; 5 m M  KCI; 1.43 m M  CaCl,; 0 .9 3 m M  M g S 0 4 ; 12 .26  m M  N a H C O ,;  2 .93  

m M  N a H 2P 0 4 -H2 0 ; 5 .0 5  m M  g lu c o se ,  pH  7 .4 ) .  E ach p ie c e  w as  p inned , dorsal surface  

upperm ost, on to  a Sy lgard  dish, posit ion ed  underneath a d issec t in g  m icro sco p e  and lamp  

(Fig. 3.1 A, lamp not sh ow n ).  T he  preparation w as superfused  (3 m l/s)  with co ld  Ringer's  

so lu tion  (see  a b o v e )  from  a conta iner  in an ice  bath u s in g  a Rabbit pu m p  and rubber  

tubing. T he  so lu tion  w a s  c o n t in u o u s ly  bubbled  w ith  95%  0 ^ 5 %  CO^ to m ainta in  the  

appropriate level o f  o x ygen ation  and pH. A  square pulse o f  5V , 0 .2  m s long and with 2 ms 

delay  w as generated from a M acintosh  Performa 6 3 0  com puter  with the aid o f  the M acLab  

4 /s  hardware and S c o p e  3 .5 .4 /s  program (A D I  instrum ents). T h is  tr iggered an isolated  

D ig it im er  stim ulator D S 2 ,  w hich  de livered  pu lses  o f  contro lled  am plitude to the rostrally 

e x p o s e d  portion  o f  e a c h  sp in a l cord  p ie c e  v ia  a c o n c e n tr ic  s t im u la t in g  e le c tr o d e .  

E xtracellu lar record ings  w ere  m ade either with tw o  te f lo n -co a ted  p latinum  w ires  (with  

uninsulated  tips) h o o k ed  under the tissue  or with a s ilver  ball e lec trod e  p o s it ion ed  on its 

dorsal surface . S ig n a ls  w ere  a m p lif ied  with a D A M  5 0  d ifferentia l a m p lif ier  (W orld  

P rec is ion  Instrum ents)  in A C  m o d e  (1 H z - 1 k H z) and s im u lta n e o u s ly  d isp la y ed  on an 

o s c i l lo s c o p e  and com p u ter  screen , w ith  M ac Lab 4 /s  and S c o p e  3 .5 .4 / s  so ftw are ,  and  

stored on d isks for later analysis .

S p in a l p r e p a r a t io n s

A nother  set o f  exper im ents  w as conducted  to determ ine the general form o f  axonal  

and synaptic  resp on ses  in the spinal cord o f  the uninjured ee l ,  u s in g  spinal, but o th erw ise  

re la t ive ly  intact preparations. E e ls  (n =  5) w ere  taken d irec t ly  from  stock  aquaria,  

anaesthetised  and the brain c o m p le te ly  destroyed  as before. Each fish w as then injected  

su b cu ta n eo u s ly  w ith  su x a m e th o n iu m  (0 .3  - 0 .4  m l, 5 0 m g /  m l, A n t ig e n ,  IRL) in three 

locations ('neck', trunk, tail) to b lock  m u sc le  activity. T he 'neck' w a s  further d issec ted  to

60



A m plifier

Microscope

Stim ulator

□ •  •□ □ □ 0  □ 
□ □ □ □ □

Com puter and 
MacLab

Oscilloscope

program
hardware

B
From com puter and 
stim ulator to brain stem To am plifier, 

oscilloscope 
and com puter 
from  spinal 
cord surface

F ig u re  3.1. Diagram o f apparatus used for electrophysiological techniques showing the stim ulus and 

recording arrangem ents for A: the isolated spinal cord preparation in a Sylgard dish and B: the spinalised 

preparation on a wax block. In both cases, stimulation of nervous tissue is indicated by concentric electrodes 

(a) and the detection o f surface recordings by silver ball electrodes at (b). Pulses were delivered and 

recordings am plified and analysed using the equipm ent marked or refereed to in each diagram . Arrows 

indicate the flow of Ringer's solution over the spinal cord in A, and direction of water over the gills in B. 

Drawings are not to scale.



reveal the brain stem, which was then cut away to ensure com plete  spinalization. A 

second incision was made at the usual transection site, namely at 13 segments caudal to 

the anus, and the spinal cord exposed. The amount of cord displayed varied from 5 - 1 2  

mm and, in one animal, the cord was transected in the middle o f  the exposure prior to 

stimulation to determine how local CPG activity is affected by injury. Each spinal eel was 

then placed on a wax platform with a hollow canal carved along the middle into which the 

animal sank, enabling it to be held in position. The block was then fixed into a narrow 

tank (780 mm x 138 mm x 64 mm) underneath a dissecting m icroscope and lamp (Fig. 

3. IB, lamp not shown), and water was circulated over the gills, pum ped by a Nova pump 

subm erged in a large container measuring 284 mm in diam eter and 204 mm tall. The 

rostral portion of exposed spinal cord was stimulated using a concentric electrode, and the 

corresponding responses acquired by a silver ball electrode placed on the dorsal surface of 

the caudal cord, with the indifferent electrode inserted elsewhere in the body. Only surface 

recordings were taken in order to preserve the nervous tissue for subsequent axonal 

labelling. The surface o f  the cord at the recording site was carefully dried and covered 

with paraffin oil. Signals were amplified and filtered as before and saved onto disks for 

analysis at a later stage. These experim ents  were then repeated using 11 previously 

transected eels (see below) to investigate the nature of electrophysiological responses at 

20 days (n= 5), 35 days (n = 5) and 187 days (n = 1) after surgery. (Note: these animals 

had received Elvax implants im pregnated with water only and had served in tests as 

controls for eels with A P5-im pregnated  implants. They were considered suitable for 

inclusion here due to their similar pattern of recovery and axonal regeneration after 

surgery (see Chapter 5)).

ElectrophysiologicaX Recordings -  Stimulus Protocol and Analysis  o f  Compound  

Recordings

Stimulus and recording protocol

Stimuli (0.2 ms) applied to the rostral cord were gradually increased in size to 

determine the thresholds required to activate different groups of axons and their ensuing 

synaptic responses. Once all responses could be detected, the stimulus was set at a value 

well above threshold (ranging from 60 - 90V). Single traces were obtained initially, 

followed by averages o f  usually 20 - 50 sweeps (3 s between each). In an attempt to 

separate synaptic interaction from axonal action potentials, the presence and nature of 

synaptic  facilitation was determ ined  by adm inistering a series o f  paired shocks at 

progressively shorter intervals between each (isolated spinal cord preparation, n = 1;
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untransected spinal preparation, n = 1; transected eels, n = 10). The intervals between 

stimuli were usually 20, 15, 10, 6, 4, 3 and finally 2 ms. Only two or three single sweeps 

were taken for this part of the experiment to prevent habituation to the stimuli.

In previously untransected spinal eels, the above procedures were implemented in 

only a single location, while in most transected fish surface recordings were obtained at 

sites up to 6 mm rostral to the bridge region and at multiple sites up to 10.5 mm caudal 

(F ig .3.2). However, physiological traces were acquired at distances of up to 63.5 mm 

caudal to the lesion in the one individual that was kept for 187 days. In all eels the 

distance between the stimulus and most rostral recording site ranged from 131 - 267 mm, 

at which location repeat traces were taken at the end of each experim ent to verify the 

viability of the spinal cord.

Analysis o f  recordings

Records were prin ted  out for visual inspection and m ajor  response groups 

categorised and assigned a number in order of chronological appearance. The latency from 

stimulus to onset of response and peak of response was then m easured digitally using 

Scope 3.5.4/s for each site in each fish and plotted  against response number. For 

transected eels, comparing graphs of latencies at different sites enabled the separation of 

potentials generated in caudal locations from those passively conducted from more rostral 

sites. The latter were characterised by identical response times when contrasted with the 

corresponding rostral groups, since a delay in em ergence time is expected at greater 

distances from the source of the stimulus. Such potentials were then discarded from the 

analysis. Conduction velocites (distance from stimulus site to recording site/latency; m/s) 

were ca lcu la ted  for all real responses to facilitate  com parison  of com pound  action 

potentials (which usually conduct rapidly) at different sites and over time for transected 

eels. The presence of putative synaptic responses was confirm ed using paired stimuli to 

evaluate facilitation. Amplitudes of late responses appearing after the second stimulus 

were com pared by eye with their respective counterparts arising after the first pulse, or 

were measured where possible using Scope 3.5.4/s. In the latter case, ratios of the second 

set o f responses to the first were calculated and plotted against stimulus interval. This 

enabled synaptic potentials, which increase in size after the second stimulus as the two 

pulses are brought closer together in time, to be identified. Sequential groups of synaptic 

responses were then compared at different sites for all fish. Additionally in transected eels, 

the rela tionship  betw een m easured velocity and predicted  velocity for each axonal 

response (defined as those that remained unfacilitated) was also investigated using
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F ig u r e  3 .2 .  D ia g r a m  o f  cord  e x p o su r e  in e ith er  i so la te d  sp inal  cord  or sp in a l i s e d  a n im a ls  for  

e lec troph ys io log ica l  detect ion  o f  c o m poun d  recordings. T he recording e lectrode  w as  usually pos it ioned  up 

to 6  m m  rostral to the bridge o f  regenerating material (marked on graph) or up to 10.5 m m  caudal to the 

lesion . T he wh ite  matter and grey matter are marked in the f igure at (a) and (c) respect ive ly ,  w h ile  the 

central canal is indicated by the arrow (b).

ca lcu la ted  ra tios o f  the fo rm er  to the latter. This  a ided  in terpre ta tion  o f  the data, such as 

the identification o f  possib le  changes in conduc tion  velocity  and hence axon size.

Spinal transection and histology

T he  sp inal co rd  w as  c o m p le te ly  t ran se c ted  in 19 ee ls  on the day  a f te r  base line  

perfo rm ance  had  been recorded  and in 11 fish from  w hich  e lec trophysio log ica l  responses 

were to be ob ta ined  on various occasions after surgery.

Each eel w as anaesthe tised  in ‘M S 2 2 2 ’ and then in jected with  a lphaxa lone  as before.

The spinal cord  at a level o f  thirteen segm ents  caudal to the anus w as carefully  exposed  by

rem oving  a small dorsal part o f  3 vertebrae , and  then cut with m icrosc isso rs  p ro duc ing  a

gap o f  app rox im a te ly  1 m m  betw een  rostral and caudal s tum ps. In som e o f  the eels whose

behav iour  had  been m on ito red  in the sw im  tunnel (n = 5) this gap  w as filled with a rubber

block (1 m m ’). A sham  operation , identical in all respects  excep t  for the fact that the cord

was not cut,  w as p e r fo rm ed  on an o th e r  m e m b e r  o f  this g roup . E lev en  eels, in w hich

elec tro p h y s io lo g y  w as to be under taken , rece iv ed  a con tro l E lv ax  im p lan t  im m edia te ly

upon  tran sec t io n  p o s i t io n e d  d irec t ly  ab o v e  the cau d a l  part o f  the co rd ,  in the space

betw een the dorsal surface  and neural arch (see pps. 144, 145 for m ore details). A fter  all

anim als had  fully recovered  from  the anaesthetic , they were re turned  to individual holding

tanks (25° ±  1°C), in w hich  they rem a ined  for d iffe ren t recovery  periods  ranging  from
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7 - 1 8 7  days. At the end of behavioural experiments, fish were re-anaesthetised with MS 

222 and alphaxalone (0.3 - 0.4 ml, sc) as described above and injected with heparin (0.1 

ml sc, Leo Laboratories, Ireland) directly afterwards. The 11 fish undergoing 

electrophysiological tests, however, were decerebrated for electrophysiology at set 

recovery stages (see above) before receiving a heparin injection. All animals were then 

perfused through the heart with a Ringer's and procaine solution (1 g/1. Sigma, UK), 

followed by a fixative solution (4% paraformaldehyde in 0.1 M phosphate buffer).

Axonal labelling was carried out on all animals using the fluorescent marker, 1,1'- 

diotadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (“D il”, Molecular Probes, 

U.S.A). A portion of the body extending up to 12 mm caudally from the start o f the 

wound region was fixed for up to one week, after which the spinal cord was then removed 

and post-fixed for a further week. Crystals of Dil were dissolved in 1 drop of 

dimethylformamide and allowed to dry for 45 minutes before being inserted with fine 

forceps into the cord about 1 mm rostral to the transection so that regenerated descending 

axons could be labelled anterogradely for analysis (Fritzsche and Nichols, 1993; Hide and 

Glover, 1996). The axons of ascending projections were not examined. Each piece of 

cord with Dil insert was then embedded in gelatin (2g/l HjO, Sigma, UK) and retained in 

the fixative solution at 32°C for 3 - 6  weeks depending on the survival time of the animal. 

Our control experiments with Dil inserts in the untransected eel cord showed that Dil 

could travel as far as 7 mm in 2 weeks and up to 15 mm in 5 weeks.

F igure 3.3. Photograph o f  one stationary eel to illustrate the location o f  the transection (at asterisk). Note 

the disrupted posture o f  the animal below the cut in that the tail lies straight and is not curved as seen in 

anim als before surgery (Fig. 2.3). Scale bar: 50  mm.

Horizontal sections 50 |j,m thick were cut on a Vibratome 1000, mounted in 

“Vectashield” (Vector Laboratories, U.S.A) and examined under a Nikon Optiphot 2 

microscope fitted with a fluorescent light source and rhodamine filter and
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photographed with a Polaroid DM C le  digital camera. The distance travelled caudally (in 

mm) by axonal growth cones from the rostral stum p was then m easured. The entire 

procedure was undertaken on 15 transected non-blocked and 4 transected blocked animals 

(numbers of non-blocked eels at each recovery stage: day 7, n = 1; day 15, n = 1; day 25, 

n = 1; day 36, n = 4; day 65, n = 2; day 77, n = 2; day 113; n = 2, day 128, n = 2; numbers 

of blocked eels: day 39, n = 2; day 75, n = 2) whose swim m ing performance had been 

monitored at varying times after surgery. In some sections, (n = 4), serial photographs 

were taken at 300 |im  optical intervals through the tissue using a Leica  DM  IRB 

m icroscope and a Ham am atsu  digital CCD cam era  C4742-95 with a Polychrom e IV 

monochrom ator light source (571 nm). The images were deconvolved to a specific area of 

interest using the OpenLab ® program on a G4 Apple ® computer to enable sharper focus 

of fine features of axons. Eels (n = 11) that had been used for electrophysiological studies 

were also processed for axonal tracing, but the details are given in a later chapter (Chapter 

5) to contrast as controls with such data obtained from animals treated with AP5. Axonal 

distributions determ ined from such controls were found to be com parable  with those 

assessed in this chapter.

Growth cones were identified by their simple, bulbous shape (although some tapered 

towards the tip) and lack of long filopodia (Lurie and Selzer, 1991; Lurie et al., 1994; 

McHale et al., 1995). They were easily distinguished from the ends of axons that had been 

sliced during cutting because their diameters were larger than those of associated axons (5 

-  20 (im cf. 1 - 7  )im). Micrographs illustrating these features are provided in Figure 3.15 

and 3.16.

Statistical analysis

The swimming performance of all animals at each speed was evaluated using a one 

way analysis  o f  variance test (A N O V A ) in the “D atadesk  ® 6.0 P P C ” package. 

Distributions of axonal growth distances were contrasted within blocked and non-blocked 

animals using Kruskall-W allis tests in “SPSS ® 8.0” and between the two groups using 

the M ann-W hitney U test in “Datadesk ® ” . Differences were taken to be significant when 

p < 0.05.
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3.3. Results
Swimming performance o f  unoperated eels

The performance of these eels in the tunnel prior to surgery has already 

been described in Chapter 2. Tail beat frequency increased linearly with a rise in forward 

speed (r ' = 0.9), with a slope value of 2.3, calculated from the equation of the best-fitted 

line. The ratio o f  rostral swim cycle rate to caudal swim cycle rate was 1:1, as expected. 

As reported in the previous chapter, there was no obvious link between the speed of 

swim m ing and the amplitude of the body wave m easured rostrally or caudally , and the 

latter rem ained relatively constant at around one eighth o f  the body length. All animals 

maintained a characteristic S-shaped posture when stationary.

The 19 animals undergoing surgery were tested at only 4 speeds (0 mm/s, 

150 mm/s, 234 mm/s, 320 mm/s) and their performances evaluated by com paring the 

slopes of the relationship of tail beat frequency against speed. The m axim um  speed of 

testing was chosen to give a normalised sustainable velocity of about 1 BL/s, so as to 

focus our study on the slow, red muscle system (Gillis, 1998b).

Swimming performance after complete spinal cord transection

Immediately on recovery from cordotomy, ail eels, except the sham-operated eel, 

exhibited slow rhythmic oscillations (0.2 beats/second) of the body region caudal to the 

wound (“spinal sw im m ing” ), spontaneously or in response to manual stimulation. Such 

spinal swimming persisted until 1 1 - 1 7  days post-lesion. W hen stationary, the portion of 

the body rostral to the wound retained the curved posture, whereas the caudal portion 

assumed a straight line (Fig. 3.3).

From 5 - 2 1  days after surgery, when placed in the swim tunnel, the animals were 

unstable and swam more erratically than before transection, even after acclimatising. They 

experienced difficulty holding station at all speeds and manual or electrical stimulation of 

the tail succeeded in evoking only local responses. M oreover, the eels were able to 

sustain sw im m ing at the highest speed for only several seconds. Nevertheless, when 

swimm ing steadily, a linear relationship between speed and tail beat frequency was still 

seen, although the tail beat frequencies at each speed were higher than and statistically 

different from those before surgery. This gave rise, in each eel, to a s teeper slope, as 

shown from the best-fitted lines (Fig. 3.4A), than was observed prior to transection. The 

slope continued to rise on subsequent days until a peak value (m axim um  slope value = 

5,3) was attained and the time taken for this peak to be reached varied among animals 

(Fig. 3.5A). Flowever, this biological variation was not statistically significant.
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The ratio of the cycle rate between body regions above and below the wound site 

was unchanged after transection. The slope then began to return to levels seen in intact 

eels (Fig. 3.4A, 3.5A), but did so in a series of stages until it resembled pre-injury values 

from 35 -  45 days. Tail beat frequencies at individual speeds, however, were statistically 

indistinguishable from equivalent measurements in unoperated  fish after 24 days (p = 

0.72), although one eel still displayed high tail-beat frequencies until at least 55 days after 

the operation.

Although injured fish swam with the characteristic muscular propagation of waves 

in a figure of eight, the amplitude measured at the tail tip was smaller than for the waves 

rostral to the transection. This parameter declined gradually after surgery, with the lowest 

levels becom ing  apparent from 5 - 1 5  days (Figs. 3.4B, 3.5B). Th is  change was 

significant (p < 0.05) although variability among fish was not. Again, there was no clear 

relationship between this parameter and forward speed at any recovery stage and caudal 

amplitude at all speeds remained below pre-surgery values until 45 -  56 days in most 

animals, although no statistical difference was detected after 36 days (p = 0.46). For this 

reason, data for only one speed (the lowest at which the fish swam) are given in Figure 

3 .53 . Caudal amplitude was never seen to return to normal in one eel before it was 

processed for histology, but this was the same fish in which restoration of normal tail beat 

frequency was also delayed. Rostral amplitude was unaffected by the operation at all 

speeds (Fig. 3.6A, B; p > 0.05) and was not considered  for analysis in subsequent 

experiments. Restoration of normal posture did not occur until, on average, 43 days after 

surgery.

The swimming performance and posture of the sham-operated eel was unaffected 

by the surgical procedure.

Eels in which the gap between the rostral and caudal stumps had been obstructed 

by a rubber block were unstable when placed in the swim  tunnel, and susta inable  

sw im m ing, as seen in uninjured animals, was never re-observed. F igure  3.4 (empty 

circles) shows the changes in locomotory performance for all such fish before and after 

surgery. The typical increase in tail beat frequency after transection is again evident, but 

this elevated frequency persisted until the experim ent was term inated. Considerable  

fluctuation in perform ance was also observed. Caudal am plitude decreased  after the 

operation and was never seen to return to presurgery values while some fluctuation again 

became apparent.

69



A B

Forward speed, m m /s D ays relative to surgery

F ig u r e  3 .6 .  Rostra! am plitude  d o e s  not ch a n g e  in relation to forward sp eed  or as a result o f  spinal  

transection. A: M ean changes (±  S E M i in rostral amplitude over  time for ee ls  before (f i lled squares, n = 12), 

at 5 (em pty c ircles ,  n = 8), 24  (fi lled triangles, n = 7) and 36 (em pty squares, n = 7) days  after spinal cord  

transection. B: M ean changes  over  time in rostral amplitude at lo w e s t  speed  on ly  (±  S E M ),  expressed  as 

percentages o f  pre-surgery values.

As seen in non-b locked  animals, the rostral to caudal cyc le  rate ra tio  rem ained  at 1 

a f te r  su rg e ry  in an im a ls  with  im p lan ted  b locks  and  the S -sh a p e d  p o s tu re  w as  also  

d is rup ted  as a result o f  the opera tion ,  a l though  it, like o th e r  p a ram e te rs  o f  m o v em en t,  

fa iled  to re turn  to norm al.  Spinal sw im m in g  w as not on ly  in i tia ted  im m e d ia te ly  after 

surgery  but also w as still present at the end  o f  each ex p er im en t in these  an im als ,  even at 

75 days post-transection.

Electrophysiological responses in untransected eels com pared with those obtained in 

previously transected eels at different recovery stages

Previously imtransected isolated spinal cord preparation

T he aim  o f  this part o f  the expe rim en t was to de te rm ine  the nature  and  velocity  of 

axonal co m p o n en ts  o f  the response  in eels that had not p rev ious ly  u n d e rg o n e  a com ple te  

spinal transection. Inspection o f  traces from  the first iso la ted  spinal co rd  p iece  (Fig. 3.7A) 

revealed  a s ingle  m onophasic  co m p o u n d  action potential,  the fastest co m p o n en t  o f  which  

was ca lcu la ted  to  have a conduc tion  velocity  o f  87.5 m /s  (Figs. 3 .7B ; 3 .8A ). T h e  peak 

occurred  after a delay  o f  1.5 ms from  the onset o f  the s tim ulus, ind icating  that m ost axons 

w ere  re lay ing  im pulses  at a rate o f  23.3 m/s. D o u b le  s t im u la t io n  in d ica ted  that m ost 

axons were refractory  when pulses were 2 m s apart. (Fig. 3.7C).
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F ig u r e  3.7. E lec trophysio log ica l  traces  ob ta ined  from  isolated  sp inal co rd  p iec e s  s t im u la ted  above 

threshold. A: Schematic  diagram of  isolated spinal cord p iece (open ended  arrow) within vertebral column 

illustrating st imulation at rostral end (a) and record ing  a long  the cord  at site  (b). B: A  single  com pound  

action potential detected in the first piece o f  isolated cord (average o f  20 traces).  C: C h anges  in amplitude 

o f  the response o cc u n in g  after delivery o f  the second o f  a pair o f  st imuli separated by 10, 6, 4, 3, 2 and 1 

ms intervals. Only the first potential is seen w hen the pulses are 1 ms apart (6 single traces superimposed). 

D: a m ore  co m plex  response was observed  in the third cord  piece, com p r is ing  3 pr incipal com ponen ts  

(marked on averaged trace, open ended arrows). In all cases stimulus is indicated by closed ended arrow.



Several monophasic com pound  action potentials were detected in response to 

single shocks in the second piece of isolated cord, indicating the presence of a number of 

axonal groups, the first of which had an average initial velocity of just over 100 m/s (Fig. 

3.8B). The slowest of these subsets conducted at a rate of roughly 8 m/s.

B

125 n
125'

100 -100

E

>
co
3

T3
C
O

Response  category

Response  category

Response  category

F i g u r e  3 .8 .  M e a n  c o n d u c t io n  

v e lo c i t ie s  o f  onset  ( f i l led  co lum ns)  

and pea k  ( e m p t y  c o lu m n s )  o f  

p r i n c i p a l  c o m p o n e n t s  o f  

e le c t r o p h y s io lo g ic a l  r e s p o n ses  in 

A: 1'̂  p iece  (n = 2 averaged traces),  

B: p ie c e  (n =  14) and C:

p iece  o f  iso lated  spinal cord (n =  

9). All  responses are categorised  in 

order o f  chronologica l  appearance.

In the third piece of isolated nervous tissue, a slightly more com plex  series of 

com pound  action potentials was apparent (Fig. 3.7D). Three principal groups were 

considered (m arked on trace), although each group was com posed  o f  several smaller 

subgroups. The overall response was comparable to those previously observed, with the 

fastest components transmitting at an initial mean rate of 78 m/s, although the peak of the 

distribution had a velocity of over 40 m/s. The slowest group conducted at 10 m/s at best 

with the majority of these displaying a mean velocity of around 7 m/s (Fig. 3.8C). It was 

postulated  that in all three pieces of isolated cord, only the axonal e lem ents  were 

witnessed and that in the final section the overall compound action potential had become
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separated into a number of constituent groups.

Previously untransected spinal preparations

These experiments were undertaken to establish the nature o f  all components of 

the electrophysiological response in untransected spinalised eels. A com plex response 

com prising num erous spikes was found in all fish fo llowing adm inistra tion of single 

pulses to the rostral spinal cord (Figs. 3.9A, B, C; 3.10A, B). The onset o f  the response 

varied among animals, although five main components could be identified based on form 

and chronological order o f  appearance (marked on trace A). Initial velocities for the 

fastest groups, presumed to be axonal, ranged from roughly 66 - 107 m/s, with a mean 

conduction rate for the peak of these distributions o f  65.2 ± 0.2 m/s. Later elements 

tended to emerge 16 - 25 ms after stimulus input, with peaks between 1 7 - 2 1  ms. Figure 

3.10A shows the mean latency and mean peak latency for all putative components. In 

general, the response was characterised by two or three prominent early peaks followed by 

a series of smaller composite  groups. Voltage thresholds required to activate the first 

visible constituents (usually the fastest) fell between 5 - lOV, while slower potentials did 

not appear until pulses of up to 15V or more were applied. Occasionally, a late burst of 

peaks was present, occurring at roughly 11 ms from the stimulus, possibly implying the 

resetting of CPG activity and. in one fish, the response appeared as several smaller 

com ponents  arising from a consp icuous negative w ave (Fig. 3.9B, C, em pty block 

arrows). Such a negative wave is typically associated with synaptic elements and could be 

witnessed as early as 5 ms after stimulus input in some traces (Fig. 3.9D, empty block 

arrow). The possible contribution of synaptic activity to the overall response was strongly 

suggested by the facilitation seen to paired pulses that were separated by progressively 

shorter intervals spanning 7, 5 and 3 ms (Fig. 3 . IOC, filled block arrow). Although most 

components were refractory when the stimuli were 5 and 3 ms apart, the response to the 

first shock em erged with considerably  greater amplitude (370 - 435% ) than would be 

expected after a single stimulus and remained large for at least 120 ms afterwards. 

Electrophysiological responses in transected spinal eels

A complex cord response seen to follow single shocks (Fig. 3 .12A) was found 

rostral to a previous transection, after averaging, at all recovery times in all eels. The onset 

of the response varied som ew hat am ong animals, as conduction  distances  were not 

identical between fish. In general, however, five or six principal com ponents  could be 

distinguished as before. These included two fast com ponents, the first o f  which had a 

mean initial velocity of 111.8 ± 6.9 m/s and a mean peak velocity of 78.2 ±  4.7 m/s. Later
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Figure 3.9. Compound surface recordings (average o f 20 traces) after single stimuli (closed ended arrows) 

delivered to the rostral cord. A: Schematic diagram of spinal preparation demonstrating stimulation of the 

brainstem at (a) and recording along the spinal cord at site (b). B; Averaged trace showing 5 main 

components (open ended arrows) and a late burst o f presumably CPG activity (empty block arrows), also 

seen in B and C as a synaptic wave, emerging as soon as 5 ms after the stimulus in C. Note the different 

time and voltage scales.
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Figure 3.10. Compound surface recordings after single or paired stimuli (closed ended arrows) 

delivered to the rostral cord. A: Schematic diagram of spinal preparation demonstrating stimulation of 

the brainstem at (a) and recording along the spinal cord at site (b). B: Single trace after a single stimulus 

showing 5 main components (open ended arrows), with the latter of these representing putative synaptic 

activity (empty block arrow). C: Facilitation o f synaptic responses (filled block arrow) fo llow ing a 

paired pulse (4 ms interval).
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F ig u r e  3 .1 1 .  M ean latency (±  S E M ) to o nset  ( f i l led  c o lu m n s)  and peak (em p ty  c o lu m n s )  o f  each  

com ponent o f  the co m p lex  response in untransected spinal ce ls  (n = 5).

el ement s  were composed of several smaller peaks, with the penultimate of these arriving 

from 1 7 - 2 7  ms after the stimulus. In three animals, a negative wave, indicative of a 

compound synaptic potential and from which arose most of the later groups, occurred with 

approximately 3 ms latency, although the phenomenon was less obvious in one of these 

fish. Most early potentials required pulses of up to 8V for their activation, while slow 

com ponents  did not appear until pulses ranging from 13 - 25V were applied. Some 

facilitation of most response groups (usually groups III - V, and occasionally groups II 

and VI) was observed in response to paired stimuli 2 0 - 1 0  ms apart. However, the largest 

increases in amplitude were seen when the shocks were separated by intervals of 3 - 6 ms, 

although some later groups becam e refractory at these intervals and none was able to 

respond a second time when the pulses were 2 ms apart. W here com pound  synaptic 

responses were present as negative waves, it was com m on to see an increase in the 

negativity o f  such potentials when double shocks were brought closer together (Fig. 

3.12B, open block arrow). Figure 3.12C displays graphically, for one animal, the changes 

in the integral of overall amplitude of the synaptic wave (measured using Scope 3.5.4/s) as 

the interval between a pair of pulses was shortened. Such a trend of increase followed by 

decrease in amplitude as the stimuli are brought nearer in time was not seen so clearly in
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F ig u r e  3.12. Facil ita tion o f  responses recorded above the lesion in one transected  spinal eel at 20 days 

post-surgery  fo l low ing  delivery  o f  paired  pulses (closed ended  arrow s) to the rostra l spinal cord. A; 

Schematic  d iagram  illustrating brainstem stimulation at (a) and recording at site (b) located rostral to the 

regenera ted  bridge (c). B: Facilitation could appear as an increase in the negativ ity  o f  a synaptic  wave 

(empty block arrow). C: C hanges in amplitude o f  the overall response acquired above (filled squares) and 

at 2 mm below  (em pty  circles) the lesion in relation to s t im ulus interval. D; L arge  co m p ou nd  action 

potential em erging on top o f  a synaptic wave (empty block arrow). All traces represent single sweeps.



other anim als (not shown), as most responses were pos itive-going  and some were 

refractory while others were facilitated. In some animals, large com pound spikes would 

occasionally appear on top of these synaptic waves, when the pulses were brought close 

enough together (Fig. 3.12D; 4 ms interval, open block arrow).

Responses were observed up to 3.5 mm caudal to the lesion site at twenty days 

post-surgery, beyond which distance only a flat line trace could be obtained. W hen the 

latency to onset of each potential was plotted against corresponding latencies obtained at 

more rostral sites (Fig. 3.11), it was found that usually only the later peaks were real and 

that the fastest potentials represented passive conduction from rostral to the transection. 

Recordings made from the surface o f  the bridge of regenerated material in two animals 

revealed the existence of some response groups of intermediate latency (III, IV; 7 - 13 

ms). Usually both intermediate and slow type com ponents  (groups III - VI; 5 - 2 1  ms 

latency) could be located at 1 . 5 - 2  mm caudal to the transection, while only the middle 

groups (III, IV; 5 - 15 ms latency) were present at greater distances (up to 3.5 mm). In all 

cases, the potentials gradually decreased in size further away from the bridge (Fig. 

3.13B), while conversely, the size of stimulus required to activate such late elements 

tended to increase further caudally. For example, the earlier com ponents  had stimulus 

thresholds of up to 15V at 1 - 2 mm below the lesion and up to 50V at more posterior 

sites. The slowest responses did not em erge until pulses of up to 50V or more were 

applied at distances within 2 mm and were absent from recordings taken at greater 

distances. Occasionally some facilitation of groups III and IV occurred at 1.5 - 2.5 mm 

caudal to the transection upon delivery o f  paired shocks, suggesting the involvement of 

weak or sparsely distributed synapses. No facilitation was observed at more caudal sites 

and no observable pattern in the nature of facilitation, when present at more rostral sites, 

could be detected with respect to progressive decreases in stimulus interval. There was, 

however, one exception (the same one as above; Fig. 3.12C, empty circles), where overall 

amplitude of the second response to a pair o f pulses gradually increased up to a maximum 

as the stimulus interval was shortened, after which a decrease was seen as the pulses were 

brought very close together. For all fish, the level of facilitation was considerably smaller 

than that seen at the rostral site, as also shown above in Figure 3 .12C.

A ratio of measured conduction velocity to expected velocity was calculated for 

those groups that remained unfacilitated after paired shocks and hence were considered 

purely axonal responses. The ratio of the former to the latter was alm ost one over  the 

bridge, indicating that most fibres there were conducting impulses at the predicted speed.
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F ig u r e  3.13. Surface recordings obtained rostral and caudal to a lesion at d ifferent recovery  times. A: 

Schem atic  d iag ram  illustrating st imulation o f  the brainstem at (a) and record ing  at sites rostral (b) and 

caudal (c), (d), (e) to the regenerated bridge (f). B: Rostral trace (a, solid line) from one transected spinal 

eel at 20 days post-surgery  with caudal recordings at I mm, (b), 2.5 m m  (c) and 4.5 m m  (d) from  the 

wound super im posed  as dotted lines. B: Rostral trace (a, solid line) from one transected  spinal eel at 187 

days with caudal recordings at 8 mm (b) and 41.5 mm (c), superim posed as dotted lines. Stimulus indicated 

by closed ended an'ows. Note the decline in amplitude o f  the response at sites futher from the injury in both 

cases. All traces are averages o f  20 -  50 sweeps. Note different time and voltage scales in A and B.



This index was smaller at 1.5 mm caudal presumably as axons relayed descending input at 

a slower rate than expected. There was considerable variation among animals, however, 

and values tended to oscillate about a mean overall caudal ratio o f  0.93 ± 0.02 at 

successively more posterior sites, so that no clear pattern was observed (Fig. 3.14, filled 

columns).

1.25-.

</5

Distance from lesion, mm

F ig u r e  3 .14 .  M ean ratio o f  conduction ve loc ity  measured caudally versus that m easured rostrally at different  

sites  ex ten d ing  further caudally  away from the les ion  for transected sp inal e e ls  at 2 0  d a y s  (n =  5, filled  

co lu m ns)  and at 35  days (n = 5, em pty co lum ns)  after the operation.

A complex set of responses was found up to 6.5 mm caudal at thirty-five days after 

transection in eels with only the EV X implant. Although alm ost all rostrally recorded 

potentials were again present up to 5 mm below the lesion in one animal, usually the 

fastest groups (I, II) were absent from caudal locations in o ther specimens. However, a 

larger num ber of real responses were identifiable at greater distances from the cut than at 

twenty days. For example, group III - VI responses (5 - 30 ms latency) were detectable up 

to 3 mm, while one or more of groups III - V (5 - 17 ms latency) could be found up to 6.5 

mm. The faster components required stimuli of up to 12V at 1 - 2 mm or up to 19V at 

more caudal locations, while thresholds for late emerging potentials ranged from 20 - 70V 

at sites near the bridge, but extended up to 90V at distances over 2.5 - 3.5 mm. As at 

twenty days, the amplitude of all elements present declined at progressively  greater 

distances from the lesion. Group III responses were always facilitated at 1 - 2 mm, while

g roups  IV and  V w ere  occas io n a l ly  enhanced by double  stim uli at that site.
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Some facilitation of these potentials also occurred at 2.5 - 3.5 mm, with the strongest 

impact obvious in relation to the third group, the amplitude of which was often enlarged at 

distances of up to 5 mm caudal to the transection. In any case, however, facilitation was 

never as dram atic  below the injury as above at e ither 20 or 35 days recovery, and 

.sequential groups of synaptic responses tended to decline in relation to caudal location, 

although synaptic interaction made a greater contribution to the overall response at the 

later survival time.

Once again, with regard to the ratio o f  m easured  versus expected  conduction 

velocities, it was hard to see any particular trend emerging, although at 1.5 mm, the ratio 

was slightly closer to one than was calculated for that position at twenty days. There was 

little change in this value with increasing caudal distance until 4 mm, where the ratio was 

almost one and at 5 mm, where the actual velocity dropped markedly and was much lower 

than the predicted value, signifying a large decrease in the speed of transmission o f  those 

axons (Fig. 3.14, filled columns). The overall mean caudal ratio was 0.85 ±  0.04 and was 

not found to be statistically different from that calculated for twenty days (p > 0.05).

At 187 days, responses were generally more robust and of larger amplitude at 

greater distances from the transection site than at earlier recovery times. For example, all 

o f  the major groups seen above the wound region were present 8 mm caudal and had 

nearly the same amplitude, although no synaptic wave was observed, in contrast to the 

rostraliy recorded trace (Fig. 3.13C). However, the fastest com ponents  had initial and 

peak velocities o f  only 42 and 31 m/s respectively, and were slower than such peaks 

measured rostrally. Nonetheless, the final elements em erged at roughly 20.5 ms and as 

such were more comparable to corresponding anteriorly obtained potentials and those of 

o ther experim ental subjects at similar locations. S tim ulus thresholds for faster peaks 

ranged from 10 - 15V, while slower potentials required pulses o f  up to 20V for their 

induction. Another intermediate response was found to emerge in response to pulses of 

30V. Most of these groups were again detected at 21 mm below (not shown). The initial 

velocity of the earliest components was 32 m/s, while the majority of fast fibres relayed 

impulses at a rate of 28 m/s. Intermediate groups appeared with 8 - 19 ms delay. Only one 

true potential with a greatly reduced amplitude was recorded at 41.5 mm with a latency of 

9.4 ms (Figure 3.13C; arrow marked c) and no responses could be perceived at more 

caudal locations. Paired stimuli were not administered in this fish so the extent of synaptic 

involvement overall is uncertain. At this recovery stage, conduction velocity ratios at each 

site for the fastest responses were found to be considerably lower than those determined
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for late arriving axonal groups in other fish at earlier times (not shown), suggesting that 

such fibres were conducting much slower than expected  and perhaps are the last to 

regenerate.

Axonal regrowth after complete spinal transection

A very thin bridge o f  transparent regenerating material was seen to have formed 

between the rostral and caudal stumps when exam ined  at 7 days after surgery. Dil- 

labelling revealed that axons had grown through most of the bridge tissue by this time, 

reaching a m axim um  distance of 1 mm from the rostral stump. M ost, however, had 

extended up to 0.5 mm (Fig. 3 . 15A). At 15 days, the bridge was still thin and transparent, 

although more solid than at 7 days. The axon tips had reached as far as 3.5 mm, although 

the m ajority exhibited  growth cones within 0.5 m m  of the wound. By 38 days, the 

connection was considerably more substantial; however, it was narrower than the rest of 

the cord and possessed a dorsaliy located irregular mass of regenerating material. Axons 

had by now progressed up to 6 mm, but again many had only grown as far as 1 mm. Fifty 

per cent on average were also found between 2 - 4  mm from the lesion. Although 

recovery of swimming began to take place at around this time, neurites continued to grow 

and had reached a maximum  caudal distance of 7 -  9 mm 77 days after lesioning and 

roughly 40% of growth cones lay within 2 - 4  mm of the rostral stump (Fig. 3 . ISA). The 

regenerated bridge appeared almost indistinguishable from the rest of the cord, although it 

was still slightly narrower and more irregular in shape. The bridge at 128 days closely 

resembled that seen at 77 days and the shape of the growth cone distribution was similar. 

However, a lot of short processes were again present, although 20-44% were more than 2 

mm from the wound and some had extended up to 10.5 mm. Growth cone distributions 

were found to be statistically divergent at each recovery stage (p < 0.001).

It is obvious from Table 3.1 that the axonal distribution at each recovery stage is 

always positively skewed, reflecting the presence o f  short regenerating neurites entering 

the bridge throughout the process. No clear pattern emerges for kurtosis values, which are 

a measure of the spikiness of the distribution, although a clear pattern is seen with regard 

to the variance/mean ratio, which gradually increases from 0.07 at 7 days post-surgery to 

2.82 by 128 days. This indicates that growth cones u ltim ately  becom e aggregated 

(Variance/M ean > I), although they are randomly spaced initially (Variance/M ean < 1), 

and display an even distribution (Variance/M ean = 1) around day 38, when functional 

recovery begions to become apparent.
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F ig u r e  3.15 . M ean  proportion  o f  total axon nu m ber  (± S E M ) at vary ing  d is tances  from  the lesion in 

unblocked anim als at A: 7 (n = 1), 15 (n = 1), 38 (n = 4), 77 (n = 2) a n d l2 8  (n = 2) days  post-surgery. B: 

M ean proportion o f  total axon num ber (± SEM) at varying dis tances from the lesion at 39 (n = 2) and 65 (n 

= 2) days in b locked  animals, C: The relationship betw een the proportion  o f  labelled axons longer than 2 

m m and perfo rm ance ,  expressed  as arbitrary units from 1 - 0, w here I represen ts  p re -surgery  tail beat 

frequency. D: Mean axonal length in relation to day of labelling for non-blocked animals (n = 11),



Table 3.1. Values of skew, kurtosis and variance/mean ratio in relation to the distribution 

of axonal growth cones in non-blocked eels and blocked animals at different stages of 

recovery after spinal transection.

Time Skew Kurtosis Variance/M ean

Non-blocked Blocked Non-blocked Blocked Non-blocked Blocked

7 0.76 1.04 0.07

15 0.68 -0.38 0.52

38 1.12 0.57 0.41 -0.84 1.11 0.24

77 0.75 0.52 0.23 -0.95 1.34 0.27

128 1.42 1.16 2.82

Figure 3.15C shows the proportion of labelled axons that have reached the first segment 

caudal to the lesion (i.e. longer than 2 mm) in relation to swimming performance. There is 

a gradual improvement in locomotion as axons penetrate this segment, which becomes 

more pronounced as this proportion reaches at least 20%. Recovery is essentially complete 

when 40% are in this region. The data in Figure 3.15A indicate that some axons are 

growing at around 150 pm/day or more, although an average growth rate of around 30 jim 

a day is suggested by the graph in Figure 3.15D.

In all eels in which a block was placed at the transection site, the injured tissue 

seemed to have attempted to circumvent the rubber block. A threadlike bridge of 

regenerating material, like that seen at 7 days, had formed between the stumps in 3 out of 

5 animals at 39 -  75 days, in spite of the obstruction. By 39 days in blocked animals, 

approximately half of the labelled growth cones had reached a distance of up to 1 mm, 

with half of these still less than 0.5 mm from the rostral stump (Fig. 3.15B). In one of 

these eels however, some axon tips had grown as far as 2 mm, although around 86% were 

still under 1.5 mm long. Even at 75 days the greatest distance of regrowth around the 

perimeter of the block was 2.5 mm, while the majority of neurites ranged from 0.5 -  1.5 

mm, and in no animal had axons successfully traversed the block into the caudal stump. 

Once again, the data are positively skewed at both recovery times indicating that many 

regenerating axons are still quite short, and both kurtosis and variance/mean ratio values 

are low, reflecting the randomness of the distribution (Table 3.1). The distributions of 

growth cone positions in relation to the rostral stump after different recovery periods for 

these animals were found to be statistically different when compared with those for the

unblocked group at equivalent stages (p < 0.0001).
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While neurites in some blocked fish were occasionally observed to have turned 

slightly left or right or completely around, most grew in a straight and caudal direction 

towards the caudal stump (Fig. 3.16B, C, D). Such turning was often seen in all fish at all 

stages of recovery (Fig. 3.17A), although ultimately axons regenerated straight through 

the lesion and into the caudal stump, without deviation (Fig. 3.16A). Branching of axonal 

processes was frequently observed as sprouts entered the wound region (Fig. 3.17B, C) 

and many neurites possessed numerous protuberances along their lengths, which were 

postulated to be immature synapses (Fig. 3.17D, white arrows). Contralateral crossing was 

never observed in the spinal cord of any eels, either with or without blocks.
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Figure 3.16. .Vlicmgraphs o f horizontal sections ol' regenerated corti treated with D il in blcK'ked and 
non-blocked animals. A: Section through regenerated bridge o f non-bkK'ked eel at 77 days post surgery. 
The enlarged central canal is indicated by cc and the bridge region is denoted by double-ended arrim. 
Note that axons have crossed through the bridge to [vnetrate the caudal stump. B: Pattern 
o f axonal regrovvth in rostral stump o f blocked eel at 75 days (ptisition o f block at white arrow). Note the 
lack ol continuity o f the bridge region. C: Inset in B at larger magnification. D: Inset in C at larger 
magnification. I'he black arrow denotes a growth cone, the small white arrow a cut axon end. Scale bar 
in A and B: I miii. .Scale bar in C: 40 nm and I): 10 jim. Rostral is up.



h iR iire 3.17. DL'convolulcd iniugCN o( axons al X 40 nuigniricalion showing A: a growth conc turning 
around as it enters bridge region: B. C : branching o f axonal processes and D: possible en passant 
synapses (white arrows) inatie along the axon as it advances towards the caudal stump. Scale b a r : .^0



3.4. Discussion
Spina lly  t ransec ted  fish rega ined  p re -surgery  tail bea t  f req u en c ie s  from  35 days 

after the injury w hile  caudal am pli tude  did  not return to norma! until at least 45 days. This 

rehab ilita tion  d ep en d s  p rim ari ly  on axonal regenera t ion  into the caudal s tum p  since no 

such recovery  w as observed  in eels  w here  axonal g row th  had  been  h indered  by a rubber 

b lo ck .  R e s to ra t io n  o f  n o rm a l  lo c o m o t io n  d o es  no t ,  h o w e v e r ,  r e q u ir e  e x te n s iv e  

re in n e rv a tio n  o f  the caudal po r t io n  o f  sp inal co rd  as it e m erg es  w h en  neurites  have 

ex tended  into only the first segm en t caudal to the injury. T h ese  results  corre la te  well with 

the e lec trophys io log ica l  data, w h ich  d em ons tra te  that such  regenera t ion  is accom pan ied  

by r e -e s ta b l i s h m e n t  o f  s y n a p s e s ,  a l th o u g h  such  c o n ta c t s  m ay  be  w eak .  T h e re  is, 

nonetheless,  a p rogress ive  increase  in d is tance a tta ined  by reg ro w in g  neurites  and in the 

contribu tion  m ade by synaptic co m ponen ts  to the overall response as recovery  proceeds. 

Swimming performance after spinal cord transection-phase 1: deterioration

The changes  observed  after surgery in caudal ba lance  and posture are undoubted ly  

due to the d en e rv a tio n  o f  the tail reg ion  thereby  re s tr ic t ing  neural con tro l  to only  the 

rostral portion. T he  em ergence  o f  spinal sw im m ing  im m edia te ly  after cord  transection can 

sim ilar ly  be a ttr ibu ted  to the re lease  o f  the caudal C P G s  from  inhib it ion  by suprasp ina l 

neurons.

T he f ish e s ’ locom otion after surgery effectively  m im ick ed  that o f  shorte r  anim als, 

w hich  d isp lay  h igher  frequenc ie s  o f  tail beat than lo n g er  fish at iden tical  speeds (Fig. 

2 .12B ; B ainb ridge ,  1958). S ince  ee ls  norm ally  increase  sw im m in g  speed  by recru it ing  

ad d i t io n a l  m u sc le  in a cau d a l  to rostra l  p a t te rn  (G il l is ,  1998b), th e i r  lo co m o to ry  

p e r fo rm an c e  is p o o re r  af te r  t ransec t ion  than w ou ld  be ex p e c ted  as the im p o rtan t  tail 

portion does not contribu te  to locom otion.

T he  e lev a ted  cyc le  rate o f  the rostral part o f  the body seen  a f te r  transec t ion  is 

t ransm itted  cauda lly  to the tail, p re su m ab ly  via m echan ica l  and senso ry  en tra in m en t,  so 

that it then oscilla tes  at the sam e eleva ted  frequency  as the trunk. In addition , the fact that 

these  an im a ls  d ep e n d  m ore  heav ily  on the f req u en cy  o f  co n trac t io n  to  reg u la te  their  

m o v em en ts  than on the force o f  such contraction  (Gillis, 1997; 1998a) m ay  also accoun t 

for the lack o f  c h a n g e  in rostral a m p li tu d e  af te r  in jury . In any  case ,  th is  p a ra m e te r  

generally  rem ains  unaffec ted  by velocity  shifts, as d iscu ssed  in the last chap te r .  T he  c o 

ord ination  o f  m o v em en t  betw een  the two body  reg ions  exp la ins  w hy  the cy c le  ra te  ratio 

be tw een  rostra l and  caudal body  reg ions  w as u na lte red  af te r  transec t ion .  T h e  requ ired  

phase locking  o f  cyc le  and burst dura tion  above and b e lo w  a cut in the co rd  has a lready
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been dem onstrated  by W allen (1982) in a spinal eel, and most likely results from the 

passive  excitation  of spinal m echanosensory  system s caudal to the w ound  by the 

propagated waves of m uscular contraction (Cohen et al., 1988; Davis and M cClellan, 

1993). This excitation could then entrain caudal CPGs to fire in synchrony with those 

located more rostrally, but as these neurons comprise the only input available to the caudal 

motoneurons, the muscle they innervate is unable to contract with as much force as that 

above the wound. The decline in caudal amplitude seen in the present experiments can 

thus be accounted for by the loss of supraspinal input that normally intensifies muscular 

contraction appropriately.

Changes occur shortly after transection in the enzyme histochemical profiles and 

morphology o f  red and white muscle motoneurons in both zebrafish (Van Asselt et al., 

1990; Van Raamsdonk et al., 1998b) and eel (De Heus and Diegenbach, 1992; De Heus et 

al., 1996) that underlie, we suggest, the gradual decline seen in our experiments in all 

locomotory parameters. De Heus and Diegenbach (1992) describe alterations in the Nissl 

substance of m otoneurons after transection, with the greatest difference between control 

and cordotom ised fish seen from 7 - 1 0  days, which overlaps the initial deterioration in 

perform ance witnessed in the present study. The effects they observed are thought to 

reflect synaptic and metabolic changes in the motoneurons that result, they suggest, from 

the degeneration and withdrawal of descending supraspinal pathways (Van Asselt et al., 

!990 ;D e Heus et al., 1996; Van Raamsdonk et al., 1998b).

The subsequen t recovery  could  involve synaptic reorgan isa tion  w ith in  the 

deafferented spinal cord as caudal plasticity has been thought to underlie the limited 

restoration of movem ent seen in some spinal mammals (Edgerton et al., 1997; Joynes et 

al., 1999). Such rearrangements to the network could also explain the progressive nature 

of recovery. They may reflect a complex form of plasticity (Feng-Chen and W olpaw , 

1996; W olpaw , 1997) inherent to the regenerative process, which is m anifested  as a 

disruption in locomotory improvement while the developing circuitry is further refined 

and remodelled. The process alone, however, would not appear to be sufficient for the full 

recovery of normal m ovem ent because eels with blocks failed to recover locom otor 

function.

Recovery o f  pre-surgery locomotion, axonal regrowth and synapse form ation-phase 2

An im provement in locomotion was seen in non-blocked eels after 8 - 2 1  days, 

and coincided  with the growth of the first regenerating axons across the bridge of 

regenerating material. This finding suggests that these axons made sufficient appropriate
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synaptic contacts with deafferented motoneurons and interneurons, thus generating more 

power caudally and enabling the fish to reduce the rostral cycle rate and, hence lower tail 

beat frequencies. By 36 days, when tail-beat frequency had returned to its lower values, 

roughly 50% of the growth cones were between 2 - 4  mm of the proximal stump. As each 

segm ent in this region o f  the f ish ’s body is approxim ately 3 mm long, such a result 

suggests that the return of pre-surgery tail beat frequencies requires reinnervation of only 

the first segment caudal to the lesion by a subset of the typical population.

The electrophysiological data correlate well with the histological data. Potentials 

could be recorded up to 3.5 mm caudal to the transection site at 20 days, although these 

were small and probably reflect the presence of growing tips that were detected in this 

region at around the same time. Similarly, responses were acquired up to 6.5 mm at 35 

days, mirroring the distribution seen in tracing studies.

In the untransected isolated spinal cord, usually 2 - 3  fast spikes were obtained, 

followed by a series of composite groups. The fastest velocities ranged from 66 -  107 m/s 

in spinal eels or 78 -  100 m/s in the isolated spinal preparation. This would seem to 

indicate a comparable rate of transmission as previously determined in eel (Mos et al., 

1986; Mos and Roberts, 1994), but slightly faster than in carp (Berkowitz, 1956), where 

the maximum  speed of conduction was calculated to be 100 m/s or 63 m/s respectively. In 

general, however, the overall features of field potentials determined in spinal animals here 

fell within the limits reported by Mos and Roberts (1994), Berkowitz (1956), Dean and 

Paul (1991) and Mos et al. (1986), and resembled in form those obtained by Berkowitz 

(1956) in his work on spinal field potentials in carp. He described three main deflections 

in response to direct cord stimulation and concluded that the first o f  these represented 

giant axons o f  the medial longitudinal fasciculus, typically  associa ted  with escape 

behaviour, since they had higher thresholds than other groups and produced tail flips upon 

stimulation with single shocks. The next peak had the lowest threshold o f  all the groups 

and velocities of 20 -  40 m/s. It was believed to comprise dorsally located, myelinated 

ascending sensory projections due to the similarity in conduction velocities between these 

and fibres responding to tactile stimulation and because dorsal lesions abolished the 

response. He then maintained that the final response was related to the reticulo-spinal 

pa thw ays due to their location (ventrolateral) and ability to activate the ipsilateral 

musculature, but considered that synaptic integration in the ventral horn may be involved 

and noted that the response was often associated with several smaller late waves. He also 

observed facilitation of some slower components upon introduction o f  paired pulses
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separated by intervals of 10 ms or less, which was also observed in the present work. It is 

possible that the potentials we recorded may reflect likewise activation of similar fibre 

groups described by Berkowitz, although we concluded that a large part o f the response 

obtained from our surface recordings must have comprised synaptic interaction. The long 

latency of some components and occasional presence of waves characteristic of compound 

synaptic potentials from which spikes could be seen to emerge, together with the observed 

facilitation upon delivery of paired pulses, strongly implied the involvem ent of such 

elem ents. However, some of the very large com pound  spikes (Fig. 3.12D) may have 

occasionally represented movement-related artifact, although injections of suxamethonium 

were usually administered at sufficient doses to ensure the prevention o f  such muscle 

activity. In their studies on individual cells, Mos et al. (1986) were able to detect synaptic 

units with latencies of up to 35 ms. The fastest synaptic responses perceived by them 

arrived 6.5 ms after the stimulus, which is comparable to 5 ms for the onset of a synaptic 

wave in this study. Their recordings involved antidromic invasion of spinal projections or 

stimulation of ascending pathways, which are slow however. It was also thought that late 

bursts may have indicated CPG activity directly and would  agree with B e rk o w itz ’ 

proposal for synaptic interaction within the ventral horn. Such late bursts might also have 

reflected a resetting effect of stimulation of the reticulospinal neuronal pool on intraspinal 

circuitry as reported elsewhere (Mos et al., 1986; Mos and Roberts, 1994; Guertin and 

Dubuc, 1997; W annier et al., 1998). Direct and indirect stimulation of this brain stem 

nucleus has been found to cause a shift in firing frequency (Mos and Roberts, 1994; 

Guertin and Dubuc, 1997; W annier et al., 1998) and a distortion of the segmental motor 

output symmetry (Wannier et al., 1998). However Mos and Roberts (1994) also noted that 

a regular entraining input was needed to maintain a predictable altered activity pattern.

Axonal g row th  across the lesion site after transection  was con firm ed  by 

elec trophysio log ica l  responses obtained caudal to the w ound fo llow ing  brain stem 

stimulation and the limits of detection were similar for both m ethodologies, as already 

mentioned. The spatial distribution of these responses was also found to correlate well 

with the pattern seen histologically, particularly as the am plitude o f  field potentials 

declined with increasing distance from the lesion site indicating the induction of fewer and 

fewer units. The overall amplitude of such peaks was small shortly after transection, but 

gradually increased with time as more and more regenerated fibres could be recruited. In 

general, the actual conduction velocities o f  axonal com ponents  o f  caudal traces were 

slower than those measured rostrally, although the ratio of the form er to the latter was
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nearer unity closer to the bridge region. This result reflects the gradual reduction in 

diameter of regenerated axons at progressively more caudal sites in comparison with those 

arising above the wound. Neurites have been demonstrated to visibly taper as they enter a 

scar in spinally transected lamprey (Mackler and Selzer, 1985, 1987; Lurie and Selzer, 

1991; Lurie et al., 1994; McHale et al., 1995) and the speed of impulse transmission was 

similarly found to decelerate across such a scar in consequence (Yin and Selzer, 1984; 

M ackler and Selzer, 1985). However, at later stages of recovery in the eel, most calculated 

conduction velocities were only slightly lower than expected, indicating that axons were 

increasing in diameter as well as in length and becoming myelinated (Dervan, 2000). We 

inferred that the growing tips must remain narrow since conduction velocity ratios were 

still below one at the caudalmost locations.

M any o f  these potentials, however, were also presum ed to com prise  synaptic 

mteraction due to their ability to be facilitated upon introduction of paired stimuli. The 

stimulus required to activate such elements was larger at locations further from the wound 

region, suggesting the presence of weak or immature contacts, although less intense 

stimuli were able to provoke similar responses at later stages o f  rehabilitation. Such 

components made a successively greater contribution to the overall response as recovery 

progressed  reflecting an increase in the num ber of functional synapses as recovery 

advanced. Davis and M cClellan (1993) similarly found a progressive increase, as time 

proceeded, in the caudal distance along the isolated lamprey spinal cord by which ventral 

root activity could be driven by brain stem stimulation, after complete transection.

Although the focus of this study was on the descending system, the possible 

contribution o f  ascending projections to the response cannot be ignored. The putative 

synaptic contacts observed caudal to the lesion at both recovery times may therefore have 

represented  antidrom ically  driven collaterals o f  the regenerated  ascending neurons. 

However, it seems unlikely that these axons would have progressed as far as the top of the 

spinal cord, which is where stimuli were applied.

Extensive regeneration is not needed fo r  recovery to be largely complete

The fact that potentials could only be recorded up to 6.5 mm at best by 35 days is 

in accordance with previous studies in lamprey showing that growth and re-establishment 

of connections after spinal injury is limited (Bernstein and Bernstein, 1967; Rovainen, 

1976; W ood and Cohen, 1979, 1981; Yin and Selzer, 1984; M ackler and Selzer, 1985, 

1987; Cohen et al., 1988), although substantial rehabilitation can occur in its absence 

(Bernstein and Bernstein, 1967; W ood and Cohen, 1979, 1981; M ackler and Selzer, 1985,
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1987; Cohen et al., 1988). Therefore, in the lam prey as in the eel, it appears that 

regenera ting  descend ing  pro jections need only re-estab lish  contac t with a certain 

m in im um  num ber  of cells caudal to the lesion fo r  functional recovery  to occur. 

Presumably, once the brain achieves control over these intraspinal neurons, the reset and 

enhanced activity of CPGs (Guertin and Dubuc, 1997: W annier et al., 1998) is transmitted 

throughout the tail region via propriospinal coupling.

W hile in the present study functional recovery was largely complete by the time 

regenerated processes had progressed up to 6 mm, axons continued to extend further 

posteriorly and had reached distances of up to 9 and 10.5 mm by 77 and 128 days 

respectively, while a physiological response was detected at 41.5 mm in the one fish kept 

until 187 days. This indicates that regeneration can proceed for considerable distances, as 

noted elsewhere (Forehand and Farel, 1982; Coggeshall and Youngblood, 1983; Davis 

and McClellan, 1993). It is possible that the continued caudal growth is significant in the 

return of fast swimming (above 2 BL/s) and startle response, both of which involve white 

muscle. A difference between recovery times for the fast and slow neuromuscular systems 

after cordotomy has already been reported in the zebrafish (Van Raamsdonk et al., 1998a). 

It is likely, therefore, that axons of many different cell types continue to regenerate until 

all aspects of movement have been fully refined and repaired.

Physiological components with the shortest latencies were usually missing from 

caudal traces even at 35 days, but had re-emerged with low conduction velocity ratio 

values at 187 days, implying that the underlying neuronal elements, most probably giant 

reticulo-spinal axons mediating escape behaviour, were the slowest or the last to re-grow. 

In the injured lamprey spinal cord, such axons exhibit rates o f  growth (< 120 |im/day) 

comparable to those observed in the present investigation (Lurie and Selzer, 1991; Lurie et 

al., 1994; Jacobs et al., 1997), although these cells are not thought to be involved in 

mediating steady locomotion (Lurie and Selzer, 1991); growth rates of 200 |jm/day have 

been reported for regenerating axons in the zebrafish cord (Van Raam sdonk et al., 1998a). 

However, the extent of die-back of injured axons (Lurie and Selzer, 1991; Lurie et al., 

1994; M cHale et al., 1995) is unknown for the eel, and so the rates we report do not 

necessarily represent true rates o f  growth. Our data do not dispute the possibility that 

different neurons initiate growth at different times, grow at different speeds or vary in 

their regenerative capacity, as observed by Jacobs et al. (1997). The growth rate may also 

vary with time. The progression in the shape of the distribution from random to clumped, 

as indicated by variance/mean ratios (Table 3.1), identifies a shift in the pattern of
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regrowth, but does not clarify precisely how this occurs. How ever, a deceleration in 

regeneration rate as recovery proceeds might be inferred if growth cones are randomly 

distributed at the start. In any case, the speeds displayed in this study are considerably 

slower than those described in in vitro or in vivo  embryonic preparations (Jacobs et al., 

1997; Chan et al., 1998; Gom ez and Spritzer, 1999) and most likely reflect divergent 

mechanisms (Jacobs et al., 1997).

Path-finding by regenerating neurons has been thought to depend on the presence 

o f guidance cues, such as growth factors, chemoattractants and inhibitory molecules, in 

the local environm ent (Yin et al., 1984; Goodm an and Shatz, 1993; Lurie et al., 1994; 

Serafini et al., 1996; Tessier-Lavigne and Goodman, 1996; Chen et al., 2000; Dreyfus et 

al., 2000). Growth factors in particular have been considered to be released in a retrograde 

m anner from post-synaptic  targets to pre-synaptic  neurites (D iS tefano  et al., 1992; 

Korsching, 1993; Thoenen et al., 1995; Bhattacharya et al., 1997; McAllister et al., 1999), 

thus establishing a gradient o f  tropic molecules to which growing cells can respond 

(Gundersen and Barret, 1979; Goodm an and Shatz, 1993; Bernhardt, 1999; Hill et al., 

1999; Cao and Shoichet, 2001). Such a phenomenon might explain why branching (Fig. 

3.17B, C) is often seen in all eels at early stages of the process, if sprouts are ‘seeking’ 

nutritive materials. While an intrinsic capacity for growth was unaffected by the rubber 

piece in blocked animals, it is conceivable that its position hindered the interaction of such 

cues with their regenerating presynaptic targets. Therefore, the rate of regrowth by the 

axotom ised  cells was probably sub-optimal from the start in those fish, relative to 

untreated eels. This hypothesis may also explain the continued erratic nature of axonal 

regrowth exhibited by these animals.

Contralateral crossing of regrowing axons was never observed, suggesting that 

they exhibit some selectivity in their direction of regrow th and choice of target as 

proposed elsewhere (Yin et al., 1984; M ackler and Selzer, 1985 ;M ackler  and Selzer, 

1987;Lurie and Selzer, 1991;Lurie et al., 1994). This possibility had been suggested by 

Coggeshall  and Youngblood (1983) who proposed that the considerable  distance of 

regeneration they observed in the goldfish probably resulted in the restoration of the 

original synaptic architecture. There is, nonetheless, some controversy surrounding this 

issue, since W ood and Cohen (1979, 1981) reported extensive branching in regenerating 

axons and the formation of new connections in atypical regions of the cord. The results of 

the present study do not, however, address whether previously existing synapses were re

established or whether the observed recovery was the consequence  o f  entirely  new
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connections.

Processes involved in the form ation  o f  functional synapses as possib le  targets o f  

manipulation

WFiile it still remains to be seen to what extent the evident functional recovery of 

movement in the eel reflects normality of synaptic connection, there is evidence to suggest 

that neuronal firing patterns are critical in the establishment o f  appropriate contacts in 

both developing (Reh and Constantine-Paton, 1985; Cline, 1991; Debski et al., 1991; 

Goodman and Shatz, 1993; Katz and Shatz, 1996; Catalano and Shatz, 1998; Weliky and 

Katz, 1999; Zhang and Poo, 2001) and regenerating (Meyer, 1983; Schmidt and Edwards, 

1983; Schmidt, 1990; d 'Aldin et al., 1997) systems. It is possible that central pattern 

generator activity within the spinal cord, induced by the fishes’ sw im m ing m ovem ents, 

may contribute to such plasticity. In the following chapters, we attempt to explore the 

impact o f  alterations in neural activity  on behavioural rehabilita tion and neuronal 

regeneration after injury.
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Chapter 4

Impact of Elevated Activity and Temperature Shifts on 

Recovery of Locomotion and Axonal Regeneration after

Spinal Transection
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4.1. Introduction
Molecular cues are believed to guide developing projections to roughly the correct 

targets in the CNS (Cline, 1991; Goodm an and Shatz, 1993; Katz and Shatz, 1996; Purves 

et al., 1997; Zhang and Poo, 2001). However, the importance o f  neural activity in the final 

stages of appropriate synapse establishment during ontogeny (Reh and Constantine-Paton, 

1985; Cline, 1991; Debski et al., 1991; Simon et al., 1992; Goodm an and Shatz, 1993; 

Katz and Shatz, 1996; Purves et al., 1997; Levitan and Kacsmarek, 1997; Catalano and 

Shatz, 1998; W eliky and Katz, 1999; Zhang and Poo, 2001) and regeneration (Meyer, 

1983; Schmidt and Edwards, 1983; Schmidt, 1990; d'Aldin et al., 1997) has been widely 

accepted. For example, application o f  tetrodotoxin (TTX), a sodium  channel blocker, 

during developm ent to the optic nerves of three-eyed tadpoles, in which the additional 

input from the supernumerary retina into the tectum produces eye-specific bands, disrupts 

the emergence of such stripes (Reh and Constantine-Paton, 1985). Similarly, intra-ocular 

injections o f  TTX  prevent refinem ent o f  the regenerating retino-tectal projection in 

goldfish after optic nerve crush (Meyer, 1983; Schmidt and Edwards, 1983). It is thought 

that the significance of activity lies in the stabilisation of synapses with correlated impulse 

frequencies, arising from similar locations, onto the same or nearby receptive cells with 

likewise firing patterns (Cline, 1991; Purves et al., 1997). Conversely, asynchronous 

inputs that cannot drive a potential post-synaptic  target are w ithdraw n and extend 

elsewhere, continually testing for co-active terminals and dendrites.

W aves of spontaneous electrical activity are known to occur throughout the life of 

an organism (McCormick, 1999; Zhang and Poo, 2001), and are thought to be essential for 

maintenance and regulation of the strength of such connections. Rhythmic neuronal firing 

patterns have also been linked with intracellular calcium oscillations (Parducz and Dunant, 

1993; Zhang and Poo, 2001) that can modulate a variety of biochemical and structural 

processes, including neurite outgrowth (Gom ez and Spitzer, 1999; Al-Majed et al., 2000; 

Zhang and Poo, 2001) and synaptogenesis (Cline, 1991; Purves et al., 1997; Levitan and 

Kaczmareck, 1997; Zhang et al., 1998; Zhang and Poo, 2001). Such bursts have been 

detected in the developing spinal cord and have been postulated to play a role in refining 

initial connections (O 'Donovan et al., 1998; Zhang and Poo, 2001), and might therefore 

also contribute to regenerative processes.

A therapeutic role fo r  exercise induced activity in regeneration?

Studies have also shown that sensori-m otor  stim ulation induced by exercise 

regimes can improve locomotor function after spinal cord injury in mammals (Edgerton et
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al., 1997; M u ir  and  S teeves, 1997; Ginnenez y R ab o t ta  an d  Privat, 1998; W icke lg ren ,  

1998; M uir,  1999; T h o ta  et al., 2001; W o p law  and  T en n issen ,  2001), a l though  this has 

been  d ispu ted  (van M eeteren  et al., 1998; Fouad  et al., 2000). N everthe less ,  the ability of 

sp inally  transec ted  cats  to step (G rillner,  1969; B arb eau  and  R oss igno l ,  1987; Lovely  et 

al., 1990; E d g er to n  et al., 1997; R o ss ig n o l  et al., 20 0 1 ) ,  and  s im ila r ly  in ju red  low er 

v er teb ra tes  to sw im  (Poon, 1980; W ill iam s et al., 1981; G ri l lne r  et al., 1988; M cPherson  

and  K em nitz ,  1994; Kem nitz , 1997; B uchanan , 1999), have d em o n s tra ted  the presence of 

c ircuits  within the spinal cord  that can  operate  independen tly  o f  the brain. T hese  networks, 

ho w ev er ,  requ ire  strong sensory  inputs  (B arbeau  and  R oss igno l ,  1987; E d g er to n  et al., 

1997; W o lp a w  and  T en n is sen ,  2 0 0 1 ) ,  o r  the ap p l ica t io n  o f  ex c i ta to ry  am in o  acids 

(M c P h e rso n  and  K em nitz ,  1994; K em n itz ,  1997; G ri l lne r ,  1988 in C o h en ;  B uchanan ,  

1999) or  ca tech o lam in e rg ic  drugs ,  (G rillner ,  1969; P oon, 1980; W il l ia m s  et al., 1981; 

Barbeau  and Rossignol, 1987; R ossignol et al., 2001) for their induction.

W h ile  such  m o v em en ts  in m a m m a ls  ( in c lu d in g  h u m a n s )  are in itia lly  hard  to 

generate  and erratic in form, they im prove  after several w eeks  o f  tra in ing and  bear a closer 

re sem b la n ce  to those seen befo re  in jury  (B arbeau  and  R o ss ig n o l ,  1987; L o v e ly  et al., 

1990; E d g er to n  et al., 1997; M u ir  and  S teeves, 1997; W ick e lg ren ,  1998; W o lp aw  and 

T en n issen ,  2001). At first the body is partia lly  supported  in a harness ,  but gradually  the 

individual learns to walk bearing m ore o f  their ow n w eight and  can walk faster for longer, 

with better  co -ord ination  and increased  stride length. It is tho u g h t  that the propriocep tive  

s t im u li  e l ic i ted  by such  s tep p in g  m o v e m e n ts  can e n h a n c e  the e f f ic ac y  o f  sy n ap t ic  

connections  within C PG s that are appropria te  to the generation  o f  locom otion . This  ability 

o f  the C N S to adapt to induced change  has similarly  been d em o n s tra ted  in the absence of 

injury by the ability  o f  m onkeys  or h um ans  to alter  the am p li tu d e  o f  the spinal stretch 

reflex for a rew ard  (Feng-Chen and W olpaw , 1996; E dgerton  et al., 1997; W olpaw , 1997). 

T he  b eh av io u ra l  a l te ra tions  are ac co m p an ied  by m o d if ica t io n s  at the ce llu la r  level in 

sy n ap tic  co v e r  and  firing  th resh o ld  o f  m o to n eu ro n s ,  and in the size and  s tru c tu re  o f  

incom ing  term inals .  T he fact that changes  like these rem ain  if  suprasp ina l in fo rm ation  is 

re m o v e d  and can  be e lic ited  in the absence  o f  inpu t from  the bra in  or sensory  sources  

(E dgerton  et al., 1997; W olpaw , 1997; W o lp aw  and  T enn issen ,  2001),  fu r ther  re ite ra tes  

the ex is tence  o f  plasticity at the spinal cord level.

T h e  sp in a l  co rd  is very  sp ec if ic  in its ca p ac i ty  to  learn ,  s ince  ca ts  t ra in e d  

ex c lu s iv e ly  to s tep  can n o t  stand, and  vice versa, a l th o u g h  the an im a ls  su b seq u e n tly  

le a rn ed  the  u n p ra c t i s e d  ac tion  (E d g e r to n  et al., 1997; M u ir  an d  S te ev es ,  1997;
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W ickelgren, 1998; W olpaw and Tennissen, 2001). An exercise regime incorporating the 

full com plem ent of locom otory parameters must therefore be perfo rm ed  for complete 

recovery of all aspects of movement. Furthermore, such m ovement should be elicited in as 

normal a fashion as possible to ensure that abnormal patterns of activity are not integrated 

into the network. The spinal cord displays increased responsiveness o f  segmental reflexes 

leading to uncontro lled  m uscle contractions, if descending  drive to spinal CPGs is 

distorted during developm ent, a time when the circuitry is undergo ing  consolidation 

(W olpaw  and Tennissen , 2001). Such ‘spastic i ty ’ can also develop  in response to 

denervation after injury, because changes occur in the underlying neural components (Van 

Asselt et al., 1990; De Heus and Diegenbach, 1992; De Heus et al., 1996; Van Raamsdonk 

et al., 1998) and in their m em brane properties (Muir and Steeves, 1997; W olpaw and 

T ennissen, 2001). Additional phasic peripheral stim ulation during  training can help 

provide appropriate patterns of afferent and efferent input to spinal CPGs enabling the 

constituent neurons to fire at correct times. The benefits  o f  this has been clearly 

dem onstrated in the chick, where treadmill walking improved the recovery of stepping, 

while swim training did not have any impact on ankle angle or leg extension (Muir and 

Steeves, 1997; Muir, 1999; W olpaw and Tennissen, 2001). However, such m ovements 

were enhanced  if a cu taneous input was supplied to the footpads during swim m ing 

exercises.

Unfortunately, these therapeutic regimes were usually only effective in animals or 

patients with incomplete lesions, where a significant proportion of anatomical projections 

across the lesion had been spared (M uir and Steeves, 1997; W ickelgren, 1998; Muir, 

1999; Thota  et al., 2001). Conversely , Joynes et al. (1999) observed some functional 

recovery in the absence of any connections between rostral and caudal portions of cord, 

and stepping m ovements in completely spinal cats can be enhanced with treadmill training 

as discussed above (Edgerton et al., 1997; Rossignol et al., 2001; W olpaw and Tennissen, 

2001). In any case, the observed  im proved perform ance has been attributed to the 

reorgan isa tion  o f  ex is t ing  circuitry . It was considered , therefore , that the rate of 

rehabilitation in a system with a strong capacity for regeneration might be expedited by 

such treatment. In this phase o f  the project, we investigated how physically  induced 

activity might affect the observed behavioural and neuronal recovery  by forcing the 

animals to swim continuously after the operation against artificial currents generated in 

the experim enta l  tank by pum ps. The an im a ls ’ sw im m ing  pe rfo rm ance  was then
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monitored and correlated with axonal regrowth in the m anner described in the preceding 

chapter.

A ctivity induced directly via catecholam ine adm inistration can also ameliorate the 

effects o f  spinal injury

Auxiliary stimulation of CPGs in the form o f  catecholam ine administration has 

also been shown to im prove some aspects of locom otion  in chronically  spinalised 

mammals (Barbeau et al., 1987; Gim enez y Ribotta and Privat, 1998; Wickelgren, 1998; 

Rossignol et al., 2001), particularly if combined with an exercise program  (M'ickelgren, 

1998; Rossignoi et al., 2001). Increases in stride length, step cycle and hip, knee and ankle 

jo in t  am p litudes  were obse rved  after  in traper itonea l  in jec tions  o f  c lonid ine , a 

noradrenergic agonist, a lthough an exaggeration in toe drag was observed. The latter 

drawback was attributed to reduced cutaneous excitability, making the impact of the drug 

on reflex pathw ays negligible. How ever, serotonergic  agonists  engendered  a more 

powerful excitatory  effect on locom otion with m arkedly  enhanced  electrom yogram  

amplitudes.

While spinal injury is accompanied by a decrease in noradrenaline expression, as 

noradrenergic terminals degenerate (Barbeau et al., 1987), a com pensatory  increase in 

expression and sensitivity of corresponding receptors has been reported (Barbeau el al., 

1987; Rossignol et al., 2001). There  is also evidence for shifts in noradrenaline and 

adrenaline concentrations after several m onths of training with ‘functional electrical 

stim ulation’, which involves direct stimulation of peripheral nerves during locomotion 

(Bloomfield et al., 1994). These findings therefore indicate a role for m onoam ines in 

mediating spinal cord responses to injury and consequent changes (growth-related or 

synaptic) within the network procured by exercise programs. How ever, the effects of 

noradrenergic  and serotonergic drugs varied, depending  on the state o f  anatomical 

continuity  across the lesion. C lonidine had little effect on locom otion in intact cats, 

although a clear modulatory effect o f serotonin on the rhythmicity of C FG components in 

untransected Xenopus  embryos has been reported (Sillar and Simmers, 1994; Scrymgeour- 

W edderburn et al., 1997; Reith and Sillar, 1998). Therefore, the specific m echanisms of 

action o f  these drugs in conjunction  with potential com pensation  afforded by other 

systems remain unclear.

In contrast, dopam inerg ic  drugs are well know n for their ability to initiate 

(Jankowska et al., 1967; Grillner, 1969; Poon, 1980, W illiams et al., 1981; Rossignol et 

a!., 2001) and modulate (Grillner, 1973; W inberg and Nilsson, 1992; M cPherson and

100



Kemnitz, 1994; Kemnitz et al., 1995; Kemnitz, 1997) rhythmic activity in intact or acutely 

spinal animals. Bath application o f  apom orphine, a dopam inergic  agonist to isolated 

lamprey spinal cord has been shown to decrease the cycle period of fictive swimming in 

isolated lam prey spinal cord at low doses (1 |j M), w hich would  have resulted in 

accelerated locomotion (McPherson and Kemnitz, 1994). Conversely, higher doses (> 10 

|j M) produced an increase in cycle period. Such a bimodal effect of drug concentration 

was not witnessed when apomorphine was injected into the intact animal, where only a 

shortening of cycle period occurred (Kemnitz et al., 1995). A similar increase in the speed 

of sw im m ing was noticed in unoperated eels after intraperitoneal injections of L-Dopa 

(Doyle, 1997; Brennan, 1998), concurren t with a general elevation of activity overall. 

W inberg  and Nilsson were able to induce stereotypy in Arctic  charr  (W inberg and 

Nilsson, 1992) at comparable doses (50 mg/kg), while Le Bras (1979) also observed an 

increase in swimming activity that was correlated with dopamine metabolism.

W hile a direct impact on C PG  networks has sometimes been seen (Jankowska et 

al., 1967; Grillner, 1969; Poon, 1980, W illiams et al., 1981; Rossignol et al., 2001), a 

regulatory effect of dopamine or its agonists is more widely accepted, since such circuits 

are consistently activated by excitatory amino acids (Brodin and Grillner; 1985, Brodin et 

al., 1985; Douglas et al., 1993; Hagevik and McClellan, 1994; Reith and Sillar, 1994; 

Sillar and Simmers, 1994; Scrym geour-W edderburn et al., 1997; Delvolve et al., 1999), 

usually provided by descending reticulospinal pathways (Grillner et al., 1988; Hagevick 

and McClellan, 1994; Levitan and Kaczmarek, 1997; W annier et al., 1998). In addition, 

dopamine is ubiquitously distributed throughout the CNS o f  fishes (Meredith and Smeets, 

1987; Northcutt et al., 1988; Roberts et al., 1989; Smeets and Reiner, 1994; Roberts et al., 

1995) and such cells have been located in the brainstem of the eel in close proximity to 

descend ing  spinal m otor co lum ns (R oberts  et al., 1989), thus pe rm itt ing  such a 

m odulatory action. Similarly stained cells have been detected lining the lumen of the 

central canal where they are known as liquor contacting neurons or LCNs (Roberts et al., 

1989; Roberts et al., 1995), and a dense network of similarly imm unoreactive fibres has 

been discovered in the ventral horn of both lamprey and eel (Wallen, 1989; Roberts et al., 

1995). The observed modulatory action of dopamine and well-docum ented evidence for 

its occurrence throughout the CNS led us to suppose that increased CPG activity induced 

directly by treatment with dopaminergic agonists might also enhance recovery from spinal 

transection  while s im ultaneously  isolating the m echan ism s and system s that are 

specifically involved. Therefore, we decided to administer the dopam ine precursor, L-
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Dopa, via intraperitoneal injection to eels fo llowing such an injury. Their locomotory 

progress throughout the course of rehabilitation was monitored and correlated with axonal 

regeneration in the manner already described.
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4.2 Materials and Methods and Results
General maintenance o f  animals and analysis o f  behaviour and histology

Thirty two eels of unknown sex (276 - 429  mm), originally obtained from a 

hatchery (Aqua Arklow, Ireland) or from the river Ballisodare in Co. Sligo (n = 3), were 

used in the following experiments. They were maintained in stock aquaria as described in 

Chapter 2, and their swimming behaviour monitored before and on several occasions after 

a spinal cord transection as detailed in Chapter 3. Locomotion was compared statistically 

within the group and with that o f  other groups using a one way repeated measures 

A N O V A  (p < 0.05) and Scheffe post-hoc tests. At the end o f  each experim ent, spinal 

cords were prepared for axonal labelling with Dil following the procedure described in 

Chapter 3. Statistical comparisons o f  axonal distributions between pairs of animal groups 

were made using the M ann-W hitney U test (p < 0.05). Experim ents were carried out in 

accordance with the European Communities Council Directive (86/609/EEC). 

M ethodology fo r  Low Level Activity Experiments 

Exercise regime

Four of these eels (294 -  315 mm) were taken from one of the stock aquaria and, 

after establishing baseline swimming, were placed in a circular holding tank o f  depth 660 

mm and diameter 737 mm on the day after the operation for continuous exercise. Currents 

were generated in this tank using an externally located Eheim pump that drew water from 

the centre of the tank floor through plastic pipes. One of these pipes was shielded at its 

inflow end with a hard plastic barrier to prevent the fish from entering the circulation 

system . S im ilar  pipes carried  w ater back to the tank and were pos it ioned  at its 

circumference, enabling flow rates of up to 120 mm/s (0.4 BL/s) to be achieved in this 

region. The water speed was determined via the use of an A D A Sensa RC2 flow meter 

and from observations of the tail beat frequency of the fish in the tank by extrapolation 

from Figures 2.4A and 2.8. W hile the fish could sustain sw im m ing throughout the 

experiment at speeds o f  approximately 0.4 BL/s, they spent roughly half the time resting 

near the centre of the tank where water flow was negligible. The system was filtered using 

an external Eheim pump, the tubes of which were tightly fastened with plastic bands to the 

pipes of the current generating pump for convenience. The heating element within the 

former enabled water temperature to be held constant at 25° ± 1° C. Air lines ensured the 

continuous aeration of the tank and the fish were fed daily as before. During feeding, the 

pump was turned off.
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The swimm ing performance at four speeds (0, 160, 234 and 310 ± 10 mm/s) in 

tunnel 1 of each o f  these eels was evaluated before and on various occasions after a 

complete spinal transection (5 ,8 ,  11, 15, 20, 25, 37, 44, 50 days, n = 4; 58 days, n = 3; 71, 

80 days, n = 2; 105 days, n = 1) as described in Chapter 2.

Results o f  Low Level Activity Experiments 

Behaviour

Before the operation, eels swam in the m anner described in Chapter 2, elevating 

rostral cycle rate and tail beat frequency as forward speed increased. O nce again, no 

relationship was detected between caudal amplitude and forward speed, with the former 

remaining roughly one seventh o f  the body length. Each animal displayed the typical S- 

shaped posture when stationary.

As also witnessed in chapter 3, 'spinal sw imm ing' was evident immediately after 

surgery upon manual stimulation o f  the tail, and when stationary, the portion of the body 

below the transection lay straight. Eels swam more erratically after surgery than before the 

operation and tail beat frequency was again greater at each speed. A linear relationship 

between tail beat frequency and forward speed was evident for each animal, but with a 

higher slope value than before surgery (Fig. 4.1 A). The slope con tinued  to rise on 

recording days following transection, until a peak value was reached at around 1 1 days. 

An improvement in performance was seen to emerge and 'spinal swimming' was no longer 

observed from 11 ±  1 days onward on average. Figure 4. IB depicts the mean changes over 

time in the slope of tail beat frequency versus speed, with the data points expressed as 

percentages of pre-surgery values to eliminate baseline biological variation and enable 

greater ease of interpretation. Tail beat frequency had returned to pre-surgery levels after 

roughly 40 days and as such displayed an almost identical time frame of recovery when 

compared with that of eels receiving only a transection (Chapter 3 controls). The exercised 

group, how ever, exhibited  initially lower rates o f  increase after surgery  and were 

statistically different from the controls at all speeds in that respect. However, there were 

few behavioural differences after day 20.

As already observed  in the preced ing  chap ter,  caudal am plitude  declined  

immediately after spinal injury but the parameter was at its lowest levels for longer post

surgery, from 8 - 3 9  days, after which it began to rise (Fig. 4.2). The increase was never as 

large as witnessed in Chapter 3 controls and the parameter never fully recovered, although 

no statistical difference could be detected after 37 days (p > 0.05). The overall trend was
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similar between the two groups (p = 0 .24), however, and normal posture re-emerged 

around day 45.
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Axonal regeneration

These data pertain to only one animal at 107 days post transection, as the 

remaining animals in the group died before axonal tracing studies were undertaken. In this 

eel, a substantial bridge was present connecting the rostral and caudal stumps. The tissue 

closely resembled other parts o f the cord, except that it was slightly narrower and 

possessed fewer melanocytes. Just over half o f the axonal growth processes were still 

under 1 mm, while roughly 10% had reached between 2 - 3  mm and a small percentage 

(7.4%) o f growth cones were 5 - 6  mm from the rostral stump (Fig. 4.3A, B).

The distribution o f short regenerated portions was sim ilar to that observed in 

control fish o f the last chapter at 128 and 77 days recovery (Fig. 4.3A; only 128 days is 

shown for comparison). Few growth cones in this eel, however, had reached beyond 5 

mm, unlike the controls, where processes were found as far as 10.5 mm from the injury 

site and this difference was significant (p < 0.005). Instead, the overall pattern bore a 

stronger resemblance to the distribution exhibited in such controls at 38 days recovery 

(Fig. 4.3B) and was statistically similar (p = 0.11).
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F igure  4.3. Mean proportion o f total axon number (± SEM) at varying distances (mm) from the rostral 

stump in one exercised eel at 107 days after spinal transection (filled  columns) w ith such data from inactive 

eels (empty columns) at A: 128 (n = 2) and B: 38 (n = 4) days superimposed for comparison.

These results show that apart from an initial reduced deterioration in tail beat 

frequency after surgery, the ultimate time of recovery o f most aspects o f swimming was
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no sooner than in Chapter 3 controls. W hile there were an equivalent num ber of short 

regrowing axons between the two groups, such processes did not attain the long distances 

seen in the last chapter at similar stages. W hile we could not account for the puzzling 

result pertaining to the axonal data at this stage, we considered that the lack of behavioural 

d ifferences  m igh t be attr ibutable  to an insuffic ien t level o f  induced  activity . The 

experiments were therefore repeated, with another set o f animals that were subjected to a 

more intense exercise regime, using a stronger pum p that enabled faster currents to be 

generated in the tank.

M ethodology fo r  High Level Activity Experiments A

High activity  regim e A

Ten o f  the tw en ty -e igh t rem ain ing  eels  (276 - 363 m m ) w ere  exerc ised  

continuously (4 - 6 at a time) in a circular holding tank, as described in the ‘Low Level 

Activity’ Section, from 1 - 2 days after surgery onward. The currents generated in this set 

of experim ents, however, were faster than in the previous set, due to the alternative 

installation of a stronger Leader Ecosub pump that could be located in the centre of the 

tank floor. The advantage of placing the pump directly in the tank was that it enabled 

maximum velocities of up to 1 m/s (equivalent to 3 BL/s for most fish) at the mouth of the 

outflow pipe to be achieved and the elimination of artificial reductions in flow rate 

imposed by piping etc. The water speed was determined using an A D A Sensa RC2 flow 

meter and from observations of the tail beat frequency of the fish as described in the last 

section. M anipulation of water velocity was facilitated by adjusting the position of a short 

outflow pipe attached to this pump to obtain currents o f  roughly 1 BL/s on average in the 

region of the tank where the fish usually swam (roughly 200 mm behind the outflow pipe 

at the circumference of the tank). Such a level of continuous activity was chosen to give a 

maximum sustainable velocity of swimming as reported in Chapter 2. The animals swam 

throughout the experiments, although they were often seen drifting further backwards 

away from the outflow pipe to where the currents had a slightly lower velocity. The water 

was aerated continuously and the fish monitored daily, at which times the pum p was 

turned off to allow them to rest and feed as before. The water temperature, however, was 

difficult to keep constant at 25° ± 1° C throughout the experiments, due to the generation 

of heat by the strong currents, and changes in the weather. Attempts were made to rectify 

this by circulating the water through an M K cooling unit using narrow plastic tubing with 

barriers at both the inflow and outflow ends, but this added to the erratic nature o f  the 

water temperature (13.8 - 29.6° C), as the system required priming almost daily. Such
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problems were later solved by exchanging the M K cooling unit for a newer, more reliable 

Cornelius Classic 1000 Integral model, enabling subsequent repetition of the experiments 

with an additional six animals. The details of those experiments are described in later 

sections.

The swimming performance at four speeds (0, 160, 234 and 310 ±  10 mm/s) in 

tunnel 1 o f  four of these eels was evaluated before and on various occasions after a 

com plete  spinal transection (5, 8, 11, 15, 20 and 30 days) as already described. The 

remaining six animals were studied in tunnel 2, swimming at six speeds (0, 164 ± 5 mm/s; 

320, 450  ± 10 mm/s and 590, 750 ± 20 mm/s). Their behaviour was similarly observed 

before, additionally on the day of the operation and at several stages afterwards (5, 8 days, 

n = 6; 11 days, n = 5; 15 days, n = 4; 20 days, n = 2; 25 days, n = 1). Anim als were 

anaesthetised and perfused after surgery (8 days, n = 1; 20 days, n = 2; 27 days, n = 3; 36 

days, n = 3) to allow Dil labelling of regenerated projections.

Results o f  High Level Activity Experiments A 

Behaviour

Before the operation, eels swam as already described, elevating rostral cycle rate 

and tail beat frequency as forward speed increased. No relationship was detected between 

caudal amplitude and forward speed and each animal d isplayed the typical S-shaped 

posture when stationary.

'Spinal sw imm ing' was again evident immediately after surgery upon manual 

stim ulation of the tail and posture was obviously disrupted by the procedure. W hen 

swimming in either tunnel, tail beat frequency was significantly greater at each speed than 

before the operation (p < 0.02). Figure 4.4A shows the changes over time in the slope of 

tail beat frequency versus speed for these animals, with those for the controls  in the 

previous chapter superimposed. All data points have been expressed as percentages of pre

surgery values, to reduce variation within animals and between tunnels. A less dramatic 

increase in tail beat frequency overall and faster recovery of this parameter is apparent in 

this high exercise group, with a return to normal rates from 20 - 30 days, although values 

were statistically indistinguishable from those before surgery after 15 days (p > 0.05). On 

average, spinal swimm ing disappeared by 11 ± 1 days after the operation. There  was a 

significant difference between these high exercise eels and Chapter 3 controls at all speeds 

tested (p < 0.0001).

Caudal amplitude declined after injury (p < 0.04) to a similar extent as the controls 

(Fig. 4.4B), but began to show an improvement as early as 20 days, at which tim e the
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Figure 4.4. Mean changes (± SEM) over time in A: the slope of tail beat frequency/speed and B: caudal 

amplitude. Both locomotory parameters are expressed as percentages of pre-surgery values and in both 

graphs, data from eels subjected to the high exercise regime A (variable temperature) are denoted by filled 

circles (n = 10), while empty circles indicate measurements from inactive fish (n = 9).

param eter was no longer statistically different from that observed before surgery (p = 

0.13). W hile full recovery of this aspect of locomotion was never seen, there was a 

significant difference between this high exercise group and control eels (p = 0.001) or the 

low exercise group (p = 0.01). Normal posture was never re-observed, except in one 

animal where it was seen from day 24.

Axonal Regeneration

The appearance of the bridge of regenerating material at 8 days was not unlike that 

observed at 7 days in the control counterpart (Chapter 3). A thin, thread-like extension had 

formed between the two tapering stumps and no melanocytes were present in this region. 

A proliferation o f  growth cones could be seen entering the wound at this stage (Fig. 4.5A). 

There was a significantly greater number of longer axons in the exercised eel (p < 0.0001; 

Fig. 4 .6A). At 20 days, the wound region still appeared  fragile , am orphous  and 

transparent, but was more substantial than at 8 days. It closely resembled the bridge of a 

15 day recovered control animal and the pattern of axonal regrowth was also similar (p = 

0.8), with most processes less than 1 mm long, and only 7.86% longer than 2 mm (Fig. 

4.6B). The bridge at 27 days was more robust, though, than that

109
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witnessed at an equivalent time in a Chapter 3 control animal, although it was still slightly 

narrow and translucent and possessed a number of irregularities and blood clots dorsally. 

Melanocytes could be seen encroaching the region from either side and some were visible 

along the bridge surface. W hile still about half of the total axon num ber had re-growing 

tips within 1 mm of the lesion, some had extended well into the caudal stump, up to 5.5 

mm (Fig. 4.6C). Just fewer than 11% had progressed beyond 2 mm on average. Such a 

pattern was not similar to that exhibited by the control equivalent at day 25 (p = 0.02), 

where the longest regenerated projections were still under 3 mm in that case. At 36 days 

recovery, the regenerating tissue between the rostral and caudal stumps was more solid in 

appearance, although it was still somewhat transparent and narrower than the rest o f  the 

cord. M elanocytes were sparse in this region as before. The bridge was less irregular in 

shape, however, except for one animal that still contained num erous blood clots in the 

vicinity of the wound. In general, the spinal cords of these eels were in better condition 

than those previously seen in Chapter 3 controls at similar recovery stages. Some axons 

had re-grown as far as 5 mm, but more than three-quarters of the total had crossed the 

bridge and were more than 2 mm from the lesion (Fig.4. 5B). Only a small num ber were 

still within the rostral stump at this time. This distribution was unlike that o f  controls of 

the last chapter, where fewer processes had reached beyond 2 mm in those fish (p < 

0.0001; Fig. 4.6D).

W hile these results suggest an improvement in recovery after transection at both 

the behavioural and histological level, it is difficult to ascertain whether the effect was due 

to the increased level of training or to the erratic nature of temperature fluctuations within 

the experimental tank. The problem of variable temperature was then rectified in another 

set o f experiments, via several adaptations made to the holding tanks (outlined below), to 

ensure that this factor remained constant.

Methodology for High Level Activity Experiments B 

High Activity Regime B

This set of experiments was identical to the above set, except that the temperature 

of exercise tank was held constant at 24° ± 2° C for the duration of all procedures, using a 

more efficient Cornelius Classic 1000 Integral cooling unit, through which w ater was 

continuously circulated. Six animals were used in these tests, ranging in size from 310 - 

348 mm, and placed 4 - 6 at a time in the tank as detailed in the last section for continuous 

exercise (1 BL/s), from 2 - 4 days after spinal cord transection. They were fed and 

monitored as before.
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Locom otory performance in tunnel 2 (0, 164 ± 5 mm/s; 320, 450 ±  10 mm/s and 

590, 750 ±  20 mm/s) was exam ined  as already described. The eels' sw im m ing  was 

recorded before and at 5, 8, 11, 15, 20, 25 days (n = 6), 30 days (n = 2), 37 days (n = 3), 

44 days (n = 4), 58, 71 days (n =3), 86, 105 days (n = 2) after the operation. At the end of 

each experim ent (32 days, n = 1; 43 days, n = 1; 113 days, n = 2), anim als were 

anaesthetised and perfused for Dil labelling as outlined in Chapter 3.

Results o f  High Level Activity Experiments B 

Behaviour

Before the operation, eels swam as already described. 'Spinal swimming' was again 

evident im m ediately after surgery, posture was abnormal and tail beat frequency was 

significantly greater at each speed than before (p < 0.03). Figure 4.7A shows the changes 

over time in the slope of tail beat frequency versus speed for these animals, with those for 

the controls of the previous chapter superimposed. All data points have been expressed as 

percentages of pre-surgery  values, to e liminate baseline biological variation. A less 

dramatic increase in tail beat frequency than in the controls is again obvious. However, the 

onset of improvement at roughly 15 days, and subsequent return to pre-surgery values at 

around 35 days mirrors the trend seen in such controls (p > 0.05 after 20 days). Therefore, 

there was no difference in the overall pattern of recovery of tail beat frequency between 

this group and the controls (p = 0,7) or the low activity group (p = 0.1), although they did 

differ from the last group of eels, which had been subjected to the high activity/variable 

temperature regime (p < 0.001). Spinal swimming, however, disappeared at 8 ± 1 days 

after the operation, which was sooner than in the controls. At varying times after recovery 

had been established, however, most animals in this group developed tail infections that 

subsequently  interfered with the pattern of locomotion. Although these anim als were 

euthanased and the last data points obtained from each omitted from the analysis, a return 

to poorer swimming can be seen from the graph in Fig. 4.7A.

Caudal amplitude declined after injury (p < 0.05) to a similar extent as the controls 

(Fig. 4.7B), but remained low until around day 70. Most values had returned to normal by 

90 days, although the large variation meant that there was no statistical divergence from 

pre-surgery after 44 days. There were no differences in overall recovery of this parameter 

between this group and other groups (p > 0.08), except when such a pattern was compared 

with that o f the last group (high exercise/variable temperature; p = 0.01). The complete 

return of the normal S-shaped posture was never witnessed, although curves in the tail 

region were sometimes present from 37 - 58 days after the injury.
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F igure  4.7. Mean changes (± SEM ) over time in A: slope o f tail beat frequency/speed and B: caudal 

amplitude. Both locomotory parameters are expressed as percentages o f values obtained before the operation 

and, in both graphs, data from  eels subjected to the high exercise regime B (constant temperature) are 

represented by filled  circles (n = 6), while those from inactive eels are depicted by empty circles (n = 9).

Axonal Regeneration

The bridge at 32 days recovery was quite solid, although s till transparent and 

narrow. Melanocytes were witnessed only barely entering this area. Unfortunately, growth 

cone data pertaining to this animal could not be obtained due to the fact that the tissue was 

poorly fixed and did not permit D il labelling. The outward appearance o f the regenerated 

connection was sim ilar at 43 days, although a dorsally located blood clot was also present 

and some melanocytes could be seen with in the wound region. As such, it resembled the 

bridge observed at 38 days in control animals o f the previous chapter. Axons, however, 

had grown further, attaining distances o f up to 7.5 mm, although these were few (1%). As 

at 38 days in eels subjected to a transection only, nearly 40% o f growth cones were still 

w ithin 1 mm of the lesion. However, only just over a quarter o f the total had extended past 

2 mm, in contrast to 42% seen in Chapter 3 controls and over 75% in eels subjected to a 

high exercise/variable temperature regime (Fig.4.8A). These differences were significant 

(p < 0.02). A t 113 days, the wound site was still quite easily distinguished from the rest of 

the cord, being slightly narrower, more translucent and rather lumpy. It was considerably 

more substantial than at earlier recovery stages, however, and many small melanocytes 

were scattered throughout the dorsal surface o f the bridge. Very few growing tips were 

under 1 mm at this time and over three-quarters were now over 2 mm long. Most o f these
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were still w ith in 6 mm o f the rostral stump, with only 22% on average advancing beyond 

this distance. Such a pattern o f re-growth can be described as in-between that exhibited by 

control eels at day 77 and 128 (Fig.4.8B; only data at 128 days are shown for comparison) 

and was found to be statistically divergent from either o f these subgroups, and from that o f 

the low exercise animal at 107 days (p < 0.0001).
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These data show that the overall trend o f functional recovery for highly exercised 

eels held at constant temperature was comparable to that displayed by Chapter 3 controls 

and low exercise eels, but was divergent from  that o f the high exercise/variable



temperature group. However, a reduced deterioration in tail beat frequency during the first 

10 days or so was again observed, as seen in all exercised fish, regardless of exercise 

intensity. Some regenerated axons reached greater m axim um  distances in the current set 

of animals than in the controls at the earlier recovery stage (Chapter 3), but the majority 

were still shorter than in those animals. The pattern was also markedly less prolific when 

com pared with high activity/variable temperature eels at equivalent survival times. Such 

findings indicate that the effects o f  activity treatm ent are quite subtle, at least at the 

behavioural level, and that the faster rate of recovery seen in the previous section might be 

due to a com bined  impact of intense exercise and tem perature  shifts. Therefore, we 

decided to investigate how a stable increase or decrease in temperature alone might affect 

the process as described in the next two sections.

Methodology fo r Elevated Temperature Treatment 

Maintenance protocol

Three eels (343 - 379 mm) were taken from one of the stock tanks to examine the 

effects of elevated temperature on the rehabilitation process. After establishing baseline 

locomotory behaviour in the intact animals, all three specimens were placed in a circular 

holding tank as already described on the day of surgery. The temperature in this tank was 

brought gradually up to 30° C, using submersible Rena or Sicce heaters in addition to the 

Eheim pump, over a period of one week so as not to incur stress on the fish. It was then 

held constant at 30° ± 2° C by appropriate adjustment of the heaters for the remainder of 

the experiment. The water was kept continuously aerated and eels were fed and monitored 

daily as before.

Locomotory performance in tunnel 2 (0, 164 ± 5 mm/s; 320 ±  10 mm/s and 590 ± 

20 mm/s) was examined as already described. The eels' sw im m ing was recorded before 

and at 8, I I ,  15, 20, 25 days (n = 3), 30, 37 days (n = 2), 44 and 64 days (n = I) after the 

transection. At the end of each experiment (29 days, n = 1; 36 days, n = 1; 69 days, n = I), 

animals were anaesthetised  and perfused and D il labelling carried out as previously 

outlined. G row th cone distances were not m easured for the animal killed at 69 days 

recovery, however, as both behavioural and histological results revealed that there was 

little difference between this and other groups.

Results o f Elevated Temperature Treatment 

Behaviour

Eels swam in the manner already described when examined before surgery. 'Spinal 

swimming' was apparent immediately after transection, and posture of the tail region was
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disrupted as before. Tail beat frequency rose significantly at each speed after the operation 

(p < 0.05), but not to the same extent as the controls and as such mirrored the initial trend 

exhibited by both high exercise groups (Figs. 4.4A; 4.7A; 4.9A). The slope began to 

decrease after 8 days, concomitant with the disappearance of 'spinal swimming' (6 ± 2). It 

had not returned to normal values until 30 - 40 days, although statistically there was no 

difference from pre-surgery after 25 days (p > 0.1). The time frame of recovery, therefore, 

once again bore close resemblance to that witnessed in the controls and no difference was 

detected between the two groups at the statistical level (p > 0.6). Considerable variation, 

however, existed between animals within this group as evidenced by the large error bars in 

Figure 4. lOA, and one fish in particular was significantly divergent from the other two.
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Caudal amplitude declined to a lesser extent than the controls after transection (Fig 

4.9B). Larger values at almost pre-surgery levels were observed from 44 days on in the 

one animal that was kept for this period, but complete restoration of the param eter was 

never seen. There was no difference in the overall trend of recovery of amplitude between 

these animals and the controls (p > 0.2), however, possibly due to the small sample size 

and large degree of variation. Normal posture was re-observed in only one eel after 44 

days.
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Axonal Regeneration

The connection at 29 days between rostral and caudal stumps was quite substantial 

and only slightly narrower than the rest of the cord. A few melanocytes were also seen 

traversing the bridge. Regrowing axons had extended considerably into the caudal portion 

how ever (Fig 4.10), with growth cones present as far as 7.5 mm from the transection. 

There were still a lot of short processes as well, although roughly 40%  had regenerated 

beyond 2 mm. The distribution was similar to that o f  the control eel at 38 days (Fig 

4.1 lA). The overall appearance of the regenerating spinal cord at 36 days after elevated 

temperature treatment was not unlike that seen at 29 days, unsurprisingly. The distribution 

of growth cones was also comparable and none had progressed any further than 7.5 mm in 

the additional space of time. There was, however, prolific growth into the wound region, 

with over 60% of sprouts now less than 0.5 mm, making the pattern considerably more 

positively skewed (Fig 4.1 IB). Only about 14% of growing tips could be detected further 

than 2 mm from the rostral stump com pared to over 40%  in the equivalent C hapter 3 

controls and such a pattern was statistically significant (p < 0.0001).

W hile the behavioural results o f  this section suggest that elevated tem perature 

treatment did not impact on the overall trend of recovery as it was com parable  to that 

exhib ited  by the controls, the axonal data rem ains unclear. A greater  capacity  for 

regeneration is apparent at day 29 in these animals in contrast to the controls at a later 

recovery stage, yet a smaller percentage was beyond 2 mm into the caudal stump at 36 

days. However, the prolific advance of growth cones into the lesion site at this time may 

reflect a surge o f  ou tgrow th  fo llow ing  decision points  that may be a feature  of 

regeneration. The next section deals with the outcome of reduced temperature treatment 

on recovery.

Methodology fo r  Decreased Temperature Treatment

Maintenance protocol

Tw o eels from  the river Ballisodare (315 - 346 m m ) were used in these 

experiments to determine if functional recovery would be impeded under conditions of 

reduced temperatures. After establishing baseline behaviour as before, these animals were 

placed in a circular holding tank o f  the same dimensions as described in the previous 

sections after the operation. The water temperature was brought gradually down to 13° ± 

1° C over a period of one week to minimise stress. This was achieved by circulating water 

through a Cornelius Classic 1000 Integral cooling unit as already outlined in previous 

sections.
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I 'lR u re  4 .10. M icrograph  o f  h o r i/o n la l scction o f  D il ia b c llc il cord through regenerated 
bridge in one eel at 29 days post-surgery after elevated temperature treatm ent. The briilge 
reg ion is in tlicated by a double eruleil arrow  and the centra l canal is not v is ib le  in this section. 
A xons have penetrated the cautlal stum p and extended lo r  considerable distances. Rostral is 
up. Scale bar: 500 |.tm.
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Figure 4.11. Mean proportion o f total axon number (± SEM) at varying distances from the lesion in eels 

held at elevated temperatures (filled  columns, n = 3) at A: 29 and B: 36 days post-transection. Empty bars 

denote inactive animal data at equivalent recovery times.

A submersible Rena heater was then installed at the circumference o f the tank to prevent 

any further reductions in temperature below 13° ± 1° C. The water was kept continuously 

aerated and fish were fed and monitored daily as before. Swimming performance in tunnel 

2(0,  164 ±  5 mm/s and 590 ± 20 mm/s) was recorded for analysis before and at 11, 20, 37 

days (n = 3) and 58 days (n = 1) after the transection. No animals in this group were 

processed for D il labelling.
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Results o f Decreased Temperature Treatment

Behaviour

Eels swam  in the normal fashion before surgery and 'spinal sw im m ing ' could 

easily be induced afterwards upon manual stimulation. Posture of the tail region was also 

disrupted as a result of  the operation. Tail beat frequency was significantly faster at each 

speed at 1 1 days after the operation (p = 0.03), but had declined considerably by day 20, at 

which time, it was no longer statistically different from normal (p = 0.2). From the graph, 

however, it can be seen that performance was still quite poor (Fig 4 .I2 A )  until 37 days 

post-transection and the pattern of recovery looks not unlike that of the control group. The 

cessation of spinal swimming varied considerably, persisting up to 36 days after surgery in 

one of the fish studied and stopping after day 20 in the other specimen. W hen these fish 

were com pared statistically with the controls and the high temperature set, no divergence 

was detected (p > 0.2).
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Figure 4.12. Mean changes (± SEM ) over time in A: the slope o f tail beat frequency/speed and B: caudal 

amplitude for eels held at decreased temperatures (filled circles, n = 3). Empty circles denote inactive eels  

(n = 9) for comparison. Both locom otory parameters are expressed as percentages o f pre-surgery values.

Caudal am plitude decreased for all fish after surgery and these changes were 

significant (p < 0.02). The param eter rem ained low in all animals for the duration of 

experiments except for one individual that was kept until after 58 days, at which time the
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measured amplitude was well above normal pre-surgery values (Fig 4.12B). Normal 

posture was never re-observed, although it began to resemble that seen in the intact animal 

at around 58 days post-transection.

Because the effects of exercise treatments and temperature shifts revealed quite 

subtle changes in the pattern of rehabilitation, with the exception of the high 

exercise/variable temperature regime, we wanted to investigate the impact of elevated 

activity, induced directly at the cellular level via administration of L-Dopa. The next 

section describes the protocol used and subsequent outcome of such a strategy. 

M ethodology fo r  L-Dopa Experiments 

Pharmacological administration

Six eels (284 - 316 mm) were taken from one of the stock tanks to investigate how 

direct pharmacological manipulation of the central pattern generators (CPGs) would affect 

the pattern of recovery after spinal transection. After a template of normal swimming was 

determined, the animals were placed (2 - 4 at a time) in a circular holding tank as 

described in Section 4.2.1 on the day of the operation. They were anaesthetised in MS 222 

(0.4g/l distilled HjO) and injected intraperitoneally with L-3,4,-dihydroxyphenylalanine 

(L-Dopa) at a dose of 50 mg/kg (Winberg and Nilsson, 1992; Doyle, 1997; Brennan, 

1998) five times a week. The water (25° ± 1° C) was kept continuously aerated and fish 

were fed and monitored daily as before.

Locomotory performance in tunnel 2 (0, 164 + 5 mm/s; 320, 450 ± 10 mm/s and 

590, 750 ± 20 mm/s) was examined as already described. The eels' swimming was 

recorded before and at 5, 8 days (n = 6), 11, 15, 20, 25 days (n = 5), 30, 38 days (n = 4), 

42 days (n = 5). At the end of each experiment (13 days, n = 1; 42 days, n = 1; 56 days, n 

= 3), animals were anaesthetised and perfused for Dil labelling as outlined in Chapter 3. 

Growth cone distances were not measured for the animal killed at 13 days recovery, 

however, as the tissue was fragile and fell apart upon removal from the vertebral column. 

Results o f  L-Dopa Experiments 

Behaviour

Eels swam in the manner already described when examined before surgery. After 

the operation, 'spinal swimming' was again apparent, particularly upon recovery from the 

anaesthetic after each application of the drug. The animals could also be seen actively 

swimming around the tank within a couple of hours of L-Dopa treatment and this 

behaviour persisted for several hours after its onset. They also became quite aggressive 

towards each other and a social hierarchy developed, particularly at feeding times, as
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sim ilarly noted by Winberg and Nilsson for the Arctic charr (1992). Such effects lessened, 

however, as experiments proceeded, with the animals showing very little  response to the 

drug towards the end o f the second month, except to exhibit spontaneous oscillations at 

the tail tip shortly after each injection, as above. An attenuation o f effect fo llow ing regular 

administration o f this drug has also been described elsewhere (Sacks, 1973).

Posture o f the tail region was disrupted as a result o f the transection and tail beat 

frequency was significantly greater at each speed than before (p < 0.05), producing an 

elevated slope value comparable to values determined for Chapter 3 control animals after 

such in jury (Figure 4.13A). The slope sim ilarly began to decrease after 15 days, although 

the event was more drastic in the current set o f animals and was no longer statistically 

different from normal after this time (p > 0.2). Such improvement occurred after the 

cessation o f 'spinal swimming', however, which in this group occurred about 7.5 ± 1 days. 

The statistical tests also revealed that these eels displayed a different pattern o f recovery 

overall than Chapter 3 controls (p < 0.0001) with respect to high speeds o f swimming, 

while the trend at the lowest speed just failed to reach significance (p > 0.07).
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Figure 4.13. Mean changes (± SEM) over time in A: the slope o f tail beat frequency/speed and B: caudal 

amplitude for L-Dopa treated eels (filled circles, n = 6) with data from inactive fish (empty circles, n = 9) 

superimposed for comparison. Both locomotory parameters are expressed as percentages o f pre-surgery 

values.

Caudal amplitude declined in a sim ilar manner as the controls after transection 

(Fig 4.13B; p < 0.04), and generally remained at low levels until after day 30, at which
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t imes the param eter was statistically no different from pre-surgery values (p > 0.6). 

Amplitudes that appeared almost normal were seen from 38 days, but full recovery was 

rarely re-observed. There were no differences detected between this group and control eels 

however (p > 0.2). Full recovery of the normal S-shape when stationary was never seen, 

although posture in the tail region began to look more normal after 25 - 30 days in most 

fish.

Axonal Regeneration

At 13 days after the transection, a bridge of regenerated tissue was present, but it 

was very flimsy and delicate and the cord split apart in two upon removal from the 

vertebral column. The two stumps could be seen to taper into a clear amorphous mass. 

There was a large blood clot over the wound region and evidence o f  bleeding in the 

nearby muscle. No melanocytes were visible in this region, although a few were detected 

approach ing  the caudal stum p. D il labelling, how ever ,  was not undertaken . The 

connection at 42 days after surgery, in contrast, was considerably more solid, although it 

was still quite translucent and not as substantial as the bridge observed in controls at 

equivalent recovery stages. M elanocytes were only found on the surface of non-injured 

cord, or encroaching either side of the lesion, but none had yet reached the injury site. 

Although 44%, however, had grown more than 2 m m  beyond the site of the transection 

and into the caudal portion, just over a quarter were still within 1 mm of the rostral stump 

and the average distance reached was 1.90 ± 0.15 mm. Regenerating axons in this eel had 

not attained the distances witnessed in control counterparts at a similar time, reaching only 

4 mm at most and there was a statistical difference between this distribution and that 

displayed by such controls at day 38 (p < 0.001). At 56 days recovery, the bridge was less 

narrow, less irregular and more opaque than at 42 days. The gap usually present between 

the rostral and caudal stum ps appeared smaller than previously observed  and som e 

m elanocytes were sparsely scattered across the surface of the bridge. In general, the 

wound region more closely resembled that seen at 77 days in the controls, although it was 

still easily distinguished from intact cord. Growth cones had not advanced much further 

than at 42 days however (Fig.4.14), with the longest tips extending as far as only 5 mm. 

Three quarters o f  the total population were under 1 mm and only barely 5% could be 

traced beyond 2 mm. The mean length of regenerated axons was shorter than at 42 days, 

measuring only 0.65 ± 0.02 mm. Differences between this distribution and that of Chapter 

3 control fish were statistically divergent (p < 0.0001).
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Fijjure 4.14. Micrograph o f hori/onial section ol D il labelled cord through regenerated bridge 
showing pattern o f regrovvth in L-Dopa treated llsh at 56 days after lesioning. Central canal is 
indicated by cc and bridge by double ended arrow: Note that few axons have [lenetratcd the 
caudal stump and fail to extend for long distances within this region. Rostral is up. Scale bar: 
5(X)nm.



4.3. Discussion
The results of this chapter demonstrate that physical training can reduce the 

deterioration in swimming (phase 1) seen after a complete spinal transection. L-Dopa 

treatment, which enhanced locomotory activity did not produce such an effect. However, 

the cessation of ‘spinal swimming’ was witnessed earlier in all groups with elevated 

activity levels than in injured eels with no post-operative manipulations. Only vigorous 

physical training, particularly in combination with warm temperature shifts, and L-Dopa 

treatment were found to hasten any aspect of rehabilitation (phase 2). Increased exercise 

enhanced axonal regeneration across the lesion site, as indicated by the decline in measure 

of skew (see Table 4.1. for summary of these descriptive statistics), but had little effect on 

further elongation of such processes into the caudal stump, while application of L-Dopa 

similarly prevented extensive growth in this region. The opposite trend in skew values 

illustrates the presence of a greater proportion of shorter axons in such treated animals. In 

addition, the pattern of growth usually appeared random for much of the recovery period 

in these groups, as revealed by the variance/mean ratio. Shifts in temperature alone did not 

enhance functional recovery, although an improvement in caudal penetration of axons was 

observed if the temperature was elevated (Table 4.1), Once again, the increase in skew 

value of the axonal distribution as recovery proceeds in such animals reflects the influx of 

new growing tips, although growth was more even in these animals.

Table 4.1. Values of skew and variance/mean ratio relating to the distribution of axonal 

growth cones in all raised activity groups and for eels kept at elevated temperatures at 

different stages of recovery after spinal transection.

Group Time Skew Variance/mean

High act/variable T 20 1.83 0.39

High act/variable T 27 1.37 0.64

High act/variable T 36 -0.28 0.45

High act/constant T 43 1.96 1.14

High act/constant T 133 0.46 1.4

L-Dopa 42 0.12 0.58

L-Dopa 56 1.65 0.62

High Temp 29 1.3 1.14

High Temp 36 2.76 1.58
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Tail beat frequency fo r  m ost ‘raised activity’ groups was not as large soon after surgery 

as seen in transected eels o f  the last chapter

In all exercise groups, tail beat frequency did not rise to the same extent after 

surgery as seen in inactive fish of the last chapter (Figs. 4. IB, 4.4A, 4.7A). However, the 

improvement was seen as early as 5 days after surgery, and seems unlikely, therefore, to 

be the result o f  axonal regeneration as the bridge has not completely formed at this stage. 

The diminished impact of injury observed in these studies may reflect an effect o f training 

that enabled the animals to acclimatise or habituate to the experimental protocol. They 

m ay have been better  able to cope in the swim  tunnel s im ply because  they were 

accustomed to regular bouts of swimming. The comparable rate of deterioration seen in L- 

Dopa treated eels (Fig. 4 .13A) and the controls of the preceding chapter supports this 

hypothesis, since neither o f  those groups was subjected to regular periods of training 

against a w ater current. However, the improved perform ance witnessed after training 

might also be expected to be seen in caudal amplitude levels, but deterioration of that 

param eter  rem ained  equally  poor for all groups tested (Figs. 4 .1C, 4 .4B, 4.7B). In 

addition, ‘spinal sw im m in g ’ disappeared sooner in all groups with e levated activity, 

whether it was induced indirectly or directly via L-Dopa application, suggesting that other 

factors must also be in play.

One other possibility is that exercise treatment may have enhanced compensatory 

re-organisation of spared caudal circuitry since injury induced plasticity has been widely 

documented (Cotman and Nieto-Sampedro, 1984; M uir and Steeves, 1997; W eaver et al., 

1997; Green et al., 1998; W ickelgren, 1998; Joynes et al., 1999; W att et al., 1999; 

W olpaw and Tennissen, 2001) and synaptic remodelling is known to be influenced by 

neuronal activity (Cline, 1991; Goodm an and Shatz, 1993; Katz and Shatz, 1996; Zhang 

and Poo, 2001). In addition, release of neurotrophins that promote neuronal survival and 

enhanced plasticity in the denervated cord (Wiebel et al., 1994; Blochl and Thoenen, 

1995; Bregm an et al., 1997; M cAllister et al., 1999; W idenfalk et al., 1999) has been 

linked with impulse activity (Korsching, 1993; Blochl and Thoenen , 1995; Thoenen, 

1995; Boulanger and Poo, 1999; McAllister et al., 1999; W idenfalk et al., 1999).

Tem perature shifts must have also contributed to the mitigation of performance, 

since lower tail beat frequencies were w itnessed in highly exerc ised  eels when the 

temperature was variable or raised to 30° ± 2°C (Fig. 4.9A). There is plenty of evidence 

for the synthesis of heat shock proteins in response to hypoxia-ischemia, neural trauma or 

temperature changes (by up to 15 degrees). Such substances are capable of exerting neuro-
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protective effects (Stone and Dougher, 1988; Stone and Dougher, 1989; Tews et al., 1997; 

Lewis et al., 1999; Truettner et al., 1999; Kroemer, 2001), and have been coupled with 

neurotrophin expression (Tews et al., 1997; Treuttner et al., 1999). As with activity 

treatments, however, the neuro-protective effects did not rescue an adequate num ber of 

cells to ameliorate the decrease in caudal amplitude.

Low level activity did not improve the ultimate tim efram e o f  recovery after transection

The return of tail beat frequency to pre-surgery values occurred within a similar 

time frame in fish subjected to a low exercise regime as in control eels of the preceding 

chapter (Fig. 4 . IB). Although there was a faster onset o f  decline, spinal swimm ing ceased 

only slightly earlier on average than in those animals and normal posture was re-observed 

two days later in this group. There are a num ber of reasons for this lack of difference 

between the two animal sets. Firstly, it is possible that increased activity simply does not 

improve functional recovery in these animals, as witnessed elsewhere in fish (Cohen et al., 

1988) and rodents (van M eeteren et al., 1998; Fouad et al., 2000). The incom plete 

recovery of caudal amplitude (Fig. 4.1C) might even suggest that rehabilitation of some 

aspects of locomotion are, in fact, retarded by such treatment, as found by van Meeteren et 

al. (1998) and Fouad et al. (2000) in the rat.

Alternatively, it was considered that the low level of exercise (0.12 m/s or about 

0.4 BL/s) in these experiments did not provide sufficient sensori-m otor stimulation to 

evoke enhanced synapse stabilisation between enough appropriate neurons. M uir (1999) 

found that chicks receiving supplementary phasic cutaneous input during swim training 

sessions after a thoracic spinal hemisection recovered normal sw im m ing m ovem ents, 

while those that were swim-trained without the additional sensory feedback did not. The 

result implies that a certain level of recurring sensory information is needed to establish 

correct connections and thus impact on the recovery process. For this reason, it was 

decided to repeat the experiments with another set of animals, subjected to a higher level 

of exercise.

High level activity did improve overall recovery at both the behavioural and histological 

level

A higher level o f  continuous exercise (maximum  sustainable speed of swimming 

(1 BL/s), as opposed to a level well below the threshold for fatigue (0.4 BL/s), did 

improve both the restoration of all aspects of motor function (Fig. 4.4; p < 0.001) and the 

underly ing  axonal regeneration (Fig. 4.6; p < 0.02). The benefits o f  sensori-m otor 

stimulation in improving locom otor function following physical training regim es in a
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variety of vertebrates with complete or partial spinal injuries has been well documented 

(Barbeau and Rossignol, 1987; Lovely et al., 1990; Edgerton et al., 1997; M uir and 

Steeves, 1997; W ickelgren, 1998; Joynes et al., 1999; Muir, 1999; Thota  et al., 2001; 

W olpaw and Tennison, 2001). Such enhancement of locomotion was attributed largely to 

rearrangements of spared network components (Edgerton et al., 1997; M uir and Steeves, 

1997; Wickelgren, 1998; Joyners et al., 1999; Thota et al., 2001; W olpaw and Tennissen, 

2001). Treadm ill training over a period o f  m onths in spinally injured rats, cats and 

humans, where the body was initially supported in a harness, resulted in faster, more 

efficient stepping, without the assistance of weight support, while non-trained subjects did 

not display a comparable level of improvement (Lovely et al., 1990; Edgerton et al., 1997; 

Muir and Steeves, 1997; Wickelgren, 1998; Joynes et al., 1999; W olpaw and Tennisson, 

2001). Furthermore, spinalized cats, trained for six months to perform certain motor tasks 

such as stepping or standing, experienced difficulty perform ing the task that was not 

practised, and as such demonstrate the specific nature in which the CNS learns (Edgerton 

et al., 1992; Muir and Steeves, 1997; W olpaw and Tennisson, 2001).

It is equally possible, however, that e levated muscle strength or stamina, as a 

consequence of physical training, might have contributed to the improved rate of recovery. 

Previous researchers have shown that electrically induced exercise training applied to the 

legs of spinal trauma patients can prevent or reverse injury-induced reduction in fatigue 

resistant muscle fibres (M ohr et al., 1997; Crameri et al., 2000). Such changes were 

accom panied by greater oxygen uptake, increased work output and a doubling of the 

mitochondrial oxidative capacity. The patients were also able to participate in training for 

longer periods o f  time. Other studies, in contrast, have detected little evidence for muscle 

effects, with little change in mass, maximal tension or other properties of the muscles 

affected by denervation, either as a result of  spinalisation or between trained and non

trained groups (Lovely et al., 1990; Edgerton et al., 1997: M uir and Steeves, 1997). 

M oreover, there has been some contention regarding the benefits of such training in 

paraplegics with complete separation of the spinal cord (Wickelgren, 1998), where muscle 

effects would  be seen if they were the sole contributory factor, because there is no 

preservation or growth of connections across the lesion. Therefore , while synaptic 

plasticity in the absence of regeneration must account for some behavioural improvements 

engendered  by tra in ing, descend ing  influence is needed  to m ain ta in  the synaptic  

alterations. It is unsurprising then that the ability to perform  a learned behaviour was 

reduced in spinalised rats if training was discontinued (Edgerton et al., 1997).
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In contrast, fish and amphibians display robust reinnervation of the caudal portion 

o f  cord (B o sch ,1994; Bernstein and Bernsein, 1967; Rovainen, 1976; W ood and Cohen, 

1979;W ood and Cohen, 1981; Forehand and Farel, 1982; Coggeshall and Youngblood, 

1983; Yin et al., 1984; M ackler and Selzer, 1985; Cohen et al., 1986; M ackler and Selzer, 

1987; Cohen et al., 1988; Lurie and Selzer, 1991;Davis and McClellan, 1993; Lurie et al., 

1994; Cohen et al., 1999). Such animals would therefore be expected to display greatly 

enhanced recovery as a result o f  exercise treatments, particularly if elevated activity levels 

could  also accelerate neuronal growth. Analysis o f  axonal projections in this study 

revealed that such regeneration was enhanced across the lesion site as a result of  increased 

activity, with m axim um  growth rates of up to 204 |im /day at early stages (Figs. 4.6A, B, 

C). There were also more growing tips in the first caudal segment at the latest recovery 

stage (Fig. 4.6D). Other studies have similarly shown an increase in neuronal growth in 

m am m als as a result o f  neural activity. For example, A l-M ajed and colleagues (2000) 

found that electrical s tim ulation for only one hour dram atically  accelerated  axonal 

regeration in the rat femoral nerve after transection, reducing the time taken for target 

reinnervation to occur by more than half. The well docum ented evidence for activity 

dependent release o f  neurotrophic factors (Korsching, 1993; Blochl and Thoenen, 1995; 

Thoenen, 1995; Boulanger and Poo, 1999; McAllister et al., 1999; W idenfalk et al., 1999), 

also implies an indirect role for impulse activity in modulating axonal growth. However, 

at the latest survival time examined in the eel, growth cones did not extend as far into the 

caudal stump as in control eels (Fig. 4.6D). This result may suggest that neuronal activity 

m ight be m ore efficacious in inducing sprouting or branch form ation and synapse 

stabilisation, as discussed elsewhere (Meyer, 1983; Schm idt and Edwards, 1983; Cline, 

1991; Goodm an and Shatz, 1993; Hieber and Goldman, 1995; Katz and Shatz, 1996; Muir 

and Steeves, 1997; Purves et al., 1997; Nedivi et al., 1998; McAllister and Lo., 1999; Watt 

et al., 1999 W olpaw and Tennissen, 2001), rather than axonal elongation. Nonetheless, the 

observed initial proliferation at earlier times does not refute the above findings in relation 

to growth, but it seems likely that axonal elongation may be controlled differently (Hieber 

et al., 1992; Hieber and Goldm an, 1995; Bregman et al., 1997), particularly once axons 

reach target tissues (Hieber et al, 1992).

Although the eel model cannot strictly be compared with mammalian examples, as 

functional recovery is not accom panied  by axonal regeneration in such animals, our 

discoveries are nevertheless crucial to the understanding of the m echanism s involved in 

rehabilitation. Information regarding synapse formation could not be obtained with Dil
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labelling, but the im proved functional recovery would seem to indicate that the re

establishment of appropriate synapses was taking place at a faster rate than previously 

observed. The distribution o f  growth cones over time was consistently random in these 

fish and may reflect undirected synapse formation. The pattern contrasts with that seen in 

inactive eels of the last chapter, where a change towards a more aggregated distribution 

was seen, as neurites continued to enter the bridge throughout regeneration. Larger caudal 

amplitudes and normal posture (as seen in one animal at day 24) also began to emerge 

sooner in these animals than in the other groups examined so far, further implying that 

enough of these contacts were stabilised in the caudal stump to facilitate stronger muscle 

contraction. Animals were not kept for long enough, however, to determine if complete 

restoration of those locomotory parameters took place.

Swim ming m ovements could initiate a response from stretch receptors in the skin 

that in turn relay relevant proprio-receptive information to CPGs in the spinal cord 

enabling them to fire correctly. These circuits do not rely on supra-spinal or sensory input 

for their continued activity (Grillner, 1988; Buchanan, 1999; Delvolve et al., 1999) and so 

can operate after a com plete  transection. In this way, it is believed that after injury, 

regenerating synapses befitting to normal locom otor function were strengthened in a 

similar activity dependent m anner as proposed for hippocampal long-term potentation or 

LTP (Cline, 1991; Thoenen, 1995; Katz and Shatz, 1996; Purves et al., 1997) and both 

developing (Reh and Paton, 1985; Debski et al., 1991; Cline, 1991; Katz and Shatz, 1996; 

Purves et al., 1997) and regenerating (Meyer, 1983; Schmidt and Edwards, 1983; Hieber 

and Goldman, 1995) retinotectal projections and developing thalamocortical connections 

(Catalano and Shatz, 1998). R egrow ing neurites from brain stem and interneuronal 

populations presumably test for coactive sites within the caudal stump so that connections 

normally present in the intact cord are restored in the damaged tissue. The presence of 

tuberosities along such processes that were presumed to be immature synapses may indeed 

reflect such a m echanism (Fig. 3.17D), which is likely to proceed more efficiently in fully 

regenerating systems.

The instability o f  water tem perature  in the holding tanks m ade it d ifficult to 

distinguish between the relative contributions of exercise treatment or heat stress to the 

rehabilitative process (Stone and Dougher, 1988, 1989; Kato et al., 1995; Tews et al., 

1997; Lewis et al., 1999; Treuttner et al., 1999; Kroemer, 2001). Therefore, the tests were 

repeated, as outlined below, with adaptations m ade to the experim ental apparatus to 

ensure the temperature remained constant at 24° ± 2° C.
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High level activity under controlled temperature conditions had a less obvious effect on 

recovery

There was little difference in overall time frame of full recovery between this 

group and the Chapter 3 controls when temperature was kept constant (Fig. 4.7; p > 0.7), 

except for the cessation of 'spinal swimming', which occurred almost a week sooner. Such 

an outcom e suggests that exercise treatment alone could  not have accounted  for the 

improved rate of recovery of all aspects of locomotion seen in the preceding section. It is 

possib le  that a com bination  of e levated  activity  and tem pera tu re  shifts  exerted a 

synergistic effect in those experiments.

However, tail beat frequencies after surgery were again never as high as in control 

eels (Fig. 4.7A), and began to decline sooner than in those animals or animals of the low 

exercise regime. Therefore, it appears that activity-induced stimulation alone is sufficient 

to arrest 'spinal sw im m ing ' earl ie r  than norm al and enhance  initial recovery , by 

propagating more rapid reconnection between specific supra-spinal neurons that modulate 

the action of CPGs. However, a considerable overlap in performance between this group 

and the controls became apparent at around day 30 (Fig. 4.7A) indicating that other factors 

may be important in completion of the rehabilitation.

Distributions of regenerating processes were not similar between these fish and the 

controls at comparable recovery times, because although some growth cones had extended 

further into the caudal stump in the former, the majority of processes were still relatively 

shorter than in the latter (Fig. 4.8). This pattern of regrowth might reflect initial profligate 

branching or synaptogenesis of neurites once within the caudal stump, as a consequence of 

regular co-ordinated firing frequencies. Therefore, although, some axons had attained 

comparable distances, many perhaps established stable contacts and then stopped growing, 

as already hypothesised  by Cotm an and N ie to -Sam pedro  (1984) in their review  of 

synaptic  p lasticity  within m am m alian  central nervous system s. R esearch  has since 

dem onstrated that axonal interaction with post-synaptic targets engenders a suppressive 

effect on RNAs encoding tubulins associated with neural extension (Hieber et al., 1992).

Arborisation and synapse formation induced by impulse activity has been widely 

d ocu m en ted  and is p roposed  as the m echan ism  underly ing  the d ev e lo p m en t  or 

regeneration of the topographic map in the visual system of fish and frogs (M eyer, 1983; 

Schmidt and Edwards, 1983; Reh and Paton, 1985; Debski et al., 1990; Cline, 1991; 

Hieber and Goldm an, 1995; Nedivi et al., 1998) and m am m als (G oodm an and Shatz, 

1993; Katz and Shatz, 1996; Purves et al., 1997; Catalano and Shatz, 1998; M cAllister et
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al., 1999). In m am m als , for exam ple, m onocular  deprivation  (eye suture) early in 

development reduced the amount of cortical space occupied by inputs originating from the 

deprived eye, while terminal fields relating to the non-deprived eye were expanded and 

exhibited increased complexity (Antonini and Stryker, 1993). Therefore, it is possible that 

extensive branching and synapse formation, as growing neurites reach the nearest targets, 

may proceed rapidly in an activity-dependent manner, producing the observable  early 

im provem ents in perform ance. Axonal elongation that is necessary for the continued 

reinnervation of more caudally located musculature, however, may require other signals 

(Bregman et al., 1997), which may or may not be influenced by temperature changes. This 

may explain the interrupted recovery of normal tail beat frequencies, delayed restoration 

of normal amplitudes in the tail region and incomplete recovery of posture.

Nevertheless, it seems unlikely that an already regenerating system would make 

uncorrec ted  errors in synapse  form ation. A rborisation is norm ally  accom pan ied  by 

pruning o f  inappropria te  sprouts and their im m ature  synapses before such contacts  

become strengthened, to enable the stabilisation o f  correct connnections (Debski et al., 

1991; Cline, 1990; Katz and Shatz, 1996, Purves et al., 1997; Catalano and Shatz, 1998). 

This process is dependent on activity patterns since injecting the sodium channel blocker, 

TTX  into the eyes o f  fish to block neuronal im pulses prevents  ref inem ent o f  the 

regenerating retino-tectal m ap (Meyer, 1983). Conversely, if the activity of developing 

retinal ganglion cells is inappropriately synchronised, by stroboscopic illumination for 

example, the ocular dominance columns specific to each eye that are normally seen in the 

mature visual cortex fail to form (Cline, 1991; Goodman and Shatz, 1992; Katz and Shatz, 

1996). It is questionable then that appropriate sensori-motor stimulation, as occurs during 

swim m ing in the eel, would result in premature stabilisation of regenerating contacts or 

deficient remodelling of collaterals. Extension of long axons does eventually occur, albeit 

slowly, and results in the growth distribution seen at 113 days (Fig. 4.8B), which is more 

rem iniscent of the control pattern at equivalen t recovery times. H ow ever, the only 

dram atic  effec t  o f  exerc ise  trea tm ent was w itnessed  in an im als  that w ere  also 

(accidentally) subjected to rapid temperature shifts, most of which involved an increase in 

that variable. Therefore, another set of experiments was conducted testing the effect of 

elevated temperature alone on the recovery process.
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Elevated tem perature treatm ent appears to hasten the onset o f  recovery but not its 

ultimate time fram e

The early disappearance of spinal swimming and initial signs of recovery (Fig. 4.9) 

in these experiments might be explained by the faster initiation of membrane resealing due 

to w arm er tem peratures (Shi and Pryor, 2000). The efficiency with which membranes 

reseal following injury has been debated, however (Xie and Barret, 1991; Shi and Pryor, 

2000), but such a process is believed to be an inherent part o f  regenerative events and may 

depend on fluidity and flexibility o f  the m em brane. Such resealing m ight enable the 

growth of injured axons towards their respective targets to be hastened, thus reversing 

degenerative events and facilitating the reconnection of brainstem neurons with caudal 

CPGs, which might account for the observed improvements.

It is worth bearing in mind as well that heat changes have been found to alter the 

way in which eels swim (Fahey, 2001), with greater tail beat frequencies displayed by eels 

acclimated to warmer temperatures, accompanied by decreases in caudal amplitude. The 

reasons for such alterations in these locomotory parameters are unclear but may be related 

to faster muscle relaxation rates or to heat related changes in the electrical properties of 

the cell resulting  in an increased  tendency for depolarisation (Rom e et al., 1984; 

C arpen ter,  1981), or acce lera ted  axonal conduction  velocity  (M acD ona ld ,  1981). 

Temperature influences on behaviour per se do not seem applicable here in any case, since 

transected eels recovered pre-surgery oscillation rates and caudal amplitudes around the 

same time as Chapter 3 controls held at constant temperature (p > 0.2). The animals even 

displayed an early onset of rehabilitation, in spite of the fact that heat induced changes in 

tail beat frequency and am plitude would be expected to mask restoration o f  normal 

function as the shifts are usually in the direction of poorer performance.

The faster rate of recovery was not maintained beyond 20 days post-surgery (Fig. 

4.9), after which all aspects of movement then remained comparable to those witnessed in 

Chapter 3 controls suggesting that heat treatment alone is not sufficient to hasten the 

process. In addition, normal posture was again only seen at an equivalent time in one heat- 

treated eel that had been kept for long enough. Some axons however, at the two recovery 

times investigated, had advanced much farther than would be expected for those stages, 

reaching up to 7.5 mm in both cases (p < 0.02; Fig. 4.11). There was also a considerably 

large proportion in the caudal stump beyond 2 mm at 29 days (Fig. 4.11 A) that was 

statistically similar (p > 0.05) to a control fish at the later time o f  38 days. The pattern of 

growth in the heat-treated fish at 36 days was however different from the distribution in
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this same control animal because  of the greater distances attained (Fig. 4.1 IB ; p ^  

0.0001). Such a result correlates well with the above evidence for an increased potential 

for growth as a consequence o f  heat induced resealing. Synaptogenesis, however, may 

have been unaffected by elevated temperatures, as indicated by the lack of disparity in 

ultimate time of recovery between these fish and the inactive group, if regeneration was 

proceeding at a faster rate, but contact formation was not.

The subtle impact o f  w arm er temperatures on rehabilitation inspired curiosity as to 

w hether cooling the water in which the fish were maintained would exert the opposite 

effect on the process. T herefore , a further series o f  experim ents  was perform ed to 

investigate the effects of low temperature alone on functional recovery.

Decreasing ambient temperature does not impede recovery

Previous work has shown that reduced temperatures can induce stress in spinal 

cord neurons (Lucas et al., 1994), inhibit neuronal growth in culture (Saunders et al., 

1992), and prevent m em brane resealing after trauma (Shi and Pryor, 2000). In addition, 

Cohen and her colleagues found that the majority of lampreys held at 12 degrees after 

cord transection exhibited abnormal locomotion within 27 weeks of surgery, while most 

kept at room temperature (22° C) fully regained normal behaviour (Cohen et al., 1999). 

Therefore, we did not expect to observe full recovery of tail beat frequency and caudal 

amplitude in our eels that were held at comparable temperatures, let alone the lack of 

difference between these fish and the inactive controls (Fig. 4.12). The cessation of spinal 

swimm ing and restoration o f  posture, however, were both delayed by cold treatment. The 

reasons for this are unknown, but may reflect the slower regrowth o f  the brain stem 

projections that control these aspects of locomotion due to a general reduced capacity for 

axonal growth in cold conditions (Saunders et al., 1992), or perhaps such pathways are 

particularly temperature sensitive.

L-Dopa treatment enhances the return o f tail beat frequency but not caudal amplitude 

or axonal regeneration

Intraperitoneal injections o f  L-Dopa, administered daily after a complete spinal 

transection, successfully increased the proportion o f  time spent sw im m ing by spinally 

transected eels in the post-operative tank. This observation concurs with that of several 

previous studies regarding the impact of this drug on many vertebrate m otor systems 

(Jankow skae t al., 1967; Grillner, 1969; Grillner, 1973; Poon, 1980; W illiams et al., 1981; 

Winberg and Nillsson, 1992; Doyle, 1997; Brennan, 1998), where often an increase in the 

cycle rate was observed. Preliminary (unpublished) tests of my own had demonstrated a
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significant rise in sw im m ing activity, determined both as counts of lines crossed in 15 

m inute intervals (p = 0.0002) and the proportion of such intervals spent active, which 

could increase by up to 200%  in some cases. However, the impact on swim cycle rate 

specifically was revealed by the ability of the drug to elevate the rate o f  spontaneous tail 

beat oscillations from 0.3 beats per second to 0.9 beats/s in additional experiments using 

spinal preparations. L-Dopa is believed to exert its action indirectly via the production of 

dopamine, which is widely known for its ability to modulate C PG  networks (Andersen 

and Baker, 1977; Harris-W arrick, 1988; M cPherson and Kemnitz, 1994; Grillner et al., 

1995; Kiehn and Kjaerulff, 1996; K em nitz , 1997) although this has been disputed 

(W il l iam s  et al., 1981; P oon , 1980). The n e u ro t ra n sm it te r  red u c e s  the late 

afterhyperpolarisation in some constituents of the locomotor CPG in lamprey (McPherson 

and Kemnitz, 1994; Kemnitz, 1997), prolongs the plateau potential, and so renders the 

cells more excitable and raises the probability of spike firing.

In the current experim ents, L -D opa induced activity did not reduce the initial 

de ter io ra tion  in sw im m ing  behav iou r  norm ally  seen after a com ple te  spinal cord 

transection (Fig. 4.13A). The reason for this is unclear and would seem to contradict the 

previous hypothesis propounding activity induced sparing of axotomised projections and 

denervated somata. Nonetheless, a decline in tail beat frequency to pre-surgery values did 

occur sooner in L-Dopa treated animals than in controls, as did the cessation in spinal 

sw im m ing, This recovery  m ay have reflected an indirect action of the drug or its 

metabolites on CPGs undergoing reconstruction, or a direct neurotrophic action of such 

substances on regrowing neurites. Such a role for catecholam ines has been proposed 

(Haydon et al., 1984; Cohan et al., 1987; Strand et al., 1991; Roberts et al., 1995) and the 

dopam ine surge that coincides with critical periods o f  developm ent in coho salmon has 

been postu la ted  as facili ta ting  grow th neuroplastic  events (Ebbesson et al., 1996). 

Similarly, expression of TH is believed to be important in neural developm ent (Bonnin et 

al., 1996) and L-Dopa has also been shown to have neurotrophic effects on dopaminergic 

neurites in culture (Mena et al., 1997; M ena et al., 1998). Receptors for dopamine are also 

believed to play a role in regulating the extent o f  terminal arbor size and com plexity  

within the substantia nigra (Parish et al., 2001). It is possible that such an action may not 

be restricted to cells of that type, however, and that such an effect, if it exists, may re- 

em erge after injury, since invasive surgery can induce proliferation of dopam inergic  

terminals in the mouse striatum (Howells et al., 1995). While the above observations do 

not confirm a specific growth enhancing action of dopamine after neural trauma, they do
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suggest that there is a resu ltan t rise in activity of the neurotransm itter , which may 

contribute directly or indirectly to early adaptive changes that subsequently take place in 

the cord.

L -D opa prevented  the com plete  return of pre-surgery caudal am plitude values 

(Fig. 4 .13B) perhaps because of an inhibited extension o f  long axons beyond the first 

caudal segment. M ax im um  distances reached were shorter than in o ther groups at 

equivalent recovery stages, although there was sufficient regeneration and establishment 

of synapses  w ithin the first caudal segm ent to effect early  recovery  of tail beat 

frequencies. The distribution o f  neurites was again random, although highly positively 

skewed, indicating a lot of short processes were still in the bridge. The result at 56 days is 

confusing, however, as only 5% of  growth cones could be traced beyond 2 mm, while 

over three quarters were still within 1 mm of the lesion and the mean length of regenerated 

axons was shorter than at the earlier recovery time. Since the data at 42 days pertains to 

only one fish, it is possible that the greater extent of growth seen was peculiar to that 

animal for unknown reasons, and is probably not representative of the typical reaction to 

such treatm ent. In any case, the data do not d ispute  the hypothesis  that the initial 

improvement may reflect an enhanced spurt of growth across the lesion site consequent of 

activ ity-dependent neuro trophin  release, which may then be replaced by a surge of 

profligate reconnection o f  synapses once the target tissue had been reached. Such a 

phenomenon could then have disrupted axonal elongation.

Neuronal activity manipulated at the level o f  the whole system versus restricted modes 

o f interference as tools fo r  unlocking features o f  the regenerative process

The findings o f  this chapter dem onstrate that increased activity, induced at the 

level of the whole animal via exercise regimens, can reduce the deterioration in swimming 

normally seen after a complete spinal transection. Vigorous physical training was also 

found to hasten the rehabilitation o f  most aspects of locomotion and the underlying axonal 

regeneration, at least to the target zone, particularly in conjunction with warm temperature 

shifts. Increased activity induced by exercise or L-Dopa treatment seems to have had little 

effect on neural regeneration p er  se and in some cases seemed to have hindered elongation 

of regrowing axons, except when water tem perature was variable, in which case such 

growth was expedited. The restoration of other parameters that rely on more extensive re

innervation, such as caudal amplitude, remained incomplete in the absence of temperature 

shifts. It was postu la ted , therefore , that e levated  activity  m ight serve to prom ote
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accelerated synapse re-establishment at the expense of axonal extension, while increases 

in temperature may enhance such elongation. The latter hypothesis was supported when 

regenerating neurites were found to have advanced further into the caudal stump when 

only temperature was increased. Recovery was not improved, however, suggesting that 

contact re-establishm ent was not enhanced. D ecreasing the tem perature also had little 

effect on the rate of rehabilitation, perhaps because the animals had acclimatised to such 

conditions. A combined impact of elevated temperature and exercise treatment was shown 

to elicit a m ore com plete  functional recovery, perhaps by providing a suitable neural 

environm ent for the intercellular com m unication o f  a variety of signals essential for 

regeneration.

The alternative possibility o f  systemic effects o f  activity, temperature or L-Dopa 

on functional recovery should not be ignored, however. For example, greater fitness due to 

exercise might also facilitate a more rapid rate of recovery if blood supply was improved, 

thus enabling more efficient uptake of oxygen and the development of increased immunity 

and/or muscle mass. Similarly, L-Dopa is known to exert actions on the heart and to cause 

vasodilation, which would also promote blood flow. Such enhanced metabolism could 

therefore indirectly allow more rapid regeneration of injured axons and might also occur 

as a result of  elevated temperatures, although the influence of this variable was weak. 

There is little evidence in the literature, however, for improved recovery after physical 

training that can be a ttributed to physiological effects  alone, suggesting  for these 

experiments at least that the observed changes were localised within the CNS.

The impact of such treatments on recovery was nonetheless quite subtle, perhaps 

because the system  was already in a regenerative  state. W e therefore  decided  to 

investigate how local manipulations of impulse activity, restricted to the target zone of 

regenerating neurons, would impinge on the process by interfering with the activation of 

receptors known to be involved in the production of rhythmic bursts in CPG networks and 

synaptic plasticity throughout the CNS.
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Chapter 5

Impact of NMDA Receptor Blockade on Locomotory 

Performance, Electrophysiological Responses and Axonal 

Regeneration in relation to Spinal Cord Transection
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5.1. Introduction
The N-methyl-D-aspartate (NM DA) receptor is widely known for its involvement 

in numerous dynamic processes that occur throughout the CNS, such as the refinement of 

developing projections (Cline, 1991; Debski et al., 1991; Simon et al., 1992; Schlagger et 

al., 1993; Schnupp et al., 1995; Katz and Shatz, 1996; Levitan and Kaczmarek, 1997; 

Purves et al., 1997), hippocampal LTP (Cline, 1991; Katz and Shatz, 1996; Levitan and 

Kaczmarek, 1997; Purves et al., 1997) and learning (Davis and Klinger, 1994; Pitkanen et 

al., 1995; Basham  et al., 1996; Xu, 1997). For instance, while developing central axons 

are directed to roughly the correct locations via m olecular cues, such as growth factors, 

(Cline, 1991; Goodman and Shatz, 1993; Cohen-Corey and Fraser, 1995; Katz and Shatz, 

1996; Purves et al., 1997; Z hang and Poo, 2001), the refinem ent o f  such imm ature 

connections is then thought to depend on activity dependent m echanisms involving this 

receptor (Cline, 1991; Debski et al., 1991; G oodm an and Shatz, 1993; Katz and Shatz, 

1996; Purves et al., 1997; Zhang and Poo, 2001).

There  is also am ple ev idence  for its im portance  in the re-estab lishm ent of 

appropriate  terminal arbors and functional synapses in regenerating systems (M eyer, 

1983; Schmidt, 1990; Flohr and Liineberg, 1993; Hieber and Goldman, 1995; d ’Aldin et 

al., 1997). Chronic blockade of the receptor with 2-amino-5-phosphonovalerate (AP5), a 

potent and selective antagonist, after injury in the guinea pig cochlea delayed neurite 

regrowth and functional recovery (d ’Aldin et al., 1997) and similar treatment to the tectum 

after optic nerve crush in the goldfish (Schmidt, 1990) prevented refinem ent of the 

retinotectal topography.

How does the NMDA receptor modify branch kinetics and synapse form ation?

T he m echan ism  by w hich the N M D A  recep to r  regu la tes  arborisation and 

synaptogenesis is thought to re.semble that operating in hippocampal LTP (Cline, 1991; 

Goodm an and Shatz, 1993; Katz and Shatz, 1996; Purves et al., 1997). The receptor is 

both ligand and voltage gated and requires a strong level of depolarisation to be activated, 

due to its blockade by m agnesium  ions at resting m em brane potential (Cline, 1991; 

Debski et al., 1991; Katz and Shatz, 1996; Levitan and Kaczmarek, 1997; Purves et al., 

1997). This feature is believed to enable the detection of correlated pre-synaptic firing 

patterns and subsequent translation into stabilising synaptogenic events in post-synaptic 

cells (Schmidt, 1990; Cline, 1991; Debski et al., 1991; Katz and Shatz, 1996; Levitan and 

Kaczmarek, 1997; Purves et al., 1997). Synchronous inputs are better able to provide the 

high levels of stimulation needed for removal of magnesium, and are thus strengthened,
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while neurites with mismatched impulse frequencies are withdrawn. The events leading to 

increased  synaptic  efficacy include ca lc ium  entry through such receptor channels 

(Schmidt, 1990; Cline, 1991; Katz and Shatz, 1996; Hieber and Goldman, 1995; Katz and 

Shatz, 1996; Levitan and Kaczmarek, 1997; Purves et al., 1997; Zhang and Poo, 2001) 

and subsequent phosphorylation of protein kinases and induction of proteins associated 

with synaptic  plasticity  and growth as seen in L T P  (Skene, 1989; Schmidt, 1990; 

Thoenen, 1995; Katz and Shatz, 1996; McAllister et al., 1999; Luque et al., 2001).

The results o f  the previous chapter demonstrated that elevated activity at the level 

o f  the w hole animal enhanced  some aspects of locom otor recovery after spinal cord 

transection, although sometimes the underlying axonal regrowth appeared to be impeded. 

The reason for this is unclear but may reflect premature re-establishment o f  synapses at 

the expense of elongation. Nonetheless, the effects o f  an overall increase in activity were 

quite subtle, possibly because a stronger impact on an already regenerating system might 

be difficult to detect. Therefore, we decided to investigate how a local disruption to 

neuronal firing patterns, restricted to the target area of re-innervation, would impinge on 

the process. Since the N-methyl-D-aspartate (NM DA) receptor has also been implicated in 

the production of rhythmic neural activity in locomotor CPGs (Dale and Roberts, 1985; 

Brodin and Grillner; 1985, Brodin et al., 1985; D ouglas et al., 1993; Hagevik  and 

M cClellan , 1994; Reith and Sillar, 1994; Sillar and S im m ers , 1994; Levitan and 

Kaczmarek, 1997; Scrymgeour-W edderburn et al., 1997; W annier et al., 1998; Delvolve et 

al., 1999), it seemed an ideal focus of intervention.

Involvement o f  the NMDA receptor in CPG activity

In the lamprey and other vertebrates, the initiation, and to a large extent, control of 

intraspinal c ircu its  depends on the activation o f  descend ing  reticulospinal neurons 

originating in the brain stem (Roberts and Williamson, 1983; Grillner et al., 1988; Mos et 

al.,1986; Dean and Paul, 1991; Mos and Roberts, 1994; Guertin and Dubuc, 1997; Levitan 

and Kaczmarek, 1997 book; W annier et al., 1998; Hagevik and McClellan, 1999), which 

are believed to utilise glutamate, an N M D A  receptor agonist, as their principal transmitter 

(Grillner et al., 1988; M cClellan, 1994; Levitan and Kaczmarek, 1997; W annier et al., 

1998). Bath application of N M D A  receptor agonists, such as kainate, L-aspartate, L- 

glutamate, or N M D A  itself, to isolated lamprey spinal cord or amphibian em bryos and 

larvae has been shown to be capable o f  inducing fictive locomotion (Brodin and Grillner; 

1985, Brodin et al., 1985; Douglas et al., 1993; Hagevik and McClellan, 1994; Reith and 

Sillar, 1994; Sillar and Simmers, 1994; Scrymgeour-W edderburn et al., 1997; Delvolve et
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al., 1999). Such an effect can then be disrupted by subsequent administration of NM DA 

recep tor  antagonists  such as (+)-5-m ethyl-10 ,l  l-dihydro-5H-dibenzo[a,d]cyclohepten- 

5 ,10-im ine hydrogen maleate (M K-801) or D-2-am ino-5-phosphonovaleric  acid (APS), 

although usually only long latency, slow bursting components of the swimming sequence 

were specifically blocked by the drugs (Dale and Roberts, 1985; Brodin and Grillner, 

1985; Brodin et al., 1985; Grillner et al., 1988; Delvolve et al., 1999). Conversely, high 

amplitude, fast components were resistant to such treatment, but not to administration of 

y-D-glutam ylglycine (y-DGG) or c/5'-2,3-piperidine d icarboxyla te  (PDA), which are 

com bined  antagonists of both N M D A  and kainate receptors (Dale and Roberts, 1985; 

Brodin and Grillner, 1985; Brodin et al., 1985). There is also evidence from research on 

spinal reflex pathw ays for the specific involvem ent o f  the receptor in slow synaptic 

interactions. For example, Thom pson et al. (1993) dem onstrate in the rat a significant 

overall reduction in both the area o f  the ventral root potential (VRP) evoked homo- 

synaptically by single shock C-fibre stimulation in the dorsal root and in the amplitude of 

the summ ated VRP in response to low frequency afferent fibre excitation following AP5 

application. The importance of the N M D A  receptor in mediating slower components of 

physiological responses has similarly been reiterated elsewhere in relation to sensory 

synaptic transmission within the spinal cord (Li and Tator, 1999), and at reticulospinal 

neurons (Vinay et al., 1993; Di Prisco et al., 1995). The requirement of strong stimulation 

by this receptor to be functional allows such endow ed cells to respond differently to 

diverse forms o f  excitation. Such a property may also explain how it underlies slow rising 

com ponents  of electrophysiological responses if longer times are needed for cells to 

become sufficiently depolarised.

The wealth of evidence for the presence of glutamate (Akoev, 1995; Hieber and 

Goldman, 1995; Di Prisco et al., 1995; El M anira et al., 1996; Vinay et al., 1998) and the 

NM DA receptor (Dale and Roberts, 1985; Brodin and Grillner, 1985; Brodin et al., 1985; 

Grillner et al., 1988; Devolve et al., 1999) throughout the nervous system o f  many fish, 

makes it reasonable to suppose that similar mechanisms are responsible for the production 

of patterned behaviours in eels. In this study, we used thin pieces of Elvax 4 0 ?  (EVX), an 

easily m anipulated porous material that has no biological side effects and is capable of 

prolonged delivery o f  biogenic molceules (Rhine et al., 1980; Silberstein and Daniel, 

1982), to administer AP5 locally to the spinal cord. W e then investigated the effect of 

such  t re a tm e n t  on sw im m in g  in the in tac t u n tra n se c te d  an im al and  at the 

e lectrophysiological level in untransected spinalised eels. In another set o f  animals,
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implants were positioned over the caudal portion of spinal cord at the time of cord 

transection  to test how the drug w ould  im pact on behav ioura l  recovery , axonal 

regeneration and electrophysiological responses after such an injury.
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5.2. Materials and Methods
General maintenance o f  animals

Forty-tw o eels (318 - 556 mm) of unknow n sex, originally  obtained from a 

hatchery (Aqua Arklow, Ireland; n = 10) or from the river Ballisodare in Co. Sligo, (n = 

32), were used in the following experiments. They were maintained in stock aquaria as 

described in Chapter 2. Experim ents were carried out in accordance with the European 

Communities Council Directive (86/609/EEC).

Preparation o f  Elvax implants and their surgical installation over the spinal cord

Elvax beads (obtained as a gift from Dupont, UK) were washed in several changes 

of 95% alcohol over a one-week period while continuously stirred. The beads (0.5 g) were 

then dissolved in 5 ml methylene chloride to give a 10% solution. For AP5-impregnated 

implants, 1 mg of D-2-am ino-5-phosphonovaleric  acid (D-AP5, active isomer. Sigma, 

UK) and 5 |il distilled water were added to the E lvax-m ethylene  chloride mix. This 

produces a concentration of 10 mM D-AP5 in the Elvax solution since the water and 

methylene choride are evaporated away at a later stage. For control implants, only 5 |il 

distilled water was added to the solution. In both cases the mixture was then quick-frozen 

in an acetone/dry ice bath for 10 minutes, after which it was covered with Parafilm and 

kept at -20° C for two days. Subsequently placing the hardened polym er under a mild- 

vacuum at room temperature for a further two days rem oved any rem aining water and 

methylene chloride. Sections were then cut (100 |im) on a sledge microtome, using dry ice 

and alcohol to cool the stage and harden the polymer. These sections were then trimmed 

into pieces m easuring approximately 4.5 mm x 0.5 mm (although one end was usually 

slightly wider).

Fo r  spinal cord  transection  and/or surgical im p lan ta tion , an im als  w ere 

anaesthetised and the spinal cord exposed at a level of thirteen segments caudal to the 

anus as outlined in Chapter 3. The implant was then inserted, narrower end first, u.sing 

fine forceps into the gap in the neural canal extending caudally between the neural 

arches and the dorsal surface of the spinal cord of each fish, taking care not to damage 

the associated blood vessels. The wider end abutted the vertebral bone and held the 

piece in place (Fig. 5.1). Each animal was then sewn up immediately after placement of 

the implant (n = 5), or after the cord was completely cut using micro-scissors, thus 

producing a gap of roughly 1 mm as described in Chapter 3 (n = 36). All animals were 

artificially  respired  until they regained consciousness  and were then re tu rned  to 

individual holding tanks, where they remained for various intervals (see later).
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F ig u re  5 .1 . D iagram  sh o w in g  im plantation  o f  A P 5 -im p reg n a ted  E lvax  in b etw een  the neural arch o f  the 

vertebral colum n and the dorsal surface o f  the spinal cord (f ille d  curved arrow). W hite m atter is indicated at 

(a) and grey matter at (c). The central canal is denoted by the arrow (b). N ot to sca le.

Investigation o f  the effect o f  NMDA receptor blockade on behavioural recovery

Swinvning behaviour

The sw im m ing  perfo rm ance  (tail beat frequency, caudal am plitude , postural 

observations) o f  nineteen animals was established using tunnel 2, as described in Chapter 

2, before surgical intervention (spinal cord transection and/or implantation o f  Elvax pieces 

containing D-AP5 or vehicle solution). Five of these animals were used to determine the 

impact of N M D A  receptor b lockade on normal sw im m ing  behav iour  and received 

implants with the drug but did not undergo a spinal cord transection. Their  locomotory 

behaviour at 3 speeds (0, 164 ± 5 mm/s and 590 ± 20 mm/s) was recorded on various 

occasions after implantation (5 days, n = 3; 13 days, n = 4; 22 days, n = 2; and 30 days, n 

=  1 ).

The remaining fourteen eels received implants impregnated with D-AP5 (AP5- 

treated, n = 7) or water (EVX-controls, n = 7), immediately before the cord was cut. Their 

swimming performance (0, 164 ± 5 mm/s and 590 ± 20 mm/s) was then m onitored at 15 

(AP5-treated, n = 3), 20 (AP5-treated, n =1), 35 (AP5-treated, n = 6; EV X-controls, n = 

7), 60 (AP5-treated, n = 5; EVX-controls, n = 7) and 85 days (AP5-treated, n = 2; EVX- 

controls, n = 3) after the operation. Such behaviour was then statistically  com pared 

between groups and with that of the transected eels, described in Chapter 3, using a one 

way repeated measures A N O V A  (p < 0.05) and Scheffe post hoc tests.
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Investigation o f  the effect o f  NMDA receptor blockade at the electrophysiological level - 

Treatments

Previously imtrcmsected APS treated spinal preparations

The aim of these experiments was to determine how N M D A  receptor blockade 

would interfere with axonal conduction and synaptic transmission in the intact animal, in 

order to uncover its possible mode o f  action. Tw o o f  the five eels that had received 

implants of APS, but no transection, were prepared for electrophysiological analysis of 

spinal cord responses as described in Chapter 3 (pp. 59-63) after behavioural experiments 

were term inated. At seven and twelve days after injury respectively , each fish was 

anaesthetised, decerebrated and the cord exposed in the region of the implant. This portion 

was at least 17 mm long and included areas up to 3 m m  rostral to the implant and 

extending to 12 mm caudally . The anterior spinal cord was stim ula ted  and signals 

obtained and stored for examination in the m anner already described. Such procedures 

enabled subsequent comparison of compound recordings with those obtained in untreated 

spinal eels that had not received a spinal transection (discussed in Chapter 3). 

Electrophysiological comparisons between previously transected AP5-treated and EVX- 

control spinal eels

Experiments were then undertaken to compare the electrophysiological responses 

at different recovery stages of regenerating axons and synapses in control eels that 

received vehicle implants (n = II),  with those of eels with APS impregnated implants (n = 

1 I). The details regarding the control eels have already been discussed in Chapter 3 to 

illustrate the pattern of recovery at the electrophysiological level in the absence of activity 

manipulations. Nevertheless, such results will be presented again briefly for comparison 

with those concerning AP5-treated fish. Eels were anaesthetised for surgical implantation 

and spinal cord transection as already described. At 20 days after the operation, some of 

the animals (AP5-treated, n = 5; EVX-controls, n = 4) were re-anaesthetised, decerebrated 

and the cord exposed rostrally and caudally in the region o f  the implant/transection (at 

least 17 mm, except for one control eel at 187 days, where 70 m m  was dissected out). 

Records were again made o f  physiological responses to stimuli delivered to the rostral 

spinal cord and stored on disks for later investigation. As before, only surface recordings 

were taken in order to preserve the axonal tissue for Dil labelling. Electrophysiological 

recordings were again made at 29 days (AP5-treated, n = 1), 35 days (AP5-treated, n = 5; 

EVX-controls, n = 5) and at 187 days (EVX-control, n = 1).
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Stimulus and recording protocol

Stimuli (0.2 ms) were applied to the rostral cord either singly or as paired pulses as 

described previously (pp. 62). Single traces were obtained initially, followed by averages 

of usually 20 - 50 sweeps (3 s between each), except when paired stimuli were delivered, 

in which case only the single traces were taken. Responses to paired pulses revealed the 

presence and nature of synaptic facilitation. In untransected eels treated with APS, 

recordings were made at locations up to 7 mm rostral from the implant, directly ventral to 

its rostral end and just posterior to its caudalmost edge. In transected EVX-controls and 

AP5-treated eels, surface recordings were obtained at sites up to 6 m m  rostral to the 

bridge region and at multiple sites up to 10.5 mm caudal, or up to 63.5 mm caudal in one 

control individual at 187 days.

Analysis o f  recordings

Recordings were analysed as detailed in Chapter 3. Briefly, the latencies from 

stimulus to onset and peak of response five principal were m easured for five principal 

com ponents  o f  the response  and real potentials d istinguished  from those passively 

conducted by comparing conduction times. Conduction velocites and sequential groups of 

synaptic responses were contrasted at different sites for all animal groups and over time 

between untransected eels treated with APS and transected eels receiving either control or 

experimental implant. The ratio between measured velocity and predicted velocity for 

each axonal response was also used to assess possible changes in axon size.

Investigation o f  the effect o f  NMDA receptor blockade on axonal regeneration

A nim als  were re-anaes thetised  and in jected  with heparin  (0.1 ml sc, Leo 

Laboratories, Ireland) before perfusion at 20 days (both groups, n = 2), 30 days (AP5- 

treated, n = 1), 65 days (EVX-controls, n = 2), 69 days (APS-treated, n = 1) and 86 days 

(both groups, n = 1). Dil labelling of regenerated axons was then undertaken as previously 

described (Chapter 3). Com parisons were then made of growth cone distributions at 

different stages of recovery between the two groups using the M ann-W hitney U test (p < 

0.05).
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5.3. Results
Impact o f  APS treatment on normal swimming and its effect on physiological responses 

to brain stem stimulation within the spinal cord

Swimming in untransected eels with APS implants

Before the operation, ail eels swam  as already described (Chapter 2), elevating 

rostral cycle rate and tail beat frequency as forward speed increased. No relationship was 

detected between caudal amplitude and forward speed, with the form er remaining one 

seventh o f  the body length on average. Each animal displayed the typical S-shaped 

posture when stationary.

After implantation, there was no significant change in tail beat frequency at each 

speed (p > 0.05), nor in caudal amplitude (p > 0.05). Note again that all data are expressed 

as percentages o f  pre-surgery values. This contrasts with the trends displayed by the 

transected fish of Chapter 3 (tail beat frequency = p < 0.001; caudal amplitude = p < 0.01). 

I conclude therefore that APS treatment does not interfere with swim m ing in the intact 

animal.

Electrophysio log ica l responses in prev iously  untransected, A P S-trea ted  spinal 

preparations

The aim of this part of the project was to ascertain what effect, if any, AP5 

treatment has on the various components of the evoked spinal cord response, determined 

electrophysiologically. At seven and twelve days after implantation, in both AP5-treated 

fish, a com plex  response, com posed  o f  two fast peaks fo llowed by a series of later 

potentials of varying sizes was detected at locations rostral to the implant after delivery of 

single 50V shocks (Fig. 5.2A, B, D) to the rostral cord. The averaged traces resembled 

those reported in Chapter 3 for spinalised animals; five or six principal com ponents were 

distinguished, the velocity o f  the fastest of which was 88 - 107 m/s. The com pound 

synaptic potential, where it was seen, emerged roughly 3 ms after input of the stimulus, 

coincident with the initiation of the second component. Some later groups, with latencies 

ranging from 8 - 1 5  ms, were often larger in amplitude than preceding groups and may 

have signified CPG interaction. The time of arrival of the final response assem blages 

varied from 1 6 - 2 6  ms. Thresholds for early potentials were usually 8 - 9V and most 

subsequent groups appeared when the stimulus voltage was raised up to 14V. However, a 

stimulus of more than 20V was sometimes required before the later elements appeared.

If a pair of pulses 20 ms apart was applied, some facilitation of responses with 

intermediate latencies occurred, particularly with respect to the third group. This was the
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case until at 8 m s s t im u lus  interval, w here  the p h en o m en o n  b ecam e m ore  dram atic ,  with 

som e responses  increasing  in am plitude  by up to 300% . A t shorter  intervals , it w as rarely 

possib le  to m easu re  am pli tudes  for com p ar iso n  befo re  and  after the second  s tim ulus ,  as 

s t im ulus  and  seco n d  re sp o n se  w ere  co incident.  N o n e th e le ss ,  co n s id e rab le  facil ita t ion  of 

the sam e peaks  w as o b v io u s  at 4  m s, e spec ia l ly  i f  the t issue  w as a l lo w ed  so m e time 

(approx. 1 m in) to recover  betw een  stimuli, strongly  suggesting  synaptic  ac tions. A t 3 ms 

interval, facilita tion  was neglig ib le  and later responses  tended  to be refractory , w hile  at 2 

ms, only a single co m p lex  response  w as seen.

At seven days  post im planta tion , a very d ifferent fo rm  o f  response  to a 5 0 V  shock 

was apparen t un d ern ea th  the A P 5 -im p reg n a ted  im plan t that w as co n s id erab ly  sm alle r  in 

size (Fig. 5 .2B , do tted  line). T w o  small early  po tentials  fo l low ed  by tw o severely  reduced  

com ponen ts  w ere  identified  and the la tencies plo tted  aga inst  those o f  responses  detec ted  at 

the m ore  rostral site in the sam e fish (Fig. 5.3). All g roups  p resen t  had  longer  la tencies 

than the co r re sp o n d in g  rostra l peaks  and  h en ce  w e re  not m ere ly  a re su lt  o f  pass ive  

con d u c tio n  from  that site. F u r th e rm o re ,  the in tegrity  o f  the re sp o n se  n o rm a lly  seen  at 

d ifferent locations a long intact cord, as show n in F igure 5.2C, w ould  s im ilarly  negate  such 

a possibility. T he  s low est com ponen t,  observed  rostrally at 16 m s after s tim ulus input, was 

absent from this caudal site, h o w ev er  (Fig. 5 .2B, em pty  b lock  arrow ). N o  facil ita t ion  of 

any peak was o b v io u s  upon  delivery  o f  paired  stimuli separa ted  by e ither 20  m s or 3 ms 

intervals.

At tw elve  days, record ings taken from  undernea th  the A P 5 -im p lan t  (7 m m  caudal 

to the rostral re co rd ing  in this an im al)  revea led  m ost o f  the sam e co m p o n en ts  w itnessed  

rostrally, but the synaptic  w ave observed  at that location w as absent from  the caudal trace 

(Fig. 5.2C, do tted  line, f il led  b lock arrow ). All p rincipa l e lem en ts  had  longer  la tencies 

than at the rostra l  site  and  w ere  th e re fo re  co n s id e red  true  po ten tia ls .  In g en e ra l ,  the 

am plitude o f  all p resen t responses appeared  sm alle r  than at the an ter ior  location, a lthough 

they were not as d ram atica lly  reduced  as at seven days. F u rtherm ore ,  the th ird  and  fourth 

potentials occasionally  becam e facilitated after delivery  o f  a pair o f  pu lses  separa ted  by 2, 

3 or 4 ms. Such increases  in am plitude  w ere  enhanced  after a l low ing  the tissue to recover 

from stim ulation  for several seconds. R eco rd ings  m ade  at the m ost caudal site (a fu r ther  4 

mm caudally)  sh o w ed  that fou r  o f  the five m ain  identified  e lem en ts  w ere  ca p tu red  with 

longer la tenc ies  than  at e i th e r  p rev io u s  loca tion .  All p o ten t ia ls  w ere  a lso  s m a l le r  in 

am p li tu d e  than rostra l  to the im p lan t  and  no n eg a tiv e -g o in g  sy n ap t ic  p o ten tia l  was 

apparent. T he effect o f  paired  stimuli was not investigated  at this site.

149



Anterior Posterior
spinal cord

20

mV

-40
0 124 8 16 20 24

40

20

-20

-40

0 10 20 30 40 50 60

40

mV

-40

-80

0 4 8 12 16 20 24
Time, ms

Figure 5.2. Electrophysiological traces from untransected spinalised eels with APS implants in response to 

rostrally delivered supra-threshold stimulation. A: Schematic diagram illustrating brainstem stimulation at 

(a) and recording at sites rostra! to (b), underneath (c) and caudal to (d) an APS impregnated implant (e). B: 

Averaged tracc made rostral to (solid line) and underneath (dotted line) APS implant at 7 days. C: Two 

superimposed single recordings taken 1 mm apart in an untreated spinal animal to show consistency of 

responses. D: Averaged trace made rostral to (solid line) and underneath (dotted line) APS implant at 12 

days post implantation. Stimulus at arrow. Note the decline in amplitude of the caudal responses in B and 

D, but not in C. The slowest component has disappeared from recordings made under the implant in B 

(empty block arrow). Although responses have re-emerged in such traces by 12 days in D, the obvious 

negative wave (open ended arrow) seen rostrally is not present in the caudal trace (filled block arrow).
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F ig u r e  5 .3 .  L atency  to o nset  o f  each c o m p o n en t  o f  the response  (ca tegor ised  in order o f  chrono log ica l  

appearance) d e tected  rostral to ( f i l led  co lu m n s)  and underneath (em p ty  c o lu m n s )  an APS im pregnated  

implant in one untransected spinal eel at 7 days post- im plantation .  N o te  that the latency for the response  

obtained underneath the implant is s l ightly  greater, rel lecting the time taken for the response to travel to the 

more caudal site.

These results indicate that APS treatment can at least reduce and sometimes block 

the slower components of the cord response. The responses o f  such groups are, therefore, 

NMDA receptor-mediated and probably represent activity of the locomotor CPG circuitry. 

However, the effect of the drug appears to wane over time, with responses not as weak at 

12 days as at 7 days post implantation.

Im pact o f  APS treatm ent on recovery at the behavioural, electrophysiological and 

histological level after a complete spinal cord transection

Swimming in transected eels with APS implants and their corresponding controls

In the swim tunnel, tail beat frequency for all fish was significantly greater at each 

speed at the first time o f  measurement after the operation than before surgery (p < 0.05), 

producing an elevated slope value in line with the pattern reported in Chapters 3 and 4. 

For EVX-controls, slope values of tail beat frequency/speed throughout the experiment 

matched those reported in Chapter 3 for transected eels and thus showed the same trend of 

rehabilitation (p = 0.72). In contrast, in AP5-treated eels the slope remained at high levels 

until 85 days (Fig. 5.4A), reflecting a delay in recovery, after which this param eter was
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indistinguishable from that measured before surgery and no statistical divergence could be 

detected at this time (p = 0.13). W hen the overall pattern of recovery was compared 

between the AP5-treated group and either the EV X-controls , or the transected eels of 

Chapter 3, a significant difference was found to exist (p < 0.01). This difference was most 

marked at 60 days (Fig. 5.4A).
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F igure 5 .4 . M ean changes (±  SEM ) over tim e relative to pre-surgery in A: the slope o f tail beat 

frequency/speed and B: caudal amplitude for AP5-treated eels (filled  colum ns, n = 7) and EVX  controls 

(empty colum ns, n = 7). Both locom otory parameters are expressed as percentages o f pre-surgery values. *p 

< O.OI.

Caudal amplitude in both AP5-treated and EVX-control fish declined in a similar 

manner as the transected fish of Chapter 3 (p < 0.04), and generally stayed at low levels 

up to day 60 (Fig. 5.4B). The param eter  was still below pre-surgery  levels in both 

implanted groups at that time, nonetheless, and rem ained  statistically different from 

normal in each until day 85. W hile  a significant difference was observed between the 

treated animals here and the fish of Chapter 3 (p = 0.04), no such contrast existed between 

AP5-treated fish and EV X-controls  (p > 0.3), and full recovery of this param eter was 

never witnessed in either set. Restoration of the normal S-shape when stationary, was 

similarly incomplete in most animals, although posture appeared more normal after 5 1 

days in four of the control counterparts.
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These results suggest that functional recovery was delayed by N M D A  receptor 

blockade. W hile pre-surgery levels of caudal amplitude were never re-observed in either 

group, values were lower in the drug-treated animals.

Electrophysiological recordings o f APS treated eels as compared with those obtained  

from  EVX controls

The typical complex response was found rostral to the transection, after averaging, 

at all recovery times in all fish following administration o f  single pulses to the rostral 

cord. Five or six principal elements could again be distinguished, including usually two 

fast com ponents, followed by several slower composite peaks. In AP5-treated eels, the 

first of these fast potentials had a mean initial velocity of 118.4 ± 3.9 m/s and a mean peak 

velocity of 79.2 ± 4 m/s. Similarly in EVX-controls, the fastest axons relayed impulses at 

a mean rate of 111.8 ± 6.9 m/s with a peak rate of 78.2 ± 4.7 m/s. In either group, later 

elements arrived at 9 - 27 ms after the stimulus. Some facilitation of most response groups 

(usually groups III - V, and occasionally groups II and VI) was observed in response to 

paired stimuli 10 - 20 ms apart, but the largest enhancem ent usually occurred when the 

shocks were 3 - 6 ms apart, particularly of groups II - IV, although sometimes later groups 

became refractory at these intervals.

At twenty days after surgery in AP5-treated eels, intermediate and late potentials 

only were revealed up to 2 mm caudal to the lesion site, including the bridge region, after 

averaging and screening as described earlier. In addition, the strength of stimulus needed 

to activate these components was greater below the cut than above it. No field potentials 

could be detected further caudally, with the exception of one eel that displayed some 

components up to 3.5 mm. This contrasts with the control animals where responses could 

always be found at this distance. In all fish, these com prised groups III and IV with 

latencies ranging from 5 - 15 ms and occasionally groups V and VI (19 - 21 ms latency 

range). The responses were less complex and sometimes smaller in amplitude than those 

acquired rostrally and in drug treated fish, were always smaller than those acquired in 

corresponding control eels at similar locations (Fig. 5.5A, B). Group III elements were 

often facilitated, even at 3.5 mm in the one outlier, but likewise increases in amplitude as 

a result o f  paired pulses were not frequently observed in other groups at smaller distances 

(Table 5.1). In general no synaptic responses were observed more caudal than 2 mm in the 

drug-treated animals. Control eels, however, usually displayed additional facilitation of 

group IV up to 3.5 mm. There was no clear pattern in amplitude enhancem ent in any eel 

with respect to progressive decreases in stimulus interval. Once again, the level of
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Figure 5.5. Electrophysiological recordings (averages of 20 traces) obtained from both groups at 1.5 

mm caudal to the transection at different times after surgery. A: Schematic diagram illustrating 

brainstem stimulation at (a) and recording at sites rostral (b) and caudal (c), (d), (e) to the 

regenerated bridge (0 - The position o f the implant is indicated by the grey rectangle (g). B: 

Averaged traces at 20 and C: 35 days post-surgery in AP5-treated fish (filled block arrows) with 

those from EVX controls (empty block arrows) at identical recovery times superimposed for 

comparison. Stimulus at arrow.



facilitation was considerab ly  sm aller  than that seen at the rostral site, declining 

significantly with increasing caudal distance in both animal groups (p < 0.0001; Fig. 5.6), 

but was, in general, less robust in drug-treated  eels than that seen in the control 

counterparts, suggesting the presence of even fewer and/or weaker synapses (Figs. 5.6, 

5.7). There was, however, little difference in the contribution o f  synaptic responses 

between these fish and the controls at this recovery stage (p = 0.41).
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F ig u re  5 .6 .  C h a ng es  in mean number (±  SE M ) o f  facil itated responses  in APS treated eels  

(f i lled c ircles)  and E V X  contro ls  (em pty  c ircles)  with increasing  caudal d istance  from the 

transection site at A: 2 0  and B: 35 days post-surgery.

The ratio o f  m easured  conduction velocity to expected  velocity  at 20 days, 

calculated for purely axonal responses, was almost one over the bridge and at 1.5 mm 

caudal, indicating that most fibres at those positions were conducting impulses at the 

predicted speed (Figure 5.8A; filled bars). This index exhibited a more marked decline at 

2 mm relative to similarly located projections in the corresponding controls. In the one eel 

from which more caudal potentials were obtained, the values were also well below those 

calculated in the controls. There was some fluctuation am ong anim als and the mean 

overall caudal ratio was 0.89 ± 0.04 for drug-treated animals in comparison with 0.93 ± 

0.02 for EVX-controls.

Only intermediate respon.ses (III, IV), with 7 - 10 ms latency, could be detected up 

to 3 mm below the injury site in the one animal (AP5-treated) that was investigated 

physiologically at twenty-nine days. No potentials were found at greater distances. The 

fields present were larger and more complex than those seen at twenty days and stimulus
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thresholds ranged from 4  - 76V . Both sets o f  com ponents w ere facilitated to a small extent 

at 1.5 mm in response to paired pulses, but no double stimuli were adm inistered at 3 mm. 

The overall ratio o f  caudal conduction velocity was 0 .77  ±  0 .06 , low er than determined for
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F ig u re  5.8. M ean  ratio (± SEM ) o f  conduction velocity measured caudally versus that m easured  rostrally for 

response  com p on en ts  (com bined  for fish o f  each group at each site) in A P5-trea ted  (filled co lum ns)  and 

E V X  contro ls (em pty  co lum ns)  at A: 20 (AP5-treated , n = 5, E V X  only, n = 4) and B: 35 days (n = 5 for 

each group).
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similarly located fibres in control animals at the earlier recovery stage, suggesting a 

slower rate of impulse transmission in the treated fish.

Recordings m ade at thirty-five days post-surgery revealed intermediate and late 

com ponents  (groups III - IV) of the series still at distances of only up to 3 mm in AP5- 

treated animals, although a fast peak arriving at 2.4 ms after stimulus input was seen in 

one eel. In general, however, the earliest components were not seen until 4 - 1 2  ms, while 

slower elements appeared with up to 21 ms latency. W hile group III -  VI responses were 

similarly found up to 3 mm in control eels, some intermediate groups were also detected 

as far as 6.5 m m  caudal in these animals. Pulses o f  sim ilar voltage, however, were 

required  across experim ental groups for the induction o f  such responses. Although 

generally larger in amplitude than potentials seen at twenty days, the responses in both 

AP5-treated and vehicle treated fish remained quite small at all caudal sites, although such 

com ponents  were again smaller in the drug-treated eels than those of their corresponding 

controls at this survival time (Fig. 5.5C). Nonetheless, some occasional facilitation of 

in te rm ed ia te  com ponen ts  was observed  up to 2 mm in both groups. W hile  such 

enhancem ent was also seen up to 5 mm in the controls, only group III elements were 

weakly enhanced at 3 mm in the drug-treated animals. Such a result suggests that there 

were few er synaptic com ponents  in AP5-treated fish than in the control counterparts, 

although these differences were insignificant (p = 0.81). In any case, a progressive and 

significant increase in synaptic involvement with time (p = 0.009), and caudal distance (p 

< 0.0001) was apparent in both animal sets (Figs. 5.6; 5.7B, C).

Ratios of expected conduction velocity against actual velocity approached one near 

the bridge region in both groups o f f i s h  and although larger at all positions than at twenty 

days, the index had declined considerably at the furthest site and was notably lower in 

drug-treated eels than that corresponding to the controls (Fig. 5.8B).

T hese  observa tions  show  that while  regeneration  is not p reven ted  by AP5 

treatment, the process is slowed, as evidenced by the shorter caudal distance from which 

responses could be obtained, reduced conduction velocities and decreased prevalence of 

synaptic components relative to the control counterparts.

Axonal regeneration in transected eels with APS implants and their corresponding  

controls

In AP5-treated fish, at 20 days after the transection, a bridge of regenerated tissue 

was present, a lthough very transparent, flimsy and delicate and, as in eels with only a 

transection (Chapter 3), the two stumps could be seen to taper into a c lear amorphous
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mass. Occasionally , blood clots could be found in the vicinity of the w ound site. No 

m elanocytes were visible in this region, and only a few were detected in regions of cord 

under the implant. The implant had remained in position over the caudal surface in one 

anim al, while  it had slipped forw ard slightly in the o ther specim en. In both cases, 

how ever ,  the tissue undernea th  the im plant had a f la ttened  appearance , possibly 

suggesting some form of tissue degeneration.

In EVX-controls, the connection was less narrow and more substantial at the same 

recovery stage, with a smaller portion of transparent, gelatinous tissue in between the 

rostral and caudal stumps. W hile  the Elvax piece had slipped slightly caudal in one 

animal, melanocytes were always present along the surface underneath, as in eels with 

only a transection. The Dil labelling revealed that axons had extended as far as 2.5 mm 

from the rostral stump in one AP5-treated fish (Figs. 5.9A; 5.10A), but this proportion 

was very small (4.7%). Over three quarters of the regenerated processes in such treated 

animals had not penetrated the caudal stump, with most being under 0.5 mm and almost a 

third only reaching distances of up to 1 mm. Axons in the control counterparts, however, 

had advanced up to 5 mm (Figs. 5.9B; 5. lOB), which was further even than transected eels 

of Chapter 3 at comparable times. Many were still under 0.5 mm, although over a third of 

the axons in this group had progressed beyond 2 mm and as such displayed a similar trend 

of growth as those fish in that respect. This distribution of axonal growth cones was 

different from that displayed by AP5-treated eels (p < 0.0001).

At 30 days, the bridge was still quite insubstantial and amorphous in AP5-treated 

eels and had separated in one individual upon removal from the vertebral column. The 

implant in that animal, however, had fallen slightly forward and partially obstructed the 

gap between the two stumps. The treated Elvax piece had remained in position in the other 

animal and, in both fish, there were no melanocytes in the region of the wound or under 

the implant. The underlying tissue was also somewhat degraded in both specimens as at 

earlier recovery stages. Growth cones could now be found up to 4 mm from the rostral 

stump however (Fig. 5 .I0A ), but these accounted for only 0.1% of the total population. 

Approximately 66% of the labelled axons were still within 0.5 mm of  the transection, 

while just under 20% of regenerated axons had travelled over 2 mm and into the caudal 

stump. Such a distribution is significantly different (p < 0.0001) from that observed 

around this time in eels with only a transection (Chapter 3), where the greatest distance 

reached by regrowing neurites was 6 mm and over 40% had progressed beyond 2 mm at 

least. Axonal growth measurements were not made at this time for EVX controls.
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Kigure 5.9. Micrographs o f hori/onlal sections through A; the rostral stump and regenerated briilge of 
the spinal cortl of an F.VX control animal at 20 days and B: the rostral stump ol an AP5-treated eel at 
the same recovery stage. The bridge region is indicated hy a double-ended arrow and the central canal 
is not visible in either section. Note the growth o f axons through the bridge region and into the caudal 
stump in A. but absence o f such growth in B. Rostral is up. Scale bar: 1 mm.
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F igure 5 .10 . M ean proportion  o f  total axon num ber (± SE M ) at varying d is tances from  the lesion in A: 

AP5-treated eels at 20 (n = 2), 69 (n = 1) and 86 (n = 1) days post-surgery and B: E V X  controls at 20 (n = 

2), 65 (n = 2) and 86 (n = I) days post-surgery.

The br idge at 69 days in the AP5-treated individual  was still very flimsy and 

translucent, resembling the connect ion seen at 15 days in eels o f  Chapter  3. The implant 

was still in posit ion over  the caudal  s tump,  and there was some ev idence of tissue 

degradat ion  as ear lier  and no melanocytes  could  be seen along this surface.  The 

connect ion at 65 days in the corresponding EVX-controls ,  however,  was markedly more
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substantial and only slightly narrower than the rest of the cord. W hile there were still no 

m elanocytes in the injury site, some were seen encroaching that area from either side and 

were present throughout the rest o f the cord, including underneath the implant, which had 

stayed in place in both cases. Growth cones were present as far as 7 mm in the drug 

treated fish (Fig. 5. lOA), with over a quarter of the total being further than 2 mm from the 

lesion, but there was prolific growth into the wound region, with over 50% still shorter 

than 1 mm. The m ax im um  distance  a tta ined by regrow ing  axons in the control 

counterparts was 10 mm, which was greater than the longest neurites in the transected fish 

o f  Chapter 3. Although at least 25% of growth cones could be found beyond 2 mm from 

the rostral stump in both sets, the overall shape of the distribution was quite different 

when comparing the two groups (Fig. 5. lOA, B), and a significant contrast was detected (p 

< 0 .0001).

At 86 days, the regenerated bridge in the AP5-treated animal was quite substantial 

and less narrow than at 69 days, although still som ew hat transparent and lacking in 

m elanocytes. The impregnated Elvax piece was in position over the caudal portion of 

cord, which appeared relatively intact and possessed several small m elanocytes on its 

dorsal surface. The connection  in the corresponding  control animal was similarly 

translucent, with no melanocytes, although it was no thinner than the rest o f  the cord. 

Once again, the implant had remained above the caudal stump and there were no signs of 

degradation. The patterns of axonal regrowth in both treated and non-treated fish were 

similar, with some axons extending up to 9.5 and 10.5 mm respectively, and as such 

resembled the trend seen in eels with only a transection at 77 days (Fig. 5 .I0A , B). Many 

short processes under 0.5 mm long were again present, but there were nearly twice as 

many of these in the AP5-treated eel. The proportion longer than 2 mm was also greater in 

controls, with nearly 50% of axons being longer than this distance as com pared with just 

under 30% in the treated counterpart. The former distribution mimicked that witnessed in 

the transected fish of Chapter 3, where 60% of growth cones were observed beyond 2 mm. 

Such differences betw een the current experimental animals were subtle, however, and 

almost failed to reach statistical significance (p = 0.04).

These results support the previous findings regarding supressed axonal 

growth induced by AP5-treatment. Such an inhibitory effect is not m aintained at later 

stages of the process, however, since a compensatory surge of growth appeared to have 

taken place by such times. Nonetheless, regenerated processes were always shorter in 

drug-treated animals than in their controls.
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5.4. Discussion
Chronic  APS treatm ent, p rovided  by an Elvax implant, seriously reduced or 

blocked slower e lements of the complex response typically seen in untransected spinalised 

eels (Chapter 3, pp. 74), and that are presum ed to represent CPG activity. The drug 

prevented facilitation induced by paired stimuli at 7 days after implantation, an effect that 

had become attenuated at 12 days. APS treatment was not, however, found to modify the 

swimm ing performance of intact eels.

In transected eels, when com pared with untreated fish, chronic APS treatment 

delayed both functional recovery and axonal regeneration by roughly 25 days. The most 

significant behavioural difference between the treated animals and the controls was seen at 

60 -  69 days post-surgery, when rehabilitation was almost complete in the latter. At the 

histological level, the contrast in pattern of axonal regrowth was m ore dramatic at 20 

days, although regenerating axons were always shorter in the drug treated group. At 20 

and 3S days after surgery, only intermediate -  slow com ponents  of the physiological 

response, that were smaller in amplitude than those obtained rostrally, could be recorded 

caudal to a transection in both control and APS-treated groups. Such responses had 

increased in complexity , size and num ber at 3S days. There were also more facilitated 

com ponents  at the later recovery stage in both animal sets, indicating a progressive 

increase in synaptic interaction as regeneration proceeded. In all fish, axonal elements 

relayed impulses at slower rates than determined rostrally at successively greater distances 

from the lesion site, but the ratio of actual velocity/predicted velocity approached one at 

all but the furthest position at later survival times. In general, more responses could be 

detected further posteriorly in control eels than in APS-treated animals at both recovery 

stages. Caudal potentials in drug-treated eels tended to be smaller than those of controls, 

particularly at day 35, and there were fewer synaptic components involved in the response 

of the former. In addition, axonal groups usually conducted relatively more slowly in the 

APS-treated fish than in the control set. There was a clear tendency, therefore, for animals 

with APS impregnated implants to display weaker physiological responses, where present, 

to supramaximal stimulation of brain stem descending projections throughout recovery.

These results, taken together with the behavioural and histological data, suggest 

that chronic N M D A  receptor blockade at post-synaptic targets immediately after injury 

can impede the regenerative process by hindering axonal growth and, possibly, subsequent 

synapse re-establishment.
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Impact o f  APS treatment on swimming and its effect on brain stem evoked responses

Why did APS treatment not impinge on intact swimming?

APS trea tm en t did not in terfere  with the pattern  o f  norm al sw im m ing  in 

untransected eels. The lack of an effect was not unexpected since the drug was applied 

locally and would only be expected to interfere with N M D A  receptors in one or two cord 

segments. Sw im m ing m ovements in the intact animal are integrated over the whole body, 

however, and would have compensated for local disruption via mechano-sensory feedback 

and long range intersegmental coupling mechanisms (Hagevick and McClellan, 1999). 

How does the form  o f  physiological responses in AP5-treated eels compare with those 

described in other vertebrates after such treatment?

The reduced  am plitude of late putative synaptic responses and inhibition of 

facilitation seen in the electropyhsiological studies on AP5-treated  fish was also not 

unexpected, given the involvement o f  the receptor in spinal C FG  activity (Brodin and 

Grillner; 1985, Brodin et al., 1985; Douglas et al., 1993; Hagevik and McClellan, 1994; 

Reith and Sillar, 1994; S illar and Sim m ers, 1994; Levitan  and Kaczmarek, 1997; 

Scrymgeour-W edderburn et al., 1997; W annier et al., 1998; Delvolve et al., 1999). The 

suppression of such networks indicates that the drug disabled the possible resetting effect 

elicited by brain stem stimulation.

Our results  would seem to com ply with the f indings o f  m ost o ther studies 

regarding this receptor. Locomotion is a complex algorithm involving the interaction of 

many components and hence relies on a variety of ionotropic glutamate receptor types and 

neurotransm itters for the modulation of different aspects of the rhythm, such as burst 

intensity  and frequency . For exam ple , Brodin et al. (1985) found  that increasing 

concentrations of N M D A  engendered slower frequency rhythmic discharges from ventral 

roots of the isolated lamprey spinal preparation (0.05 -  4 Hz) than those initiated by 

graded application  of kainate (0.5 -  8Hz). S im ilarly , AF5 was found  to suppress 

exclusively  the long-la tency responses evoked  in lam prey ventral roots by tail fin 

stimulation, that were characterised by bursts of low frequency and amplitude (Brodin and 

Grillner, 1985). Slow spontaneous fictive locomotion was completely arrested by the 

drug. The early, high amplitude, fast components of the sequence were, conversely, more 

resistant to the effects of AF5, but not to y-DGG or FDA, antagonists of both N M D A  and 

kainate. Dale and Roberts (1985), in their studies on individual cells of the CFG network, 

also noted that post-synaptic potentials in individual motoneurons consisted of both a fast 

component, mediated exclusively by kainate receptors, and a slow component, sensitive to
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AP5 and therefore mediated by the N M D A  subtype. The dichotomy of such responses led 

these researchers to conclude that the receptors were physically isolated on the same cell, 

although evidence does exist for their co-localisation (Konnerth et al., 1990).

The majority of findings suggest that non-NM DA receptors are responsible for the 

generation of intense, high frequency swimming, while slower m ovem ents depend more 

heavily on the activation o f  the N M D A  type. Interestingly, Dale and Roberts (1985) 

e labora ted  further to describe how the slow com ponen t o f  the response  summ ates 

throughout a swim cycle to produce a background level of excitation serving to sustain 

C PG  activity. The observed inhibition of facilitation in the present study would thus 

undoubted ly  preven t the es tab lishm en t o f  any background  excita tion . Conversely, 

Pananceau  et al. (1998) were able to induce short-term  facili ta tion  in guinea pig 

hippocampal slices in the presence of APS and concluded that non-N M D A  receptors were 

involved. However, they used only a very small dose of the drug (20 -  50 |aM), so it is 

possible that not all N M D A  receptor sites were blocked. Furthermore, Brodin et al. (1985) 

noted that the pattern of firing in response to the N M D A  was more distinct and regular, in 

contrast to that observed after administration of kainate, which was often quite erratic. 

This observation would seem to support that of Dale and Roberts (1985) implicating the 

N M D A  receptor in the m aintenance of a regular burst pattern. Interestingly, when both 

agonists were simultaneously added to the bath, the rate o f  fictive sw im m ing could be 

increased beyond the frequency range witnessed for either substance given separately, 

suggesting  a com bined  contribution to the locom otory program . This interaction of 

different receptor types is further corroborated by the fact that application of selective 

anatagonists usually attenuates, but does not completely prevent neural activity induced 

by excitatory amino acids (Hagevik and McClellan, 1994, Li and Tator, 1999), unless it is 

initiated by the relevant agonists alone (Brodin and Grillner, 1985; Brodin et al., 1985; 

Sillar and Simmers, 1994; Akoev, 1995; Scrymgeour-W idderburn et al., 1997). There is 

some discrepancy in this regard, however, since Douglas et al. (1993) were able to block 

hindlimb stepping and fictive movem ent in decerebrate cats with local infusions of either 

N M D A  or non-N M D A  receptor antagonists alone. However, it is clear that the N M D A 

receptor plays a critical role in the integration of various aspects of network activity and 

probably acts in concert with other receptors to generate and appropriately shape motor 

output according to an anim al’s circumstance.
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Why was the effect lessened m spinal preparations a t twelve days?

The impact of the drug at the physiological level had waned considerably after 12 

days of implantation. This is probably due to the progressive diffusion and subsequent 

clearance of APS as the experiment proceeded. W hile Elvax implants have been shown to 

provide a constant slow release of bioactive molecules at a rate of up to 100 ng/day for 

100 days (Rhine et al., 1980; Silberstein and D aniel, 1982), or 0 .3%  of  the initial 

concentration per day (Simon et al., 1992), there is evidence for an initial rapid liberation 

of the relevant chemical, followed by a slow decline (Silberstein and Daniel, 1982; Debski 

et al., 1991; Schlagger et al., 1993; Schnupp et al., 1995; Smith et al., 1995). The release 

profile depends on the molecular weight of the compound, its concentration and solubility, 

and the size of the implant. Smith et al. (1995), in their studies on the diffusion of MK- 

801 or 6-cyano-7-n itroquinoxaline  (CNQ X) from Elvax polymers, describe an initial 

exponential burst over a period of two weeks, after which the rate of dissipation decreases 

over the next six weeks. In contrast, Schnupp et al. (1983) found that the release rate of 

MK-801 from such implants remained uniform, while that o f  AP5 exhibited a very rapid 

decline, although they do not specify the time frame of such dispersal. They propose that 

the phenomenon was due to the high solubility of this drug in water.

Schlagger et al. (1993) found diffusion of AP5 into som ato-sensory  cortex at 

depths of at least 700 pm within four hours of implanation and that this dissemination 

persisted at depths of at least 300 |jm eight days later. If such a rate of discharge was also 

occurring in the present study, it would enable the blockade of N M D A  receptors by the 

drug throughout most of the grey matter within the spinal cord (approxim ately  1 mm 

thick) for a period of at least a week. The fact that physiological responses were still 

affected  at nearly two weeks after chronic application of AP5 suggests  that some 

antagonism  was still taking place, albeit at a considerably weaker level. M ost previous 

studies involving Elvax implantation were made in mam mals, however, where the body 

tem pera ture  is held constan t at 37°C. In cold-b looded  anim als like am phib ians , the 

discharge was found to be more prolonged over 60 days (Debski et al., 1991), although an 

initially high diffusion did occur. W hile  a com parable  period of d issem ination  was 

improbable in our experiments (undertaken at 25°C), since the effect was considerably 

less potent at day 12 than at 7 days, such an observation might lead us to expect a longer 

duration of an impact in eels than in mammals.
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Im pact o f  APS treatment on functional recovery, axonal regeneration and synapse re

establishment after a complete spinal cord transection

The NMDA receptor appears to he crucial fo r  neural regeneration

EVX-control fish displayed identical changes in slope of tail beat frequency/speed, 

relative to pre-surgery values, as eels with only a transection (described in Chapter 3) at 

similar recovery times. However, chronic APS treatment delayed both functional recovery 

and axonal regeneration in transected eels, implying that N M D A  receptor-m ediated  

activity plays an integral part in the process. Previous research has demonstrated changes 

in subunits of glutamate receptors in response to spinal cord lesions occurring as early as 

24 hours following the injury and persisting up to one month afterward (Grossman et al., 

1999; 2000). They argue against the fact that these changes may be linked solely with 

excitotoxic events, which have been shown to involve both N M D A  and non-N M D A  

receptors (Kaku et al., 1991; Wrathall et al., 1992; Wrathall et al., 1996; Liu et al., 1997; 

Ikonomidou et al., 1999; Li and Tator, 2000; Choi et al., 2001), since the alterations are 

confined to regions below the wound, while cell loss was witnessed both above and below 

the lesion site. Instead, they consider that the changes are probably more related to 

activ ity-dependent synaptic plasticity, widely observed within a few days o f  such an 

injury (Edgerton et al., 1997; Joynes et a!., 1999).

It is worth noting that the time frame of changes in N M D A  receptor subunits 

observed by Grossman et al. (1999, 2000), which persisted for 1 month, overlapped the 

earliest time of recovery after injury in transected eels (Chapter 3). There has been some 

conflict, however, as to whether activity dependent m echanism s are significant at initial 

stages o f  contact establishm ent (Schmidt et al., 1983; Simon et al., 1992; Flohr and 

Liinberg, 1993; d ’Aldin et al., 1997; Udin, 1992; Luque et al., 2001; Zhang and Poo, 

2001) or at later stages in the m aintenance of connections (Meyer, 1983; Schmidt and 

Edwards, 1983; Schmidt, 1990; Cline, 1991; Debski et al., 1991; Schlagger et al., 1993; 

Hieber and Goldm an, 1995; Schnupp et al., 1995; Katz and Shatz, 1996; Purves et al., 

1997; Z hang  and Poo, 2001). W hile  waves of spontaneous neural activity have been 

detected throughout the CNS during development before the onset of sensory experience 

(McCormick, 1999; Zhang and Poo, 2001), impulse patterns do not appear to be necessary 

for the m aintenance of established connnections in older animals (Schmidt, 1990; Flohr 

and Liinberg, 1993; Schnupp et al., 1995). This suggests that a critical period exists in the 

developm ent of such contacts (Katz and Shatz, 1996; Purves et al., 1997), although this 

has been disputed (Cline, 1991). W idespread spontaneous electrical activity in the CNS
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also occurs throughout an organism’s life and has been thought to be essential for the 

support and modulation of existing synapses (McCormick, 1999). Such an issue has not 

been addressed in this project, however, although our results would seem to suggest an 

impact of disrupted activity at early stages of the process, since the axonal growth 

underlying behavioural rehabilitation was inhibited as a consequence of depressed 

activity. In AP5-treated eels, there were usually just over half the proportion of axons 

normally seen in the controls within the caudal stump beyond 2 mm at any recovery stage, 

implying an initial impact on growth per se. In addition, an inhibitory effect at later stages 

seems less likely, if such treatment blocks NMDA receptors with progressively less 

success for little over two weeks, as the results pertaining to untransected animals seem to 

show.

The inhibition o f  axonal growth by APS treatment was mirrored by the physiological data 

The inhibition of axonal growth in particular was somewhat unexpected given the 

wealth of evidence from other systems for the involvement of the NMDA receptor in 

mediating activity dependent refinement of connections in both development (Cline, 1991; 

Debski et al., 1991; Schlagger et al., 1993; Schnupp et al., 1995; Katz and Shatz, 1996; 

Purves et al., 1997) and regeneration (Schmidt, 1990; Hieber and Goldman, 1995). 

However, the results of the last chapter showed that vigorous physical activity may have 

enhanced axonal regeneration across the lesion site after injury, although neuronal 

extension within the caudal stump was prohibited, perhaps as a result of rapid 

synaptogenesis once the target tissue had been reached. It is unclear, however, whether 

AP5 treatment suspended the initiation of growth until the drug ceased to have an effect, 

or whether the pattern reflected a sustained slower rate of advancement throughout the 

experiment, since measurements were not made until day 20. However, the maximum 

distance attained by regenerating processes in AP5-treated eels at that time was 2.5 mm, 

confirming that some growth had taken place. In any case, the rate of extension of these 

pioneering axons was only half that measured in EVX-controls at the same recovery stage, 

but as recovery proceeded, the two groups displayed comparable rates of growth by day 

86, suggesting a compensatory surge of growth, as the drug wore off. It is also unknown 

whether particular descending projections were more susceptible to the effects of APS, as 

the data do not address which axonal groups were the slowest to regenerate. An inherent 

divergence in the initiation, rate or capacity of growth has been observed by Jacobs et al. 

(1997) in lamprey, and it is plausible that NMDA receptor blockade might interfere with 

the progression of glutamatergic reticulospinal pathways specifically.
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The delayed regeneration was reflected at the physiological level since responses 

could only be obtained up to 2 mm caudal to a transection in AP5-treated animals at 20 

days or up to 3 mm at 35 days, the approximate m axim um  distances reached by growth 

cones at these recovery times. Similarly, fewer synaptic components were evident in these 

fish than in EV X -contro ls  at sim ilar stages and all potentia ls  had relatively small 

amplitudes. It was generally noticed that responses at later times in AP5-treated eels bore 

a closer correspondence with those seen in EV X-controls at earlier periods. While the 

conduction velocities of axonal components were usually close to the predicted values at 

sites near the lesion, as in the control counterparts, the ratio of the former to the latter was 

usually well below that determ ined for the controls at more caudal locations, if such 

responses were present.

How d id  AP S treatm ent retard axonal regeneration?

W hile path finding of growing axons is generally believed to be independent of 

neural activity, our results dem onstrate that depression of activity interferes with this 

process. Some research has similarly shown that electrical activity is required for correct 

target selection by developing thalamo-cortical and intracortical axons and can influence 

turning in cultured X enopus  neurons (Zhang and Poo, 2001). Such findings also correlate 

well with those of other related experim ents  since d ’Aldin et al. (1997) found that 

sustained infusion of APS into guinea pig cochleas after excitotoxic dam age of spiral 

ganglion afferent fibres delayed functional recovery and regrowth o f  dendrites. These 

researchers also noted that the com pound action potentials obtained at later stages in 

affected animals resembled those acquired in vehicle controls at earlier stages. However, 

the above studies emphasise the importance of activity in the growing cells themselves 

and not in the post-synaptic target, as is implied in the present investigation. Nevertheless, 

the possible rostral diffusion of AP5, which could slow growth by reducing inputs to 

regenerating axons or by interfering with activity-dependent regenerative events in the 

cells directly, should not be discounted. Evidence does exist though for a role for post- 

synaptic activity in modulating pre-synaptic growth since depolarisation induced calcium 

influx has been found to regulate filopodial motility in both pre- and post-synaptic  

structures (Zhang and Poo, 2001). Post-synaptic Ca '̂  ̂elevation as a result o f  stimulation 

can also induce secretion of neurotrophic factors (Korsching, 1993; Blochl and Thoenen, 

1995; Thoenen, 1995; Boulanger and Poo, 1999; McAllister et al., 1999, W idenfalk et al., 

1999; T urrig iano  and Nelson, 2000; Z hang and Poo, 2001). In addition, temporal 

e levations  in the expression  of post-synaptic  N M D A  recep tor  subunits  have been
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associated with a variety o f  developm ental ep isodes that are dependent on neuronal 

activity (Carmignoto and Vicini, 1992; Hofer and Constantine-Paton, 1994), and it has 

been suggested that glutamate might mediate neurotrophic interactions via this receptor 

(Thoenen, 1995; d ’Aldin, 1997). Neurotrophins are known for their involvement in axon 

guidance (Bregman et ai., 1997; M ing et al., 1997; Song et al., 1997; Lein et al., 1999; 

McAllister et al., 1999) and arborisation (Cohen-C orey and Fraser, 1995; Lein et al., 

1999; M cAllister et al., 1999) and can act in both a retrograde (DiStefano et al., 1992; 

Korsching, 1993; Bhattacharya et al., 1997; Lein et al., 1999; McAllister et al., 1999) or 

autocrine fashion (Smith et al., 1997; McAllister et al., 1999). All known mammalian 

growth factors have now been identified in fish and/or amphibian CNS (Heinrich and 

Lum, 2000), making them tem pting candidates for intercellular comm unications across a 

concentration gradient over distances of several millimetres (Gundersen and Barrett, 1979; 

Hill et al., 1999; Cao and Shoichet, 2001).

In conjunction with a neurotropic effect putatively mediated by N M D A  receptor 

induced activity, an impact on growth-associated proteins or GA Ps is also plausible. Such 

m olecules are usually  ex p ressed  in grow ing  neurons th roughou t the CNS during 

development and in axotomised processes after injury (Skene, 1989; W eaver et al., 1997; 

Bernhardt, 1999; Luque et al., 2001), and are thought to regulate the formation of growth 

cones, sprouting of neurites and establishment of synapses. Increased immunoreactivity 

for GAP-43 has similarly been observed in interneuronal cell bodies within the spinal cord 

(Weaver et al., 1997) and in brain stem neurons of the reticular formation in eel (Murphy 

et al., 1999) after transection. The temporal pattern of brain stem expression of GAP43 

persists th roughout the period  o f  axon e longation  and m atches the tim e frame of 

functional recovery. In addition, such im m unoreactiv ity  is delayed by rubber blocks 

implanted in the gap betw een the cut portions o f  spinal cord so positioned to prevent 

regeneration. The upregulation of these proteins has been linked with synaptogenesis and 

with activity-dependent processes such as LTP (Skene, 1989). Retrograde signals from 

stimulated post-synaptic  targets may m odulate the expression o f  G A Ps in pre-synaptic 

cells, as has been suggested by experiments that demonstrated a sustained elevation of 

GAP-26 during optic nerve regeneration when the tectum was removed (Benowitz, 1983), 

although levels o f  G A P-43 rem ained  unaffected . H ow ever, the dem onstra tion  o f  a 

reduction in G A P-43 expression as a consequence  of N M D A  receptor b lockade after 

cortical ischem ia in rats p rovides  a direct corre la tion  betw een the activation of the 

receptor and the induction of such growth proteins (Luque et al., 2001).
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A ntagonism  of such receptors can also interfere with com pensatory  plasticity 

underly ing  recovered  behav iours  that occurs after dam age  to system s that do not 

regenerate, as in the m am m alian  deafferented vestibular nucleus after transection of the 

V ll l th  cranial nerve (F loh r and Liineberg, 1993). M ore im portantly , however, the 

researchers assert that the N M D A  receptor is crucial in the initiation of the compensated 

state rather than in the final phases or in maintenance of connections. In parallel, Simon et 

al. (1992) argue for a role of the receptor in the early post-natal period of development of 

appropriate retino-collicular pathways in the rat.

However, most of the previous investigations stress that it is unlikely that the 

effect observed by N M D A  receptor blockade was simply a result o f  blocked transmission, 

due to the dosage of drug used and the lack of reduced responses in intact preparations 

(Flohr and Liineberg, 1993; d ’Aldin et al., 1997). This would indicate that the receptor 

itself plays a direct role in repair, perhaps by mediating neurotrophic interactions between 

growing cells and their targets. The higher dose of APS used in the present study, in 

contrast, did interfere with synaptic transmission, although responses were not totally 

blocked and such an effect had waned considerably within 2 - 3  weeks. Therefore, it was 

considered that an activity-dependent retrograde release of growth factors was disrupted 

perhaps indirectly  by N M D A  receptor b lockade here (Blochl and Thoenen, 1995; 

Thoenen, 1995), thereby severely hampering axonal regeneration during early stages of 

the process.

APS treatment may also interfere with the re-establishment o f connections

A significant difference in sw im m ing perform ance betw een AP5-treated  and 

control fish was not seen until 60 -  69 days post-surgery, although the distribution of 

growth cones was less divergent. In addition, at these times, axons of AP5-treated eels had 

reached greater distances than recovered eels with only a transection at earlier times 

(Chapter 3), implying that an improvement in behaviour ought to be apparent. Such a 

result would ratify an added effect at late stages in the process on branch re-modelling and 

synaptogenesis. The fact that drug-treated fish also exhibited fewer synaptic potentials and 

a poorer capacity  for facilitation at both recovery times tested would not dispute this 

possibility. Chronic AP5 treatment beginning 20 -  22 days after optic nerve crush has also 

been shown to prevent sharpening of the regenerating retino-tectal projection in goldfish 

(Schmidt, 1990; Cline, 1991). It was also noticed that there was a period of enhanced 

capacity for LTP during optic nerve regeneration which coincided with activity dependent 

refinement o f  the topographic map and that such potential for synaptic enhancement could
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be prevented with chronic delivery of low doses of APS (< ImM). Schmidt concludes that 

the N M D A  receptor itself mediates the re-establishment o f  contacts at a time when the 

system is sensitive to alterations in activity patterns since retino-tectal transmission was 

not blocked. Although we did not test for the presence of LTP, the findings of Schmidt 

were not unlike our own, since we observed fewer caudal responses in AP5-treated eels 

that were subject to facilitation, a phenomenon related to LTP, than in controls at either 

stage. In addition, the fact that such putative synaptic potentials were nonetheless present 

and susceptible to at least some enhancem ent in the drug-treated fish also disputes the 

possib ili ty  that APS exerted  its action m erely through the obstruction  o f  synaptic 

interactions, although the depression of such activity was probably a contributory factor.

The results  of this study , therefore, do not deny that such m echan ism s of 

ref inem ent m ight also consti tu te  intrinsic steps in the redirection and subsequent 

stabilisation of lesioned spinal pathways onto appropriate targets. It remains unclear, 

however, whether the differences in behaviour and physiological responses after 3S days 

betw een animal groups reflec t an auxiliary m echanis tic  inhibition  o f  synapse re 

establishment by APS or are solely the outcome of delayed growth. The distribution of 

axon tips at 6S days in APS-treated fish seems to be an improvement on that seen in eels 

with only a transection at stages when many aspects of recovery were manifest (Chapter 

3). This suggests that either the impact of the drug had become attenuated over the course 

of the experim ent, enab ling  a com pensa to ry  surge o f  growth or that synapse re

establishment was incomplete. Although both hypotheses are possible, the former seems 

more likely given the reported initially high discharge rate from Elvax and gradual waning 

of an effect seen in untransected eels, but then renders the failure of normal locomotion to 

return difficult to understand. Perhaps, chronic N M D A  receptor blockade had somehow 

irreversibly altered the functioning  of affected cells or had propagated  a cascade of 

apoptotic events, as docum ented  elsewhere (Liu et al., 1997; Ikonomidou et al., 1999). 

Both phenom ena would have necessitated further extension of axons to operative targets, 

thus delay ing  rehabilitation. On the other hand, APS might have delayed synaptic 

reconnection  via neuro-pro tec tive  effects, if reorganisation o f  caudal circuitry  was 

d isrupted . M any studies have shown that excito toxic  degenera tion , which occurs 

throughout the CNS shortly after injury, can be prevented by N M D A  receptor antagonists 

(Kaku et al., 1991; Wrathall et al., 1992; Liu et al., 1997; Ikonomidou et al., 1999; Choi et 

al., 2001; Li and Tator, 2000). W hile such rescue of denervated  targets m ay be 

advantageous to the system during early stages of recovery, the preservation of cells that
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have becom e redundan t at late s tages  m igh t in terfere  with poss ib le  reactive or 

com pensatory plasticity, where inappropriate connections are continuously refined and 

remodelled. However, some research has indicated that non-N M D A  receptors contribute 

more significantly to excitotoxic effects after spinal traum a (Holtz and Gerdin, 1991; 

Wrathall et al., 1992, Grossman et al., 1999), rendering the impact of APS negligible in 

this respect. At any rate, p relim inary  results concerning cell death in eel spinal cord 

following transection dispute either opposing m echanism (apoptosis or neuro-protection), 

since there was little difference in neuronal loss between eels treated with APS and those 

given vehicle implants (Gibney, 2002). Nevertheless, our findings undeniably demonstrate 

that activity of post-synaptic  targets is essential at early stages of recovery  for the 

induction o f  pre-synaptic  axonal regeneration, perhaps by secretion o f  neurotrophins 

functioning in a neurotropic manner.
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Chapter 6

General Discussion
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6. Discussion
The demonstration o f quantifiable aspects o f eel movement in Chapter 2 provides 

a range o f testable parameters that can be used to gauge more accurately the recovery o f 

locomotor function after spinal transection. Earlier studies have used the eel model to 

relate loosely the sequential regrowth o f specific brain stem projections w ith certain 

behavioural events (Bosch, 1994), or to describe in detail the construction and 

composition o f the bridge between the two portions o f cut cord throughout regeneration 

(Dervan and Roberts, 2002a, b). The current project, by combining a rigorous assay o f 

performance w ith axon tracing studies, elaborates on previous reports o f swimming 

movements from lamprey (Mackler and Selzer, 1985; Mackler and Selzer, 1987; Cohen et 

al., 1988; Davis and McClellan, 1993; Cohen et al., 1999), eel (Bosch, 1994) and goldfish 

(Coggeshall and Youngblood, 1983), as being normal or abnormal. The introduction of 

electrophysiological techniques as an additional means o f assessing regeneration further 

illustrates the practical value o f the eel as a model for functional recovery. The results 

obtained using this model successfully meet most o f the criteria established by the 

NINCDS (Cohen et a!., 1988) to prove that functional recovery occurs as a result o f neural 

regeneration, and not merely because rostrally generated movements are conducted 

caudally or because synaptic re-organisation takes place below the wound. The 

development o f the eel model has also enabled the course o f events leading to successful 

functional recovery to be fu lly  documented, and thus started identifying key stages of the 

process. M y work has shown that an in itia l degenerative phase, followed by the sequential 

recovery o f different parameters o f locomotion can be correlated w ith extent o f axonal 

regeneration and so illuminates how rehabilitation takes place.

The present study also identified possible key factors influencing the process of 

recovery. Such factors operate in a complex manner and can interact w ith each other to 

exert a synergistic effect on the rate o f regeneration. We found that the restoration o f only 

some aspects o f locomotor function could be hastened by elevated neuronal activity, while 

a more complete recovery occurred i f  the injured animals also experienced temperature 

shifts. The underlying mechanisms also appear to be quite complex, since axonal 

regeneration was only accelerated by activity at in itia l stages o f the process, and was not 

enhanced at later survival times. Activity-dependent regrowth relies on the integrity o f the 

N M D A  receptor, which is involved in the operation o f CPG networks (Brodin and 

Grillner; 1985, Brodin et al., 1985; Douglas et al., 1993; Hagevik and McClellan, 1994; 

Reith and Sillar, 1994; S illar and Simmers, 1994; Scrymgeour-Wedderburn et al., 1997;
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Delvolve et al., 1999), and blockade of the receptor interferes with normal regrowth of 

injured axons. These findings are subsequently discussed later on in this chapter with 

relation to relevant work in the field and a model for successful regeneration in the eel is 

proposed, describing possible m echanism s involved, and highlighting areas for further 

investigation.

6.1 Criteria fo r  functional recovery

In the early eighties, an N IN C D S Advisory Task Force outlined a num ber of 

criteria, applicable to both amniotes and anamniotes, the meeting of which would ensure 

that true functional recovery had been achieved (Cohen et al., 1988). These state that:

1 . the lesion m ust have d isconnec ted  nerve p rocesses, verif ied  by post-opera tive  

procedures,

2. regenerated central processes must have bridged the level of the injury and be shown 

to have originated from within the CNS,

3. regenerating fibres must have made junctional contacts across the lesion site,

4. regenerated fibres must be capable of generating post-junctional responses and

5. changes in function must have been derived from regenerated connections.

The first criterion was easily met at the time of each operation by visual inspection of 

the cut, while the second issue has been addressed via Dil labelling of processes into and 

across the bridge region and progressing for various distances caudally depending on the 

survival time. The re-establishment o f  junctional contacts across the transection site has 

not been assessed morphologically in the current project, although such connections have 

been detected physiologically, as detailed in Chapter 3. W hile our observations show that 

injured axons have regenerated and made functional contacts, they do not prove beyond 

doubt that such synaptic  in teractions are responsib le  for the recovered  sw im m ing 

behaviour (although it is highly likely that they are). Other studies have unequivocally 

co n f i rm e d  that  reg en e ra ted  pa thw ays  underlie  the rec o v e red  m o to r  ou tpu t by 

demonstrating the loss of this behaviour (Wood and Cohen, 1981; Cohen et al., 1988), or 

the return o f  'spinal sw im m ing ' (Bosch, 1994) after a re-transection. H ow ever, the 

presence o f  co-ord inated  ventral root bursts above and below a healed lesion in the 

isolated lamprey spinal cord has provided the strongest evidence for true regeneration 

(Cohen et al., 1986; M cClellan, 1990; Davis and M cClellan, 1993). Nevertheless, the 

failure of pre-surgery  values of defined sw im m ing param eters  to return  fo llowing 

implantation o f  a rubber block in the present project clearly illustrates the need for 

axotom ised neurons to regrow and make contact with targets in the caudal stump. The
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contribution of plasticity below the lesion site to such recovery, proposed elsewhere as a 

compensatory mechanism  for denervation (Edgerton et al., 1997; Joynes et al., 1999), is 

therefore minimal.

6.2 Stages o f  the recovery process

Functional recovery takes place in two main phases. Phase 1 involves the emergence 

of ‘spinal sw im m ing ’ in the tail region, as caudal CPGs are released from supraspinal 

inhibition, and the subsequent deterioration of swimm ing performance, undoubtedly as a 

result of the loss of neural control. Such deterioration occurs gradually within the first 

week after the operation and coincides with alterations in the m orphology and protein 

metabolism o f  denervated motoneurons seen in both eel and zebrafish after such an injury 

(Van Asselt et al., 1990, De Heus and D iegenbach, 1992; De Heus et al., 1996; Van 

Raam sdonk et al., 1998a, 1998b). These changes may reflect degenerative events and 

probably contribute to the continued decline of the an im al’s perform ance. However, a 

bridge of regenerating material begins to develop during this period (Dervan and Roberts, 

2002a, b), com posed  o f  meningeal fibroblasts, an extracellular matix o f  collagen and 

regenerating neurites, some of which have reached the caudal portion of cord from 7 - 1 0  

days. Such re-innervation is shortly followed by the cessation of ‘spinal sw im m ing’ and 

indicates that some reconnections have been established between brain stem descending 

projections and caudal CPGs, enabling their deactivation. This event hallmarks the onset 

of the second phase of recovery, after which swim m ing performance begins to improve, 

until all aspects of steady locomotion are restored to their form er calibre from 1 -  2 

months after transection. Escape m ovem ents, utilising white m usculature  and specific 

motoneurons and brain stem neurons, are not restored for 200 days or so (Bosch, 1994).

At the stage of recovery of slow swimming, regenerating axons have only penetrated 

the first 1 -  2 segments caudal to the lesion, and few such processes have advanced much 

further than this distance, revealing that extensive regrowth is not required  for such 

rehabilitation to take place. The return of tail beat frequency to pre-surgery values, which 

represents one of the first fully recovered parameters, reflects, I suggest, the recruitment of 

sufficient CPG elements below the lesion that can be driven as a segmental unit and thus 

respond  to rese tting  effec ts  (G uertin  and D ubuc , 1997; W a n n ie r  et al., 1998). 

Intersegmental coupling then allows the relay of such information throughout remaining 

caudal segments, recruiting more power and enabling all body segments to be driven at 

reduced frequencies. However, the restoration of caudal amplitude to pre-surgery levels 

was always observed somewhat later than the recovery o f  tail beat frequency and this
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might indicate that more extensive re-innervation o f  caudal motoneurons is needed to 

drive muscular contraction to a greater extent. Such cellular components may be activated 

direcdy or indirectly, via propriospinal induction o f more caudally located segmental 

CPGs. Figure 6.1 is a diagrammatic representation o f this scheme.

M echano-sensory input from  stretch 
receptors via dorsal root -  entrains CPGs

CaudalRostral

F igu re  6.1. Diagrammatic representation of critical stages in the regeneration in the spinal cord of the eel. 

Dotted lines indicate spinal cord segments. Descending reticulospinal neurons are denoted by red arrows, 

while yellow circles with arrows indicate interneuronal com ponents o f individual segmental CTOs 

(hexagons) and m otoneurons are shown in the caudal portion o f cord as blue circles with arrows. Mechano- 

sensory input to the CNS from stretch receptors via dorsal roots (shaded arrow) entrains disconnected CPGs 

to operate in synchrony. Filled circles represent the first targets caudal to a transection (filled block arrow) 

to be re-innervated by in-growing axons (return of pre-surgery tail beat frequency), and once the brain 

regains sufficient control over such regions, resetting effects can be transm itted throughout rem aining caudal 

CPGs via propriospinal coupling (yellow thick lines). Shaded circles portray more caudally located neurons 

re-innervated at later stages (return of pre-surgery caudal amplitude). Ventral roots are depicted by empty 

block arrows.

Whether or not the original synaptic architecture is eventually restored remains 

unknown, although the obvious rehabilitation in the absence o f axonal elongation beyond 

the first 1 -  2 segments raise questions regarding its necessity. Progressive re-instatement 

of more complex behaviours, such as the startle response, and their subsequent refinement 

does then depend on continued regeneration o f different axonal groups.
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6.3 Factors in fluencing axonal regeneration and  the observed  behavioural  

manifestations

The establishment of appropriate synaptic connections in most vertebrate systems 

is thought to depend on neuronal activity (Meyer, 1983; Schm idt and Edwards, 1983; 

Schmidt, 1990; Cline, 1991; Debski et al., 1991; G oodm an and Shatz, 1993; Katz and 

Shatz, 1996; d ’Aldin et al., 1997; Catalano and Shatz, 1998; W eliky and Katz, 1999; 

Zhang and Poo, 2001). In addition, the continuous barrages of spontaneous activity that 

occur in the CNS throughout the life of many organisms are believed to contribute to the 

maintenance of such connections (M cC orm ick, 1999; Zhang and Poo, 2001). It was 

considered, therefore, that the obvious display of spontaneous neuronal bursting in caudal 

CPGs after transection of the spinal cord might somehow promote regenerative events. 

Swim ming m ovem ents that enable mechano-sensory coupling of the entire network may 

also provide the system with appropriately limed input necessary for the regeneration of 

correct contacts. However, the relative importance of activity-dependent mechanisms can 

vary among different neural pathways and neurom uscular junctions, for example, can 

develop almost entirely independently  o f  such activity (Frank and M endelson, 1991; 

Goodman and Shatz, 1993). Therefore, we decided to investigate the significance of CPG 

activity in the injured spinal cord and to determine how manipulations of firing patterns 

within this network would shape the process of regeneration in an attempt to elucidate the 

mechanisms specifically involved.

We have shown, in Chapter 4, that an overall elevation in CPG activity induced at 

either the physical or cellular level can accelerate regrowth of axons across the lesion site. 

This may have subsequently  allowed some integration o f  residual input from sensory 

afferent fibres to entrain rescued or altered CPG components to fire at lower rates. In this 

way, the gradually occuring degenerative events normally following denervation (phase 1) 

that lead to the steady decline of movement as suggested in the Chapter 3, may have been 

substantially bypassed by such sensori-motor stimulation. However, there would appear to 

be insufficient rescue of cells to impinge on the decline in caudal amplitudes.

However, once the target tissue has been reached, the continued extension of 

axons is slower than in inactive fish and is accompanied by a faster recovery o f  normal 

tail beat frequency only. W e conclude that such activity enables rapid reconnection of 

synapses within the first segment caudal to the lesion, sufficient to re-adjust CPG firing 

frequency, but that more connections caudal to the lesion, needed to drive larger muscle 

contractions are incomplete. This result suggests that contact formation is random within
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the C PG  of the target zone in this system and that the probability  o f  such random  

strengthening is increased with exercise or L-Dopa treatments, as also suggested by the 

random distribution of growth cones in these animal groups (variance/mean ratio ~ 1). 

Such an idea seems to conflict with previous tenets regarding neuronal firing patterns as a 

factor in the refinement o f  connections. A more rapid restoration of the full complement 

of locomotory behaviours could only be effected by a combination of vigorous physical 

exercise and w arm  tem perature  shifts, the latter of which was found, in isolation, to 

enhance axonal elongation, but not functional recovery. Therefore, it appears that the two 

treatm ents com bined  hastened such rehabilitation by sim ultaneously  enabling  rapid 

extension and reconnection of injured processes, while either factor alone exerts more 

subtle effects. These findings strongly suggest that a variety o f  signals are required to 

attract regenerating axons to correct targets and that em phasis  placed solely on one 

constituent factor might be misguided.

The co-ordination of CPG firing patterns does appear to be a crucial element of the 

process, since functional recovery was delayed and axonal regeneration impeded if such 

activity was disrupted, even at the local level, as described in Chapter 5. The receptor is 

widely known for its importance in both the operation of intraspinal circuits (Brodin and 

Grillner; 1985, Brodin et al., 1985; Douglas et al., 1993; Hagevik and McClellan, 1994; 

Reith and Sillar, 1994; Sillar and Simmers, 1994; Scrymgeour-W edderburn et al., 1997; 

Delvolve et al., 1999) and the formation of neural networks throughout the CNS (Meyer, 

1983; Schm idt, 1990; Cline, 1991; Debski et al., 1991; Flohr and Liineberg, 1993; 

Goodman and Shatz, 1993; Hieber and Goldman, 1995; Katz and Shatz, 1996; d ’Aldin et 

al., 1997; Purves et al., 1997; Zhang and Poo, 2001). However, our experiments do not 

reveal whether AP5 treatment also interrupts synaptogenesis or whether the detection of 

fewer synaptic contacts at shorter caudal distances from the transection site following 

brain stem stimulation is solely the consequence of the observed retarded growth. The 

sustained poorer performance at late stages of recovery in AP5-treated eels, in spite of 

equivalent growth cone distributions between these animals and their control counterparts, 

certainly implies that contact re-establishment may have been incomplete in the former. 

Such an outcom e may be due to insufficient refinement o f  connections, formation of 

incorrect contacts, death of targets or may reflect some as yet unidentified mechanism. In 

any case, the fact that APS treatment suppresses the slow com ponent of CPG activity 

specifically (Brodin and Grillner; 1985, Brodin et al., 1985; Dale and Roberts, 1985),
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highlights the need for the integrity o f these late components to be maintained if axonal 

regeneration is to proceed normally.

6.4 A model for regenerative mechanisms in the eel

How is NMDA receptor-mediated activity responsible for the induction of 

neuronal regrowth? Previous studies have correlated post-synaptic activity with the 

release of growth factors by post-synaptic targets (Korsching, 1993; Blochl and Thoenen, 

1995; Thoenen, 1995; Boulanger and Poo, 1999; McAllister et al., 1999, W idenfalk et al., 

1999; Turrigiano and Nelson, 2000; Zhang and Poo, 2001). The upregulation of growth 

associated proteins (Benowitz, 1983; Luque et al., 2001) in pre-synaptic cells has also 

been linked with such activity. I propose a model (Fig. 6.2) whereby NMDA receptors 

caudal to a complete spinal cord lesion can mediate the release of neurotrophins in an 

activity-dependent manner, which rescue denervated cells and prevent die-back of 

axotomised neurons. Such growth supporting substances could

<

Caudal
Rostral

F igure 6.2. Diagram m atic schem e o f  hypothetical model for release o f  neurotrophins regulated by activity  

during spinal cord regeneration in the eel spinal cord. Dotted lines indicate spinal segm ents. D escending  

reticulospinal neurons are denoted by red arrows, w hile yellow  circles and arrows indicate interneuronal 

com ponents o f  segm ental CPGs (hexagons) and motoneurons are show n in the caudal portion o f  cord as 

blue circles with arrows. Filled circles represent the first targets caudal to a transection to be re-innervated 

by in-growing axons, w hile shaded circles portray more caudally located motoneurons. T hick green dotted  

curved lines illustrate the activity-dependent retrograde release o f  growth factors from  random CPG post- 

synaptic targets to pre-synaptic growth cones. Autocrine effects o f  neurotrophins are indicated by thin green 

dotted curved lines. Ventral roots are depicted by empty block arrows.
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then initiate plasticity caudal to the lesion and induce axonal elongation across the wound 

region, exerting a tropic influence on growing neurites towards potential targets. Contacts 

are established and strengthened according to correlated firing frequencies between pre- 

synaptic processes and the receiving cells, which are able to detect matching impulse 

patterns via the N M D A  receptor, as it requires considerable stimulation to be activated. 

Inputs that fire synchronously are able to provide such levels of depolarisation, thereby 

allowing removal of the m agnesium  block and generating a chain of events leading to 

synapse efficacy, including influx of calcium  and phosphorylation o f  protein kinases 

involved in the cleavage of synaptogenic substances and growth factors. These molecules 

are then released to pre-synaptic cells, where they modulate transmission so that contacts 

are enhanced by a positive feedback mechanism. Such substances can also exert autocrine 

and paracrine effects, thus simultaneously maintaining the post-synaptic cell from whence 

they originated.

Although the congruity of neuronal firing patterns is doubtless essential in the 

establishment of these connections, such activity overall does not, however, appear to be 

their sole determining factor and a medley of signals appears to be required for multiple 

processes occurring  throughout regeneration that constitute regenerative events. The 

determination of such signals and confirmation of a link between neuronal activity and the 

release of nerve growth factors and/or the upregulation of GAPs are needed, however, to 

substantiate our model. The clarification of these issues hopefully has the potential to 

further illuminate pieces of the puzzle yet remaining under the shadow of ignorance and 

that con tinue  to constra in  spinally  injured patients  from atta in ing  the freedom  of 

movement which many of us so readily take for granted.
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RECOVERY OF LOCOMOTION CORRELATED WITH AXONAL 
REGENERATION AFTER A COMPLETE SPINAL TRANSECTION 

IN THE EEL

L. M. F. DOYLE,* P. P. STAFFORD and B. L. ROBERTS
Department of Zoology and Trinity College Institute of Neuroscience, Trinity College, University of Dublin, Dublin 2, Ireland

Abstract—This research has examined the relationship between axonal regeneration and the return of normal movement 
following complete transection of the spinal cord. We made measurements of tail beat frequency and amplitude of the 
caudal body wave from video recordings of eels {Anguilla anguilla) swimming in a water tunnel at several speeds. Each eel 
was then anaesthetised and the spinal cord cut caudal to the anus; in some animals the resulting gap was filled with a 
rubber block. All animals were kept at 25°C for recovery periods ranging from 7 to 128 days, during which their 
swimming performance was monitored regularly. Each fish was then re-anaesthetised and perfused with fixative and 
the regrowing descending axons labelled with l,r-diotadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate.

For all animals and at all speeds after surgery, tail beat frequency increased, while amplitude decreased. In non-blocked 
animals, an improvement in performance was first seen from 8 days following transection and thereafter tail beat 
frequency decreased progressively until it had returned to normal after 35 to 45 days, while amplitude remained 
below baseline until at least 45 days. In these animals, few axonal growth cones had penetrated the caudal stump by 
7 days, but some had extended as much as 3 mm by 15 days. Many had reached as far as 6 mm between 25 and 36 days, 
while by 128 days they had progressed up to 10.5 mm. Contralateral crossing was never observed. Functional recovery 
was never witnessed in animals in which the cord had been blocked and these eels swam at all times with elevated tail beat 
frequency and reduced caudal amplitude. No labelled axons could be traced into the caudal spinal cord at any recovery 
stage in such animals.

We conclude that re-innervation of only 1-2 segments caudal to the injury is necessary for functional recovery, 
although continued axonal growth may be important for the refinement of some aspects of movement. © 2001 
IBRO. Published by Elsevier Science Ltd. All rights reserved.

Key words: cordotomy, return of function, mechano-sensory coupling, re-innervation, synaptic plasticity.

While the CNS of amniotes is limited in its ability to 
regenerate injured neurons after embryological develop
ment (Xu and Martin, 1991; Hasan et al., 1991, 1993; 
Z’Graggen et al., 1998), the CNS of anamniotes, such 
as fish and amphibians, is capable of self repair after 
neural trauma incurred throughout life (Bernstein and 
Bernstein, 1967; Rovainen, 1976; Wood and Cohen, 
1979, 1981; Forehand and Farel, 1982; Coggeshall and 
Youngblood, 1983; Yin et al., 1984; Mackler and Selzer, 
1985, 1987; Cohen et al., 1986, 1988, 1999; Lurie and 
Selzer, 1991; Davis and McClellan, 1993; Lurie et al., 
1994). It has been postulated that the difference in regen
erative potential between the two groups may be due to 
an intrinsic inability of central neurons in the former to 
regrow following such injury (Wood and Cohen, 1981; 
Hasan et al., 1993; Z’Graggen et al., 1998). Alterna
tively, it has been proposed that the cellular environment

*Corresponding author. Tel.; +353-1-6082194; fax: +353-1-
6778094.
E-mail address: lodoyle@tcd.ie (L. M. P. Doyle).
Abbreviations: BL/s, body lengths per second; CPGs, central pat

tern generators; Dil, l,l'-diotadecyl-3,3,3',3'-tetramethylindocar- 
bocyanine perchlorate; MS 222, tricaine methane sulfonate.

of damaged neurons in the adult amniote CNS is more 
prohibitive to growth than that of fish and other anam
niotes, because it is characterised by a lack of neurotro- 
phic factors and the presence of growth inhibitory 
proteins (Wiebel et al., 1994; Z’Graggen et al., 1998).

Recovery of apparently normal movement, such as 
that seen in the intact animal, has been re-observed 
from 4 weeks to 3 months following a spinal transection 
in lamprey (Wood and Cohen, 1981; Mackler and Selzer, 
1985; Cohen et al., 1986; Lurie and Selzer, 1991; 
Davis and McClellan, 1993), goldfish (Coggeshall and 
Youngblood, 1983) and lizard (Srivastava, 1992) and is 
thought to involve neural regeneration across the tran
section site (Coggeshall and Youngblood, 1983; Mackler 
and Selzer, 1985; Cohen et al., 1986, 1988, 1999; 
McClellan, 1990; Davis and McClellan, 1993). However, 
such apparent rehabilitation may be largely a result of 
the mechanical generation of passive movements caudal 
to the lesion by the rostral musculature, or due to 
mechano-sensory coupling elicited in a similar manner 
(Cohen et al., 1988). The re-organisation of existing neu
ral circuitry may also contribute to functional recovery 
and mask any true regeneration (Edgerton et al., 1997; 
Muir and Steeves, 1997; Wickelgren, 1998; Joynes et al., 
1999). Such plasticity can be complex, as it is distributed
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throughout the cord at muhiple sites and occurs over a 
period of time (Feng-Chen and Wolpaw, 1996; Wolpaw^, 
1997). It may involve the formation of initial synapses 
that interfere with connections elsewhere, initiating a 
compensatory mechanism, whereby the network is fur
ther remodelled in order to refine the developing connec
tions. The phenomenon is thought to be an inherent 
process in the production of conditioned responses and 
other behavioural changes in intact animals (Feng-Chen 
and Wolpaw, 1996; Wolpaw, 1997).

None the less, there is a wealth of evidence to suggest 
that functional rehabilitation in some animals is accom
panied by axonal regrowth and the re-establishment of 
functional synapses (Coggeshall and Youngblood, 1983; 
Mackler and Selzer, 1985, 1987; Cohen et al., 1986, 
1988, 1999; Davis and McClellan, 1993). These findings 
do not necessarily prove the dependence of one event on 
the other, although the fact that recovered behaviours 
could be eliminated by re-transection of the spinal cord 
(Wood and Cohen, 1979) established a convincing corre
lation between the two. The strongest evidence was 
provided by the demonstration of co-ordinated ventral 
root bursts rostral and caudal to a healed lesion in 
the isolated lamprey spinal cord (Cohen et al., 1986; 
McClellan, 1990; Davis and McClellan, 1993).

While recovery at the cellular level is clearly mani
fested in the restoration of function (Coggeshall and 
Youngblood, 1983; Mackler and Selzer, 1985, 1987; 
Cohen et al., 1986, 1988, 1999; McClellan, 1990; Davis 
and McClellan, 1993), there has been some contention 
regarding whether or not the original synaptic architec
ture needs to be re-established for this to take place 
(Coggeshall and Youngblood, 1983). Several studies 
have shown that regrowth of injured central neurons in 
the lamprey is limited to only a few millimetres beyond 
the transection site, after which it ceases or becomes 
thwarted (Bernstein and Bernstein, 1967; Rovainen, 
1976; Wood and Cohen, 1979, 1981; Mackler and 
Selzer, 1985). None the less, normal swimming has 
been seen to return and was also re-observed in animals 
where synapses had formed in atypical regions (Wood 
and Cohen, 1979, 1981). Motor recovery was similarly 
witnessed in goldfish even though only a fraction of the 
total neuronal number seen in intact animals had regen
erated (Bernstein and Bernstein, 1967). However, some 
studies have shown that regrowing axons in the goldfish, 
tadpole and lamprey can extend for considerable distan
ces along the spinal cord from the site of the lesion 
and form functional connections (Forehand and Farel, 
1982; Coggeshall and Youngblood, 1983; Davis and 
McClellan, 1993) and that such axons exhibit selectivity 
in their choice of target (Mackler and Selzer, 1985, 1987; 
Lurie and Selzer, 1991; Lurie et al., 1994).

The present project has attempted to establish the rel
ative importance for functional recovery of neural regen
eration across the site of a complete spinal cord lesion, as 
opposed to any role for caudal plasticity. We have done 
this by comparing at set intervals after surgery the loco
motion of animals in which regeneration was at times 
hindered by rubber blocks. The eel was chosen as the 
experimental model because it recovers rapidly from spi

nal injury (Flight and Verheijen, 1993), and because spe
cific relationships between various parameters of 
movement have been extensively quantified for this and 
several other fish species (Gray, 1933a, b; Bainbridge, 
1958; Lighthill, 1971; Webb, 1971; McClellan, 1990; 
Gillis, 1998). We have therefore been able to assess 
movement before and after surgery, and so determine 
the quality of functional recovery, in a manner that 
has to date been done only in mammals and birds 
(Chancellor et al., 1994; Cheng et al., 1996; Edgerton 
et al., 1997; Li et al., 1997; Muir and Steeves, 1997; 
Z’Graggen et al., 1998; Joynes et al., 1999).

EXPERIMENTAL PROCEDURES

Animals

Twenty-seven non-migratory specimens o f the European eel, 
Anguilla anguilla, of unknown sex and ranging in length from 
245 to 400 mm, were obtained from a hatchery (Aqua Arklow) 
and kept in large aquaria with recirculating water at 25°C. 
Experiments were carried out in accordance with the European 
Communities Council Directive (86/609/EEC).

Each fish was examined as it swam in a water tunnel that 
consisted o f a transparent perspex tube, 600 mm long and 60 
mm in diameter, through which water was pumped at varying 
speeds (0-730 mm/s) set by turning a valve on the inflow piping, 
and measured with an ADA Sensa RC2 flow meter. The water 
temperature (range = 21-25°C) did not vary by more than 1°C 
during each experiment. A plastic mesh barrier placed 100 mm 
from the proximal end of the tube minimised turbulence, while a 
similar mesh at the distal end prevented the animal from exiting 
the apparatus. The latter mesh was threaded with copper wires 
connected to a 9 V battery and a switch so that, if necessary, 
electrical shocks could be delivered to initiate bouts of swim
ming.

Analysis o f  swimming performance

The movements were filmed with a Vantage monochrome 
video camera mounted above the tunnel and connected to a 
ZX monitor and ZXlOO video recorder. Recordings were 
made when the fish was swimming at constant speed in a sta
tionary position relative to optomotor stripes (Webb, 1971) 
painted on the outside o f the tube. Later, on tape replay, the 
following parameters were determined from the monitor screen 
(Fig. 1) using the single frame advance facility (25 frames/s) and 
using swimming sequences o f up to 20 tail beats:

1. mean tail beat frequency of 5-8 measurements (tail beats/s);
2. mean swim cycles per second, measured rostral to the 

wound, using 5-8 observations (rostral cycle rate);
3. mean swim cycles per second, measured caudal to the 

wound, using 5-8 observations (caudal cycle rate);
4. mean amplitude o f the body wave, measured at the tail tip, 

using 3-5 measurements.

Forward speed was equivalent to the water velocity (mm/s) 
and was normalised to body lengths per second (BL/s) to allow 
data from fish o f different sizes to be combined. The posture of 
a stationary animal was noted as normal S-shaped, or abnor
mal.

Spinal transection and histology

In the case of 14 eels, ranging in length from 282 to 400 mm, 
the swimming movements were recorded before and on various 
occasions after a complete transection of the spinal cord.

On the day after baseline performance had been recorded,
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Fig. 1. Photograph of one swimming eel to illustrate locomotory 
parameters measured. A rostral cycle was defined as one complete 
oscillation o f the portion of the body above the wound and is 
indicated by the small circular white arrow. A tail beat, denoted 
by the large circular black arrow, was defined as one complete 
oscillation of the tail tip in a swim cycle and was considered to be 
identical to a caudal cycle. The distance between extremities of a 
tail beat, as indicated by double-ended black arrows, is the caudal 

amplitude. Scale bar: 50 mm.

each eel was anaesthetised in neutralised tricaine methane sul
fonate (MS 222; 0.4 g/1 H 2 O, pH 7.4, Sigma, U K ) and then 
injected subcutaneously (sc) with alphaxalone (0.1 ml, 0.9% 
w/v Saffan, Wellcome, UK). The spinal cord at a level o f  13 seg
ments caudal to the anus was carefully exposed by removing a 
small dorsal part o f three vertebrae, and then cut with micro
scissors producing a gap o f  approximately 1 mm between rostral 
and caudal stumps. In some eels (« = 5) this gap was filled with a 
rubber block (1 mm^). A sham operation, identical in all 
respects except for the fact that the cord was not cut, was per
formed on an additional eel. After animals had fully recovered 
from the anaesthetic, they were returned to individual holding 
tanks (25± 1°C ), in which they remained for different recovery 
periods ranging from 7 to 128 days. They were then re-anaes- 
thetised with MS 222 and alphaxalone (0.3-0.4 ml, sc) as 
described above, and an injection o f  heparin (0.1 ml sc, Leo 
Laboratories, Ireland) was also administered before the animal 
was perfused through the heart with a Ringer’s and procaine 
solution (1 g/1. Sigma, U K ), followed by a fixative solution (4% 
paraformaldehyde in 0.1 M phosphate buffer).

Axonal labelling with the fluorescent marker, l,l'-diotadecyl- 
3,3,3',3'-tetramethylindocarbocyanine perchlorate (D il; Molec
ular Probes, Eugene, OR, U SA ), was carried out on 15 trans
ected non-blocked and four transected blocked animals at 
varying times after surgery (numbers o f  non-blocked eels at 
each recovery stage: day 7, n = 1; day 15, n = I; day 25, « = 1; 
day 36, n = 4; day 65, n = 2; day 77, « = 2; day 113, n = 2; day 
128, n = 2; numbers o f  blocked eels: day 39, n = 2; day 75,

n = 2). A  portion o f the body extending up to 12 mm caudally 
from the start o f  the wound region was fixed for up to 1 week, 
after which the spinal cord was then removed and post-fixed for 
a further week. Crystals o f  D il were dissolved in one drop o f  
dimethylformamide and allowed to dry for 45 min before being 
inserted with fine forceps into the cord about 1 mm rostral to 
the transection so that regenerated descending axons could be 
labelled anterogradely for analysis (Eide and Glover, 1996). The 
axons o f  ascending projections were not examined. Each piece 
o f cord with D il insert was then embedded in gelatin (2 g/1 H2 O, 
Sigma, U K ) and retained in the fixative solution at 32°C for 3 to 
6 weeks depending on the survival time o f the animal. Our 
control experiments with D il inserts in the untransected eel 
cord showed that D il could travel as far as 7 mm in 2 weeks 
and up to 15 mm in 5 weeks.

Horizontal sections 50 |i,m thick were cut on a Vibratome 
1000, mounted in ‘Vectashield’ (Vector Laboratories, Burlin
game, CA, USA) and examined under a Nikon Optiphot 2 
microscope fitted with a fluorescent light source and rhodamine 
filter and photographed with a Polaroid DM C le  digital camera. 
The distance travelled caudally (in mm) by axonal growth cones 
from the rostral stump was then measured. Growth cones were 
identified by their simple, bulbous shape (although some tapered 
towards the tip) and lack o f  long filopodia (Joynes et al., 1999; 
Mackler and Selzer, 1985; Muir and Steeves, 1997). They were 
easily distinguished from the ends o f  axons that had been sliced 
during cutting because their diameters were larger than those o f  
associated axons (5-20 |0,m cf. 1-7 |j.m). Micrographs illustrating 
these features are provided in Fig. 6C, D .

Statistical analysis

The swimming performance o f  all animals at each speed was 
evaluated using a one way analysis o f  variance test (ANOVA) in 
the ‘Datadesk® 6.0 PPG’ package. Distributions o f axonal 
growth distances were contrasted between blocked and non- 
blocked animals using the K olm ogorov-Sm im ov test (two-sam
ple K -S) in ‘SPSS® 8.0’. Differences were taken to be significant 
when P < 0 .0 5 .

RESULTS

Swimming performance o f  unoperated eels

As the water flow commenced, each eel swam some
what erratically at first but then, once familiar with the 
apparatus, could swim continuously up to speeds of 1-2 
BL/s. It maintained station in the typical anguilliform 
mode and waves of muscular contraction passing cau
dally along the body, as described previously (Gray, 
1933a, b; Lighthill, 1971), could clearly be seen. Frame 
by frame overlays o f the midline of the fish’s body 
revealed the characteristic figure of eight shape (Gray, 
1933b) formed by these waves and the increasing ampli
tude of the waves as they travelled down the body 
towards the tail. All eels were able to maintain station 
at most speeds for several minutes.

To hold constant position, each eel increased tail beat 
frequency as the water speed was elevated. This can be 
seen in Fig. 2A where tail beat frequency increased lin
early with a rise in forward speed (r̂  = 0.9), with a slope 
value of 2.5, calculated from the equation of the best- 
fitted line. Therefore, the 14 animals undergoing surgery 
were tested at only four speeds (0, 150, 234 and 320 mm/ 
s) and their performances evaluated by comparing the 
slopes o f the relationship of tail beat frequency against
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Fig. 2. Relationships in unoperated fish between forward speed 
and (A) tail beat frequency and (B) caudal amplitude. The points 
are individual measurements at different water speeds for 21 ani
mals, the speeds of which have been adjusted for their body 
lengths. The equation for the best-fitted line in A is: _v = 2.5;c+0.3 
(r^ = 0.9). No relationship can be detected between caudal ampli

tude and forward speed in B.

Speed. The maximum speed of testing was chosen to give 
a normalised sustainable velocity of about 1 BL/s, so as 
to focus our study on the slow, red muscle system (Gillis, 
1998). Swimming performance did not differ statistically 
among these eels and gave an overall slope value of 2.3. 
The ratio of rostral swim cycle rate to caudal swim cycle 
rate was 1:1, as expected.

In contrast to the above result, there was no obvious 
link between the speed of swimming and the amplitude 
of the body wave measured caudally (Fig. 2B, = 0.01),
although sometimes the largest movements were seen at 
the higher speeds. In general, however, amplitude 
remained relatively constant at around one eighth of 
the body length. All animals maintained a characteristic 
S-shaped posture when stationary.

Swimming performance after complete spinal cord 
transection

Immediately on recovery from cordotomy, all eels, 
except the sham-operated eel, exhibited slow rhythmic

oscillations (0.2 beats/s) of the body region caudal to 
the wound (‘spinal swimming’), spontaneously or in 
response to manual stimulation. Such spinal swimming 
persisted until 11 to 17 days post-lesion. When station
ary, the portion of the body rostral to the wound 
retained the curved posture, whereas the caudal portion 
assumed a straight line.

From 5 to 21 days after surgery, when placed in the 
swim tunnel, the animals were unstable and swam more 
erratically than before transection, even after acclimatis
ing. They experienced difficulty holding station at all 
speeds and manual or electrical stimulation of the tail 
succeeded in evoking only local responses. Moreover, 
the eels were able to sustain swimming at the highest 
speed for only several seconds. Nevertheless, when swim
ming steadily, a linear relationship between speed and 
tail beat frequency was still seen, although the tail beat 
frequencies at each speed were higher than and statisti
cally different from those before surgery. This gave rise, 
in each eel, to a steeper slope, as shown from the best- 
fitted lines (Fig. 3A), than was observed prior to tran
section. The slope continued to rise on subsequent days 
until a peak value (maximum slope value = 5.3) was 
attained and the time taken for this peak to be reached

A T
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Fig. 3. Mean changes ( ± S.E.M.) in (A) the slope of tail beat fre
quency/speed and (B) caudal amplitude over time for eels before 
(■, «=14) and at 8 (O, n=12), 24 ( a , n = l) and 36 (□, « = 5) 
days after spinal cord transection. Note the initial elevation and 
subsequent decline in the slope in A and the decline in caudal 
amplitude at all speeds in B, although no clear relationship exists' 

between this parameter and forward speed.
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tory parameters are expressed as percentages o f  values measured 

before spinal transection, represented by 0.

varied among animals (Fig. 4A). However, this biologi
cal variation was not statistically significant. The ratio of 
the cycle rate between body regions above and below the 
wound site was unchanged after transection. The slope 
then began to return to levels seen in intact eels (Figs. 3A 
and 4A), but did so in a series of stages until it resembled 
pre-injury values from 35 to 45 days. Tail beat frequen
cies at individual speeds, however, were statistically 
indistinguishable from equivalent measurements in unop
erated fish after 24 days (P = 0.72), although one eel still 
displayed high tail beat frequencies until at least 55 days 
after the operation.

Although injured fish swam with the characteristic 
muscular propagation of waves in a figure of eight, the 
amplitude measured at the tail tip was smaller than for 
the waves rostral to the transection. This parameter 
declined gradually after surgery, with the lowest levels 
becoming apparent from 5 to 15 days (Figs. 3B and 
4B) but variability among fish was not significant. 
Again, there was no clear relationship between this 
parameter and forward speed at any recovery stage and 
amplitude at all speeds remained below pre-surgery val

ues until 45 to 56 days in most animals, although no 
statistical difference was detected after 36 days 
(P = 0.46). For this reason, data for only one speed 
(the lowest at which the fish swam) are given in 
Fig. 4B. Caudal amplitude was never seen to return to 
normal in one eel before it was processed for histology, 
but this was the same fish in which restoration of normal 
tail beat frequency was also delayed. Restoration of nor
mal posture did not occur until, on average, 43 days after 
surgery.

The swimming performance and posture of the sham- 
operated eel was unaffected by the surgical procedure.

Eels in which the gap between the rostral and caudal 
stumps had been obstructed by a rubber block were 
unstable when placed in the swim tunnel, and sustainable 
swimming, as seen in uninjured animals, was never re
observed. Fig. 4 shows the changes in locomotory per
formance for all such fish before and after surgery. The 
typical increase in tail beat frequency after transection is 
again evident, but this elevated frequency persisted until 
the experiment was terminated. Considerable fluctuation 
in performance was also observed. Caudal amplitude 
decreased after the operation and was never seen to 
return to pre-surgery values while some fluctuation 
again became apparent.

As seen in non-blocked animals, the rostral to caudal 
cycle rate ratio remained at 1 after surgery in animals 
with implanted blocks and the S-shaped posture was also 
disrupted as a result of the operation, although it, like 
other parameters of movement, failed to return to nor
mal. Spinal swimming was not only initiated immediately 
after surgery but also was still present at the end of each 
experiment in these animals, even at 75 days post-tran- 
section.

Axonal regrowth after complete spinal transection

A very thin bridge of transparent regenerating material 
was seen to have formed between the rostral and caudal 
stumps when examined at 7 days after surgery. Dil label
ling revealed that axons had grown through most of the 
bridge tissue by this time, reaching a maximum distance 
of 1 mm from the rostral stump. Most, however, had 
extended up to 0.5 mm (Fig. 5A). At 15 days, the bridge 
was still thin and transparent, although more solid than 
at 7 days. The axon tips had reached as far as 3.5 mm, 
although the majority exhibited growth cones within 0.5 
mm of the wound. By 36 days, the connection was con
siderably more substantial; however, it was narrower 
than the rest of the cord and possessed a dorsally located 
irregular mass of regenerating material. Axons had by 
now progressed up to 6 mm, but again many had only 
grown as far as 1 mm. Fifty percent on average were also 
found between 2 and 4 mm from the lesion. Although 
recovery of swimming began to take place at around this 
time, neurites continued to grow and had reached a max
imum caudal distance of 7-9 mm 77 days after lesioning 
and roughly 40% of growth cones lay within 2-4 mm of 
the rostral stump (Fig. 5A). The regenerated bridge 
appeared almost indistinguishable from the rest of the 
cord, although it was still slightly narrower and more
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Fig. 5. Mean proportion of total axon number (± S .E .M .) at varying distances (mm) from the rostral stump in animals in
which regeneration had not been disrupted at (A) 7 days post-transection (n = l) ,  when performance was decHning; 15 days 
(n=  1), when performance was improving and spinal swimming ceased; 36 days (« = 4), when tail beat frequency had returned 
to baseline values; 77 days ( n - 2 )  and 128 days (« = 2), when most remaining aspects of pre-surgery swimming had been re
established. (B) Mean proportion o f total axon number (± S .E .M .) at varying distances (mm) from the rostral stump at 39 
days (« = 2) and 75 (« = 2) days in animals where such regrowth had been disrupted by rubber blocks placed between the 
rostral and caudal stumps. (C) The relationship between the proportion of labelled axons longer than 2 mm and the swim
ming performance expressed on an arbitrary scale from 0-1, where 1 represents pre-surgery tail beat frequency (n = 9).

(D) Mean axonal length in relation to day o f labelling for non-blocked animals (n = 11).

irregular in shape. The bridge at 128 days closely 
resembled that seen at 77 days and the shape of the 
growth cone distribution was similar. However, a lot of 
short processes were again present, although 20-44%

were more than 2 mm from the wound and some had 
extended up to 10.5 mm.

Fig. 5C shows the proportion of labelled axons that 
have reached the first segment caudal to the lesion (i.e.
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Fig. 6. Micrographs of horizontal sections of regenerated cord treated with Dil in blocked and non-blocked animals. 
(A) Section through regenerated bridge of non-blocked eel at 77 days post-surgery. The enlarged central canal is indicated by 
cc and the bridge region is denoted by a double-ended arrow. Rostral is up. Note that axons traverse through the bridge and 
penetrate the caudal stump. (B) Pattern of axonal regrowth in rostral stump at 75 days in eel where regeneration had been 
hindered by a rubber block (position of block indicated by white arrow). Note the lack of continuity of the bridge region. 
(C) Inset in B at larger magnification. (D) Inset in C at larger magnification. The black arrow denotes a growth cone, the 

white arrow a cut axon end. Scale bar in A and B: 1000 nm. Scale bar in C: 500 ^im and D; 100 ^m.

longer than 2 mm) in relation to swimming performance. 
There is a gradual improvement in locomotion as axons 
penetrate this segment, which becomes more pronounced 
as this proportion reaches at least 20%. Recovery is 
essentially complete when 40% are in this region. The 
data in Fig. 5A indicate that some axons grow at a

rate of around 150 |im/day or more, although an average 
growth rate of around 30 |im a day is suggested by the 
graph in Fig. 5D.

In all eels in which a block was placed at the tran
section site, the injured tissue seemed to have attempted 
to circumvent the rubber block. A threadlike bridge of
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regenerating material, like that seen at 7 days, had 
formed between the stumps in three out of five animals 
at 39 to 75 days, in spite of the obstruction. By 39 days 
in blocked animals, approximately half of the labelled 
growth cones had reached a distance of up to 1 mm, 
with half of these still less than 0.5 mm from the rostral 
stump (Fig. 5B). In one of these eels, however, some 
axon tips had grown as far as 2 mm, although around 
86% were still under 1.5 mm long. Even at 75 days the 
greatest distance of regrowth around the perimeter of the 
block was 2.5 mm, while the majority of neurites ranged 
from 0.5-1.5 mm, and in no animal had axons success
fully traversed the regenerated bridge into the caudal 
stump. The distributions of growth cone positions in 
relation to the rostral stump after different recovery peri
ods for these animals were found to be statistically differ
ent when compared with those for the unblocked group 
(Kolmogorov-Smimov test, P <  0.001).

While neurites in some blocked fish were occasionally 
observed to have turned slightly left or right or com
pletely around, most grew in a straight and caudal direc
tion towards the caudal stump (Fig. 6B-D). This pattern 
of growth differs slightly from that of non-blocked 
animals, where axons regenerated straight through 
the lesion and into the caudal stump, without deviation 
(Fig. 6A). Contralateral crossing was never observed 
in the spinal cord of any eels, either with or without 
blocks.

DISCUSSION

Spinally transected fish regained pre-surgery tail beat 
frequencies from 35 days after the injury while caudal 
amplitude did not return to normal until at least 45 
days. This rehabilitation depends primarily on axonal 
regeneration into the caudal stump since no such recov
ery was observed in eels where axonal growth had been 
hindered by a rubber block. Restoration of normal loco
motion does not, however, require extensive re-innerva- 
tion of the caudal portion of spinal cord as it emerges 
when neurites have extended into only the first segment 
caudal to the injury.

Swimming performance after spinal cord transection

The changes observed after surgery in caudal balance 
and posture are undoubtedly due to the denervation of 
the tail region thereby restricting neural control to only 
the rostral portion. The emergence of spinal swimming 
immediately after cord transection can similarly be 
attributed to the release of the caudal central pattern 
generators (CPGs) from inhibition by supraspinal neu
rons.

The fishes’ locomotion after surgery effectively mim
icked that of shorter animals, which display higher fre
quencies of tail beat than longer fish at identical speeds 
(Bainbridge, 1958). Since eels normally increase swim
ming speed by recruiting additional muscle in a caudal 
to rostral pattern (Gillis, 1998), their locomotory per
formance is poorer after transection than would be

expected as the important tail portion does not contrib
ute to locomotion.

The elevated cycle rate of the rostral part of the body 
is transmitted caudally to the tail, presumably via 
mechanical and sensory entrainment, so that it then 
oscillates at the same elevated frequency as the trunk. 
Such co-ordination of movement explains why the 
cycle rate ratio between rostral and caudal body regions 
was unaltered after transection. The required phase lock
ing of cycle and burst duration above and below a cut in 
the cord has already been demonstrated by Wallen 
(1982) in a spinal eel, and most likely results from the 
passive excitation of spinal mechano-sensory systems 
caudal to the wound by the propagated waves of 
muscular contraction (Cohen et al., 1988; Davis and 
McClellan, 1993). This excitation could then entrain cau
dal CPGs to fire in synchrony with those located more 
rostrally, but as these neurons comprise the only input 
available to the caudal motoneurons, the muscle they 
innervate was unable to contract with as much force as 
that above the wound. The decline in caudal amplitude 
seen in the present experiments can thus be accounted 
for by the loss of supraspinal input that normally inten
sifies muscular contraction appropriately.

Changes occur shortly after transection in the enzyme 
histochemical profiles and morphology of red and white 
muscle motoneurons in both zebrafish (Van Asselt et al., 
1990; Van Raamsdonk et al., 1998b) and eel (De Heus 
and Diegenbach, 1992; De Heus et al., 1996) that under
lie, we suggest, the gradual decline seen in our experi
ments in all locomotory parameters. De Heus and 
Diegenbach (1992) describe alterations in the Nissl sub
stance of motoneurons after transection, with the great
est difference between control and cordotomised fish seen 
from 7 to 10 days, which overlaps the initial deteriora
tion in performance witnessed in the present study. The 
effects they observed are thought to reflect synaptic and 
metabolic changes in the motoneurons that result, they 
suggest, from the degeneration and withdrawal of 
descending supraspinal pathways (Van Asselt et al., 
1990; De Heus et al., 1996; Van Raamsdonk et al., 
1998b).

The subsequent recovery could involve synaptic 
re-organisation within the deafferented spinal cord as 
caudal plasticity has been thought to underlie the limited 
restoration of movement seen in some spinal mammals 
(Edgerton et al., 1997; Joynes et al., 1999). Such 
re-arrangements to the network could also explain the 
progressive nature of recovery. They may reflect a com
plex form of plasticity (Feng-Chen and Wolpaw, 1996; 
Wolpaw, 1997) inherent to the regenerative process, 
which is manifested as a disruption in locomotory 
improvement while the developing circuitry is further 
refined and remodelled. The process alone, however, 
would not appear to be sufficient for the full recovery 
of normal movement because eels with blocks failed to 
recover locomotor function.

Recovery o f  pre-surgery locomotion and axonal regrowth

An improvement in locomotion was seen in non-
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bjocked eels after 8 to 21 days, and coincided with the 
growth of the first regenerating axons across the bridge 
of regenerating material. This finding suggests that these 
axons made sufficient appropriate synaptic contacts with 
deafferented motoneurons and interneurons to power 
swimming at lower tail beat frequencies. By 36 days, 
when tail beat frequency had fully recovered, roughly 
50% of the growth cones were between 2 and 4 mm of 
the proximal stump. As each segment in this region of 
the fish’s body is approximately 3 mm long, such a 
result suggests that the return of pre-surgery tail beat 
frequencies requires re-innervation of only the first seg
ment caudal to the lesion by a subset of the typical 
population.

Several studies in the lamprey have shown that overall 
recovery of function does not depend on extensive 
regrowth of injured axons (Wood and Cohen, 1979, 
1981; Mackler and Selzer, 1985, 1987) as this may be 
limited (Bernstein and Bernstein, 1967; Rovainen, 
1976). Therefore, in the lamprey as in the eel, it appears 
that regenerating descending projections need only re
establish contact with a certain minimum number of 
cells caudal to the lesion for functional recovery to 
occur. Presumably, once the brain achieves control 
over these intraspinal neurons, the reset and enhanced 
activity of CPGs (Guertin and Dubuc, 1997; Wannier 
et al., 1998) is transmitted throughout the tail region 
via propriospinal coupling.

While in the present study functional recovery was 
largely complete by the time regenerated processes had 
progressed up to 6 mm, it is possible that the continued 
caudal growth is significant in the return of fast swim
ming (above 2 BL/s) and startle response, both of which 
involve white muscle. A difference between recovery 
times for the fast and slow neuromuscular systems 
after cordotomy has already been reported in the zebra- 
fish (Van Raamsdonk et al., 1998a). It is likely, therefore, 
that axons of many different cell types continue to regen
erate until all aspects of movement have been fully 
refined and repaired.

In the injured lamprey spinal cord, giant reticulospinal 
axons exhibit rates of growth ( < 1 2 0  )im/day) compara
ble to those observed in the present investigation (Lurie 
and Selzer, 1991; Lurie et al., 1994; Jacobs et al., 1997), 
although such cells are not thought to be involved 
in mediating steady locomotion (Lurie and Selzer, 
1991); growth rates of 200 )xm/day have been reported

for regenerating axons in the zebrafish cord (Van 
Raamsdonk et al., 1998a). However, the extent of die- 
back of injured axons (Lurie and Selzer, 1991; Lurie et 
al., 1994; McHale et al., 1995) is unknown for the eel, 
and so the rates we report do not necessarily represent 
true rates of growth. Our data do not dispute the possi
bility that diff'erent neurons initiate growth at different 
times, grow at different speeds or vary in their regener
ative capacity, as observed by Jacobs et al. (1997). The 
growth rate may also vary with time. In any case, the 
speeds displayed in this study are considerably slower 
than those described in in vitro or in vivo embryonic 
preparations (Jacobs et al., 1997; Chan et al., 1998; 
Gomez and Spritzer, 1999) and most likely reflect diver
gent mechanisms (Jacobs et al., 1997).

Path-finding by regenerating neurons has been thought 
to depend on the presence of guidance cues in the local 
environment (Yin et al., 1984; Lurie et al., 1994; Dreyfus 
et al., 2000). It is therefore conceivable that the position 
of the rubber block in such treated animals hindered the 
interaction of such cues with their regenerating pre-syn- 
aptic targets, and that the rate of regrowth by the axo- 
tomised cells was probably sub-optimal from the start. 
Such a hypothesis may also explain the somewhat erratic 
nature of axonal regrowth exhibited by these eels.

Contralateral crossing of regrowing axons was never 
observed, suggesting that they exhibit some selectivity in 
their direction of regrowth and choice of target as pro
posed elsewhere (Yin et al., 1984; Mackler and Selzer, 
1985, 1987; Lurie and Selzer, 1991; Lurie et al., 1994). 
This possibility had been suggested by Coggeshall and 
Youngblood (1983) who proposed that the considerable 
distance of regeneration they observed in the goldfish 
probably resulted in the restoration of the original syn
aptic architecture. There is, however, some controversy 
surrounding this issue, since Wood and Cohen (1979, 
1981) reported extensive branching in regenerating 
axons and the formation of new connections in atypical 
regions of the cord. It remains to be seen to what extent 
the evident functional recovery of movement in the eel 
reflects normality of synaptic connection.
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