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A bstract

G row th -assoc ia ted  p ro te in -43  (GAP-43) is a deve lopm en ta lly -  
regu la ted g row th  cone p ro te in  in vo lved  in axonal extens ion , w h ich  is up- 
regu la ted du ring  neuronal regene ra tion  (Skene, 1989). Po lyc lona l 
an tibod ies  were ra ised aga inst a G AP -43 /B -ga lac tos idase fus ion  p ro te in  
in  o rde r to  s tudy  regenera tion a fte r traum a tic  in ju ry  to  the  cen tra l 
nervous system  (CNS).

The an tise rum  was cha rac te rised  on  W estern  b lo ts  o f pu rified  GAP- 
43 and hom ogenates o f ra t CNS. S ta in ing  o f tissue sec tions revea led an  
extens ive d is tr ib u tio n  o f GAP-43 in the  adu lt CNS. The h igh titre  o f 
th e  antise rum  a llowed reg ions o f h igh  GAP-43 concen tra tio n  to  be  
dem onstra ted  by increased an tise rum  d ilu tion .

Im m unoh is tochem is try  show ed th a t re tina l gang lion  ce lls  up- 
regu la ted GAP-43 a fte r op tic  nerve transec tion . The an tise rum  was then  
used to  assess the  exten t o f axona l regene ra tion  a fte r sp ina l co rd  
com press ion  (Guth e f a/., 1985). A lth o ugh  bo th  GAP-43 + pe rika rya  and  
axons cou ld  be seen around the  les ion , th e  extens ive  regenera tion  
suggested by these au tho rs cou ld  no t be con firm ed  and m ost axons  
appeared to  be spared from  axo tom y.

In CNS glia l cu ltu res, GAP-43 w as dem ons tra ted  in 0 -2A  p rogen ito rs  
and type-2 as trocy tes  by im m unocy tochem is try  and W este rn  b lo ttin g  bu t 
was not found  in o ligodend rocy tes . In tissue  sec tions , GAP-43 cou ld  be 
seen in 0 -2A  p rogen ito rs  and was dow n-regu la ted  as these ce lls  
d iffe ren tia ted  in to  o ligodend rocy tes  bu t GAP-43 + as trocy tes  were no t 
found .

In the  periphera l nervous system , GAP-43 was found  in non-m ye lin - 
fo rm ing  Schwann ce lls bu t no t in m ye lina ting  Schwann cells, and en te ric  
g lia  were a lso GAP-43+ . S c ia tic  dene rva tion  s tud ies showed th a t GAP-43  
in Schwann ce lls  is - regu la ted  by axonal con ta c t.
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NT-3 neu ro troph in  3

N-CAM neural ce ll adhes ion  m olecu le

Ng-CAM neuron -g lia  ce ll adhes ion  m olecu le
0 -2A o ligodend rocy te -type -2  as trocy te
PA p lasm inogen a c tiva to r

PAGE po lyacry lam ide  gel e le c tropho res is

PBS phospha te  bu ffe red  sa line
PIP phospha tidy linos ito l 4 -phospha te
PIP2 phospha tidy linos ito l 4 ,5 -b isphospha te

PKC pro te in  k inase C

PMSF pheny lm e thy lsu lfony l fluo ride

PNS periphera l nervous system

RGC retina l gang lion  cell

RMM rela tive m o lecu la r mass

RNA ribonuc le ic  ac id
rpm revo lu tions per m inute
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SDS sod ium  dodecy l su lpha te

TEMED N , N , N N ’-te tram e thy le thy lened iami ne

T ris tris (hyd roxym e thy l)am i nom ethane

T ris /H C I T ris  ad justed w ith  HCI to  the  pH sta ted

TRITC te tram e thy lrhodam ine  B iso th iocyana te

UV u ltrav io le t
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C hapter One

In t ro d u c t io n
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1.1. G row th-Associated Protein-43

1.1.1. H istorica l Perspective

G row th -assoc ia ted  p ro te in -43 (GAP-43) is a lso  know n by several o the r 
names (pp46, B-50, F1, p57, neu rom odu lin ). T h is  des igna tion  was firs t 
app lied  in 1981 in a series o f papers b y  Skene and W illa rd  (1981a, b, c) in 
w h ich  axona lly  transpo rted  p ro te in s  were  m e tabo lica lly  labe lled du ring  
axonal ou tg row th  in deve lopm en t and regene ra tion  and com pared to  those  
labe lled  in the  undam aged adu lt ne rvous system . P rom inent am ongs t the  
’g row th -assoc ia ted  p ro te in s ’ in the fa s t com ponen t o f axonal transpo rt 
du ring  axonogenes is was one o f re la tive  m o lecu la r mass (RMM) 43 kD, 
estim a ted by sod ium  dodecy l su lpha te -po lyac ry lam ide  gel e lec trophores is  
(SDS-PAGE), and hence the  ep ith e t GAP-43. An assoc ia tion  w ith  g row th  was  
fu rth e r suggested  by s tud ies w h ich  fo und  GAP-43 to  be iden tica l to  the  
phosphop ro te in  pp46, p resent in the  tip s  o f e x tend ing  axons know n as g row th  
cones (Meiri e ta l. , 1986; Skene e ta l. , 1986).

P rior to  these stud ies, Zw ie rs  e ta l. (1976) had iden tified  a 
p ro te in , w h ich  came to  be know n as B-50, th a t was phospho ry la ted  in rat 
synap tic  p lasm a m embranes. Fu rthe rm ore , phospho ry la tion  was e ffe c ted  by  
p ro te in  k inase C (PKC) and regu la ted the  ab ility  o f B-50 to  inh ib it the  
a c tiv ity  o f phospha tidy linos ito l 4 -phospha te  (PIP) k inase (Van Dongen et 
a l., 1985), a regu la to ry  enzym e in the  phospha tid y lin os ito l in trace llu la r  
second m essenger system  (Berridge and Irvine, 1984). B-50 has been shown  
to  be identica l to  GAP-43 in te rm s o f m ob ility  in po lyacry lam ide  and  
isoe lec tric  fo cus ing  gels and im m uno log ica l c ross -reac tiv ity  (Jacobson  et 
a l., 1986).

P hosphory la tion  o f a p ro te in  des igna ted  F1 was shown to  be d ire c tly

re la ted to  the pers is tence o f h ippocam pa l long -te rm  po ten tia tion  (LTP, a

m ode l o f m am malian neuronal p la s tic ity  and m em ory) (Ne lson and Routtenberg ,

1985; Lov inge r e ta l. , 1985, 1986). F1 has a lso been show n to  be iden tica l

to  GAP-43 by com ig ra tion  in 2 -d im ens iona l gels, com ig ra tion  o f p ro teo ly tic
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fragm en ts  (pep tide  m app ing) and im m uno log ica l c ross -reac tiv ity  (Snipes e t 
a i ,  1987). M oreover, cDNA c lon ing  and sequenc ing  have revea led bo th  F1 
and GAP-43 to  be the  same gene p ro d u c t (Basi e ta l ., 1987; Karns e ta l.,

1987; Rosenthal e ta l. , 1987).

Gene c lon ing  a lso revealed the  unexpec ted  iden tity  o f GAP-43 w ith  the  
neu ra l-spec ific  ca lm odu lin -b ind ing  p ro te in  p57, w h ich  is now  re ferred to  as 
neu rom odu lin  (C im le r e ta l. , 1987).

The lite ra tu re  is som ewhat con fused  as a resu lt o f several g roups  
in ves tiga ting  the  p ro te in  under d iffe re n t te rm ino log ies  and no consensus  
has ye t been reached on nom encla tu re . Rather, each sec tion  o f the  ’GAP-43 
com m un ity ’ con tinues to  use its own tit le  fo r th is  p ro te in . T h roughou t 
th is  thes is  it w ill be re ferred to  as GAP-43. Desp ite  th is  con fus ion , a 
la rge body o f ev idence has accum u la ted  conce rn ing  the  m o lecu la r p roperties, 
b iochem ica l in te ractions, and d is tr ib u tio n  o f GAP-43 but, as yet, no clear 
ro le  has emerged fo r GAP-43 in th e  deve lopm en t o r m a in tenance o f neuronal 
connec tio ns  (Benow itz  and Rou ttenberg , 1987; Skene, 1989; Liu and Storm , 
1990).

1.1.2. D is tribu tion  Of GAP-43

1.1.2.1. GAP-43 is N eural-Specific

GAP-43 has been repea ted ly  iden tif ie d  in s tud ies  o f neural tissue (as 
desc ribed  above) and inves tiga tions in severa l spec ies have show n tha t GAP- 
43 is res tric ted  to  the nervous system  us ing  an tib od y  and DNA p robes (Basi 
e ta l. , 1987; Karns e ta l. , 1987; Neve e ta l. , 1987; Rosenthal e ta l.,

1987; McGuire e ta l. , 1988).

Axonal transpo rt experim en ts (Skene and W illa rd , 1981a, b; Benow itz

and Lew is, 1983) and s tud ies o f synap tosom a l subce llu la r fra c tio n s  (Zw iers

e ta l. , 1976; Nelson and Routtenberg, 1985) c lea rly  dem onstra ted  tha t GAP-

43 is synthes ised by neurons and accum u la tes  a t the  axon te rm ina l during

g row th  and m aturity . Th is  led to  specu la tion  th a t GAP-43 may be res tric ted
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to  neurons, and s tud ies w ith  ce ll-spe c ific  m arkers appeared to  subs tan tia te  
th is  in  vivo  and in  v itro  (Basi e ta i. , 1987; Meiri e ta l., 1988;

O estre iche r e ta l. , 1988). O ther ev idence  suggests th a t non-neuronal 
(g lia l) ce lls  o f bo th  the  cen tra l and periphe ra l nervous system s can also  
express GAP-43 (V itko v i^  e ta l., 1988; T e tz la ff e ta l. , 1989; W oo lf e ta l.,

1990; see Chapte rs 6 and 7 fo r a fu ll d iscuss ion  o f g lia l GAP-43). Despite  
th is  appa ren t con trad ic tion , GAP-43 is s till re fe rred  to  as a ’neuron- 
sp e c if ic ’ p ro te in  (Van Lookeren C am pagne e ta l. , 1990; S tr ittm a tte r e ta l.,  
1990; C ogg ins and Zw iers, 1991).

1.1.2.2. GAP-43 Is D eve lopm enta l^  Regulated

The in itia l experim ents o f Skene and W illa rd  (1981a, b) dem onstra ted  
th a t g rea te r am oun ts  o f GAP-43 w ere  transpo rted  a long the  axon, away from  
th e  soma, du ring  deve lopm en t than  in the  adu lt sta te , and th a t axonal 
tra n spo rt o f GAP-43 was e levated in  neu rons unde rgo ing  regenera tion  a fte r  
damage. Synthesis was shown to  dec lin e  10-20 fo ld  du ring  the  firs t few  
w eeks o f postna ta l ra t bra in deve lopm en t, a lthough  overa ll leve ls o f GAP-43 
rem ained h igh fo r several weeks ind ica tin g  a ha lf-life  in the  o rde r o f 
weeks (Jacobson e ta l. , 1986). R egenera tion  o f go ld fish  re tina l gang lion  
cell (RGC) axons induced 100-200 fo ld  increase in GAP-43 syn thes is  over 
undam aged con tro l o p tic  nerves (B enow itz  and Lew is, 1983; Perry e ta l. ,

1987).

To ta l GAP-43 mRNA levels and trans la tab le  GAP-43 mRNA dec lined  in

the  ra t b ra in  in the  postna ta l period , in d ica tin g  tha t GAP-43 syn thes is  is

con tro lled  at the  transc rip tiona l level (Jacobson  e ta l., 1986; Basi et

a i ,  1987; Karns e ta l., 1987; Rosentha l e ta l. ,  1987). GAP-43 mRNA

rem ained de tec tab le  in the adu lt b u t leve ls were e levated a t least 10-fo ld

in  the  cell bod ies o f neurons unde rgo ing  axonal regene ra tion  (Basi e ta l.,

1987; Hoffman, 1989). In s itu  hyb rid isa tio n  experim en ts have suggested

th a t wh ile  all neurons synthesise GAP-43 du ring  deve lopm en t, gene

express ion pers is ts in to  adu lthood  on ly  in som e ce lls  (Rosentha l e ta l.,
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1987; Neve e ta l., 1988; De la M onte  e ta !., 1989).

S im ilarly, im m unoreactive  GAP-43 rem ained de tec tab le  in the  adu lt rat 
nervous system  bo th  by rad io im m unoassay and im m unoh is tochem is try , 
a lthough  the  p ro te in  is m ore abundan t in im m ature  tissue (O estre iche r et 
a l., 1986; O estre iche r and G ispen, 1986; G orge ls e ta l. , 1987; McGuire e t 
al., 1988). In sp ina l co rd , GAP-43 dec lined  10-fo ld re la tive  to  to ta l 
p ro te in  between 7 and 90 days (G orge ls e ta l. , 1987). The d is tr ibu tio n  
o f GAP-43 in adu lthood  is rev iewed in de ta il in C hap te r 4.

1.1.2,3. GAP-43 Is A xon-Specific

H ippocam pal neurons in cu ltu re  deve lop  d is tin c t axons and dend rite s  
in  a h igh ly  po larised manner, and im m unos ta in ing  has show n th a t GAP-43 is 
res tric ted  to  axonal p rocesses in these  ce lls  (Goslin  e ta l. , 1988).

Be fo re  axonal ou tg row th , when all th e  m ino r p rocesses were o f app rox im a te ly  
equal length , GAP-43 was d is tr ib u te d  equa lly  in all g row th  cones (Goslin  e t 
al., 1990). GAP-43 became p re fe ren tia lly  loca lised  in the  axon as it 
deve loped , wh ile  the  dend ritic  g row th  cones g radua lly  los t th e ir residua l 
GAP-43. If the  axon was transec ted  c lose  to  the  som a so th a t po la rity  was  
los t, GAP-43 accum ula ted  in the rem a in ing  p rocesses be fo re  extens ion  o f a 
new  axon (Goslin and Banker, 1990).

The suggestion  th a t GAP-43 is exc luded  from  m ature dend rite s  is 
suppo rted  by e lec tron  m ic roscopy  w h ich  revea led an exc lus ive ly  p resynap tic  
lo ca tion  o f GAP-43 in synap tosom es and synap tic  reg ions (G ispen e ta l.,

1985; Van Lookeren Cam pagne e ta l. , 1989, 1990). D endrites were a lso not 
im m unoreac tive  fo r GAP-43 in p repa ra tions exam ined by ligh t m ic roscopy  
(O estre iche r and G ispen, 1986; M cG uire e ta l. , 1988). D es truc tion  o f 
axonal p ro jec tions to  the  den ta te  gyrus resu lted  in the trans ien t loss o f 
GAP-43 from  synap tic  reg ions p rio r to  co lla te ra l sp rou tin g  (Benow itz  et 
al., 1990), suggesting  th a t the  rem a in ing  d en d rit ic  s tru c tu res  d id  not 
con ta in  GAP-43.
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1.1.2.4. GAP-43 Is Present In Axonal Membranes

Many s tud ies have shown th a t GAP-43 is p resent in m em branes iso lated  
from  adu lt and neonata l ra t bra ins. GAP-43 is in itia lly  syn thes ised as a 
so lub le  p ro te in  and then  becomes a tta ched  to  m em brane ves ic les in the soma  
(Skene and V irag , 1989) w h ich  are an te rog rade ly  transpo rted  in the fas t 
com ponen t o f axonal transpo rt (Skene and W illa rd , 1981a, b; B enow itz  and  
Lew is, 1983). During  deve lopm en t GAP-43 is in co rpo ra ted  in to  the  g row ing  
t ip s  o f axons, know n  as g row th  cones, w h ich  can be iso la ted  by subce llu la r 
fra c tio na tio n  (Meiri e ta l. , 1986; Skene e ta l. , 1986) and synap tosom es  
s im ila rly  iso la ted from  adu lt b ra in  a lso  con ta ined  GAP-43 (Chan e ta l.,

1986).

Im m unogo ld  e lec tron  m ic ro scopy  has con firm ed  these resu lts in 
iso la ted  nerve te rm ina ls  and u ltra th in  tissue  sec tions (G ispen e ta l. ,

1985; Van Lookeren Cam pagne e ta l. , 1989 ,1990). Furtherm ore , these  
s tud ies  have show n th a t GAP-43 in the  synapse is con fined  to  the  
p resynap tic  mem brane, a lthough GAP-43 has been loca lised  to  axon sha fts  in 
deve lop ing  and adu lt tissue (Gorge ls e ta l. , 1989; Van Lookeren  Cam pagne et 
a l., 1990). It is unce rta in  w he the r GAP-43 is inserted d ire c tly  in to  the  
axo lem m a or arises by d iffu s ion  away from  the  g row th  cone o r p resynap tic  
te rm ina l where it is in itia lly  inco rpo ra ted .

1.1.3. M olecular Properties Of GAP-43

1.1.3.1. Relative M olecular Mass

Early estim ates o f the RMM o f GAP-43 (and its synonym ous pro te ins),

by  com parison  to  the e le c tropho re tic  m ob ility  in SDS-PAGE o f s tandard

p ro te ins  o f know n RMM, ranged from  43 kD (Skene and W illa rd , 1981b) to  57

kD (Andreasen e ta l. , 1983). In an e legan t experim ent, B enow itz  e ta l.

(1987) showed th a t the m ob ility  o f GAP-43 varied inverse ly w ith  the

concen tra tio n  o f acry lam ide m onom er in the  gel m ix tu re  and, using the

m ethod o f Ferguson (1964) to  ca lcu la te  the  re ta rda tion  coe ffic ie n t o f GAP-
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43, these au tho rs de te rm ined the  RMM to  be 32.8 kD. Furtherm ore , in the  
absence o f de te rgen t, GAP-43 e lu ted from  a s ize -exc lus ion  ch rom a tog raphy  
co lum n a t an estim ated RMM o f 1 2 4 + /-1 0  kD. Th is  peak reso lved as a s ing le  
GAP-43 band in SDS-PAGE, sugges ting  th a t the native  p ro te in  may be a 
m ultim e r o f the GAP-43 po lypep tide  (B enow itz  e ta l. , 1987).

From  ca lcu la tions o f the S ta ke ’s rad ius and sed im en ta tion  
coe ffic ien t, Masure e ta i. (1986) estim a ted  the  RMM o f GAP-43 to  be 25.7 
kD. These au tho rs  a lso perfo rm ed am ino  ac id  ana lys is o f GAP-43, revea ling  
a pauc ity  o f h yd rophob ic  residues. Th is  may exp la in  the  abe rran t m ig ra tion  
o f GAP-43 du ring  SDS-PAGE as in te ra c tio n s  w ith  h yd rophob ic  am ino ac ids are  
respons ib le  fo r the  b ind ing  o f SDS (Reyno lds and Tan fo rd , 1970).

The am ino ac id  sequence o f GAP-43, as deduced  from  c loned  cDNA  
sequences (Basi e ta l. , 1987; C im le r e ta l. , 1987; Karns e ta l. , 1987;

Rosenthal e ta l. , 1987), con firm ed  the  am ino  ac id  ana lys is o f Masure e ta l.

(1986) and de fin itive ly  showed th a t GAP-43 cons is ts  o f 226 am ino ac ids w ith  
a to ta l RMM o f 23.6 kD.

1.1.3.2. Post-Translational M o d ifica tion s  O f GAP-43

1.1.3.2.1. Membrane A ttachm ent

Exam ina tion o f the deduced am ino  ac id  sequence o f GAP-43 ind ica ted  a 
h igh ly  hyd roph ilic  p ro te in , w h ich  is no t com pa tib le  w ith  its  know n ce llu la r  
loca lisa tion  in p lasma m em branes (C han e ta l. , 1986; Skene e ta l. , 1986) or 
the  behaviour o f GAP-43 in T riton  X -114 phase pa rtition ing , w h ich  ind ica ted  
cons ide rab le  h yd rophob ic ity  (Dosem eci and Rodn igh t, 1987). In add ition , 
sequence ana lys is d id  not reveal any m em brane-spann ing  dom a ins or po ten tia l 
s ites fo r N -linked g lycosy la tion  (Basi e ta l. , 1987). However, Skene and  
V irag  (1989) have recen tly  shown th a t GAP-43 unde rgoes add itio n  o f pa lm itic  
acid m oie ties v ia  th ioes te r linkages to  cys te ine  res idues near the am ino  
te rm inus and th a t th is  m od ifica tion  unde rlies  m em brane a ttachm en t.

The enzym es respons ib le  fo r  the  a tta chm en t o f these fa tty  ac ids to
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GAP-43 and its subsequen t deacy la tion  have been iden tified  (S. Patterson  
and P. Skene, personal com m un ica tion ) sugges ting  th a t m em brane a ttachm en t 
is regu la ted by d ynam ic acy la tion  o f c y to so lic  GAP-43 under ce llu la r 
con tro l and indeed a ’so lub le5 poo l o f GAP-43 has been noted in the  
supe rna tan ts  from  h igh  speed cen tr ifu ga tio n  s teps des igned to  pelle t 
m em branes (Skene and V irag, 1989; Meiri and G ordon-W eeks, 1990; Moss e t 
al., 1990). Im m unogo ld  e lec tron  m ic ro scopy  has a lso  revea led the  presence  
o f cy to so lic  GAP-43 (Gorge ls e ta l. , 1989; Van Lookeren Cam pagne e t al.,

1989, 1990).

1.1.3.2.2. Phosphorylation

GAP-43 is an endogenous subs tra te  fo r  PKC (Chan e ta l. , 1986) and is 
know n  to  be phospho ry la ted  in a num ber o f experim en ta l parad igm s (Nelson  
and Routtenberg , 1985; Van Dongen e ta l. , 1985; Nelson e ta l. , 1989). PKC- 
s tim u la ted  phospho ry la tion  has been show n  to  o ccu r a t a s ing le  serine  
res idue a t pos ition  41 (C ogg ins and  Zw ie rs, 1989; Apel e ta l. , 1990). GAP- 
43 has add itio na lly  been p roposed as a subs tra te  fo r case in k inase II 
(P isano e ta l. , 1988) a lthough  phospho ry la tio n  o ccu rs  a t a d iffe re n t serine  
res idue loca ted near the  carboxy l te rm inus . The PKC -phosphory la ted serine  
41 is a subs tra te  fo r the  Ca2 + /ca lm odu lin -d e penden t phospha tase ca lc ineu rin  
(L iu and S torm , 1989; Schram a e ta l. , 1989).

Phosphory la tion  has been show n  to  m odu la te  the  fu n c tio n  o f GAP-43.

The pers is tence o f long-te rm  changes in synap tic  e fficacy  in LTP was

d ire c tly  re la ted to  the  degree o f phospho ry la tio n  o f GAP-43 in h ippocam pa l

synap tosom al m em branes, regu la ted by the  tra ns lo ca tion  o f PKC to  the

m em brane and its subsequen t a c tiva tio n  (B enow itz  and Routtenberg , 1987;

L inden and Routtenberg , 1989). Th is m ay be linked  to  the  co rre la tion

between PKC-stimula ted GAP-43 phospho ry la tio n  and neu ro transm itte r release

(Dekker e ta l. , 1989a; Heem skerk e ta l. , 1990) and the  inh ib itio n  o f

neu ro transm itte r release by an tibod ies  to  GAP-43 (Dekker e ta l. , 1989b).

P hosphory la tion  by PKC a lso enhanced the  ab ility  o f GAP-43 to  in h ib it the
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enzym e PIP kinase (Van Dongen e ta l. , 1985), and thus to  con tro l 
phospha tidy linos ito l tu rnove r. B ind ing  o f GAP-43 to  ca lm odu lin  is a lso  
regu la ted  by phospho ry la tion  a t serine  41 (A lexander e ta l. , 1987). These  
b iochem ica l in te rac tions  are d iscussed  fu rth e r below .

1.1.4. B iochem ical In teractions O f GAP-43

1.1.4.1. S tructura l Cellu lar C om ponents

As described  in Section 1.1.3.2.1. GAP-43 is assoc ia ted  w ith  the  
p lasm a m em brane v ia  pa lm itic  ac id  m o ie ties a t the  am ino te rm inus (Skene and  
V irag , 1989). GAP-43 is a lso assoc ia ted  w ith  a sub-m em brane fra c tio n  o f 
the  cy toske le ton  know n as the co rtica l cy to ske le ton  (A llsopp  and Moss,

1989) or the m em brane ske le ton  (M eiri and Gordon-W eeks, 1990; Moss e ta l.,

1990) . Th is fra c tio n  con ta ins  actin , tubu lin , fo d rin , ta lin  and a -ac tin in  
bu t it is unce rta in  w ith  w h ich  o f these p ro te in s  GAP-43 in te racts  d ire c tly

(M e iri and Gordon-W eeks, 1990). A na lyses o f GAP-43 am ino acid  sequence and  
its  evo lu tiona ry  conse rva tion  have ind ica ted  tha t GAP-43 has an e longa ted  
rod -like  s tru c tu re  w h ich  extends away from  the  m em brane a tta chm en t site a t 
th e  am ino te rm inus and it is be lieved th a t the  carboxy-te rm ina l dom ain , 
show ing  lim ited hom o logy w ith  the low  RMM neu ro filam en t p ro te in , may b ind  
to  one or more o f these cy toske le ta l com ponen ts  (LaBate and Skene, 1989).

GAP-43 may thus serve as a link be tw een the  m em brane and the  
cy toske le ton , unde rly ing  events such  as adhes ion  and m otility . In suppo rt 
o f th is  concep t, GAP-43 has been show n  to  be assoc ia ted  w ith  areas o f 
m em brane w h ich  are tig h tly  adhe ren t to  the  subs tra te  (Meiri and G ordon- 
W eeks, 1990). Iso la ted g row th  cones and g row ing  neurites m echan ica lly  
d is lodged  from  the ir substra te  in cu ltu re  le ft beh ind  patches o f m em brane  
con ta in ing  GAP-43. GAP-43 showed a punc ta te  d is tr ib u tio n  at the  
cy top lasm ic  face o f the p lasmalem ma o f neu rites g row ing  in cu ltu re , w h ich  
a lso  suggests tha t it may be loca lised at s ites  o f subs tra te  adhesion  
(Meiri e ta l., 1988).
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1.1.4.2. Calmodulin

The Ca2 + -b ind ing  p ro te in  ca lm odu lin  is an im po rtan t in te rm ed ia te  in 
the  regu la tion  o f several p ro te ins and enzym es (rev iewed in Liu and S torm , 
1990). In con tra s t to  o the r ca lm odu lin -b ind ing  p ro te ins , GAP-43 b inds to  
ca lm odu lin  w ith  g rea tes t a ffin ity  in the  absence  o f Ca2 + ions (Andreasen et 
a l., 1983). The d issoc ia tion  cons tan t fo r GAP-43 and ca lm odu lin  has been  
show n  to  be 0.23 f j M in the  absence o f Ca2 +  ions and 1 /iM  in the  presence o f 
500 f jM  Ca2 + . H igh leve ls o f K + ions a lso  reduced  the  a ffin ity  o f b ind ing  
(d issoc ia tion  cons tan t 3.4 /j M a t 150 m M  po tass ium  ch lo ride ) and b ind ing  was  
abo lished  by PKC phospho ry la tion  o f GAP-43 (A lexander e ta l. , 1987). The  
ca lm odu lin  b ind ing  s ite  has been iden tif ie d  as res idues 43-51 (A lexander et 
a l., 1988) and the p rox im ity  o f se rine  41 m ay unde rlie  the  regu la tion  o f 
ca lm odu lin  b ind ing  by PKC phospho ry la tion  o f GAP-43. D ephospho ry la tion  o f 
GAP-43 by the  ca lm odu lin -s tim u la ted  phospha tase  ca lc ineu rin  (L iu and Storm , 
1989; Schram a e ta l. , 1989) w ou ld  serve  as a nega tive  feedback  loop  to  
p rom o te  reassoc ia tion  o f ca lm odu lin  w ith  GAP-43.

GAP-43 has been suggested to  con tro l the  loca l free ca lm odu lin  
concen tra tio n  by sequeste ring  ca lm odu lin  a t the  p lasma m em brane (Liu and  
S torm , 1990) s ince  it has been ca lcu la ted  from  the  concen tra tio n  o f these  
tw o  p ro te ins  in b ra in  tissue and th e ir a ff in ity  th a t m os t o r all ca lm odu lin  
w ou ld  be bound  to  GAP-43 in uns tim u la ted  ce lls  (A lexander e ta l. , 1987).

If the GAP-43-bound ca lm odu lin  is ina c tive  (an as ye t unanswered question ) 
th is  w ou ld  serve to  reduce the a c tiv ity  o f ca lc ium -ca lm odu lin  dependen t 
enzym e systems. Increased Ca2+  ion con cen tra tio n  o r K + depo la risa tion  
w ou ld  reduce the  a ffin ity  o f GAP-43 fo r ca lm odu lin  lead ing to  foca l 
libe ra tion  o f ca lm odu lin  and thus a c tiva tio n  o f ca lc ium -ca lm odu lin  m ed ia ted  
processes and increased Ca2+  bu ffe ring . PKC is s tim u la ted  by Ca2+  ions, 
and the re fo re  phospho ry la tion  o f GAP-43 (lead ing  to  d issoc ia tion  o f 
ca lm odu lin ) may act to  a ttenua te  the  a c tiv ity  o f PKC.
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1.1.4.3. Second Messenger Systems

Phosphory la ted  GAP-43 (bu t no t the  dephospho ry la ted  fo rm ) is an 
in h ib ito r o f the  enzym e PIP k inase w h ich  ca ta lyses the  phospho ry la tion  o f 
PIP to  phospha tidy linos ito l 4 ,5 -b isphospha te  (PIP2 ) (Van Dongen e ta l.,

1985). A n tib od ie s  to  GAP-43 in te rfe red  w ith  th is  fu n c tio n  and enhanced the  
a c tiv ity  o f PIP kinase in synap tic  p lasm a m em branes (O estre iche r e ta l.,

1983). S ince PKC is activa ted  by the  p roduc ts  o f recep to r-m ed ia ted  PIP2 
b reakdow n  (Berridge and Irvine, 1984), the  phospho ry la tion  o f GAP-43 w ou ld  
appear to  regu la te  transm em brane  s igna llin g  by nega tive  feedback  and thus  
fu rth e r a ttenua te  the  a c tiv ity  o f PKC.

In add ition , GAP-43 has been suggested  to  in te rac t w ith  G0  
(S tr ittm a tte r e ta l. , 1990), a guan id ine  tr ip ho spha te -b in d in g  p ro te in  tha t 
transduces in fo rm a tion  from  transm em brane  recep to rs  to  in tra ce llu la r enzyme  
system s (Bourne e ta l. , 1990). G0 is m os t abundan t in the  b ra in  and is a 
com ponen t o f g row th  cone m em branes (S tr ittm a tte r e ta l. , 1990).

Furtherm ore , GAP-43 was p roposed  to  s tim u la te  guan id ine  triphospha te  
b ind ing  to  G 0 , im p ly ing  tha t G0 can  be ac tiva ted  by GAP-43 in the  absence  
o f recep to r-ligand  activa tion . However th is  da ta  has no t been un ive rsa lly  
accep ted , espec ia lly  due to  the in ab ility  to  iso la te  the  G AP -43 /G 0 com plex  
necessary fo r guan id ine  triphospha te  b in d in g  and thus a c tiva tion  o f G0  
(Bourne e ta l. , 1990).

1.1.4.4. N eurotransm itter Release M echanism s

Phosphory la tion  o f GAP-43 has been show n to  be co rre la ted  w ith  the

release o f the  neu ro transm itte rs  no rad rena line  and asparta te  from  rat

h ippocam pa l s lices (Dekker e ta l., 1989a; Heem skerk e ta l. , 1990) and

iso la ted synap tosom es (Dekker e ta l. , 1990). Release o f noradrena line

cou ld  be pa rtia lly  inh ib ited  by an tibod ies  to  GAP-43 w h ich  to ta lly

p revented GAP-43 phospho ry la tion  (Dekker e ta l. , 1989b). Th is  s trong ly

suggests th a t phosphory la ted  GAP-43 p lays som e part in the even ts leading

to  ves icu la r neu ro transm itte r release. It rem ains, however, to  be shown
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how  GAP-43 is invo lved in these even ts  (and how  release is e ffec ted  in the  
absence  o f phospho ry la ted  GAP-43) and w he the r o the r neu ro transm itte r  
system s are s im ila rly  in fluenced by GAP-43 phospho ry la tion .

Th is ab ility  to  in fluence neu ro transm itte r re lease may underlie  the  
obse rved  co rre la tion  o f GAP-43 phospho ry la tion  w ith  LTP (Lov inger e ta l.,  
1985, 1986). Increased p resynap tic  re lease o f the  exc ita to ry  
neu ro transm itte r g lu tam ate  in LTP (Lynch  e ta l. , 1985) is cons is ten t w ith  
the  p roposed  role o f GAP-43 in synap tic  po ten tia tio n  (L inden and  
Rou ttenbe rg , 1989).

1.1.5. Role Of GAP-43

The p reced ing  ove rv iew  o f th e  m o lecu la r p roperties and b iochem ica l 
in te ra c tio n s  o f GAP-43 leads in to  a cons ide ra tio n  o f poss ib le  fu n c tio n s  in 
th e  deve lop ing  and adu lt nervous system . Desp ite  the  wea lth  o f in fo rm a tion  
conce rn ing  GAP-43, no causal ro le has ye t been estab lished fo r GAP-43 in 
any phys io log ica l event. Consequen tly , these cons ide ra tions  are h igh ly  
specu la tive .

1.1.5.1. Function Of GAP-43 In A d u lt P resynaptic Term inals

The assoc ia tion  o f GAP-43 w ith  ca lm odu lin , its phospho ry la tion  by PKC  
and ab ility  to  inh ib it PIP kinase (and the  rec ip roca l in te rac tions between  
these m olecu la r events) s trong ly  sugges t th a t GAP-43 m odu la tes m any o f the  
ce llu la r responses to  PIP2  b reakdow n s tim u la ted  by recep to r-ligand  
in te ra c tio n  (Berridge and Irvine, 1984). The  ove ra ll e ffe c t o f GAP-43 
w ou ld  seem  to  be sha rpen ing  o f the  peak ce llu la r responses, in te rm s o f 
Ca2+  ion concen tra tion  and PKC a c tiv ity  (Skene, 1989). Th is  may exp la in  
the  in fluence o f GAP-43 on neu ro transm itte r release, w h ich  is regu la ted by  
bo th  Ca2 +  ions and PKC (see Dekker e ta l. , 1989a), o r a lte rna tive ly  GAP-43 
may be d ire c tly  invo lved in ves icu la r m em brane fu s ion  (Dekker e ta l. ,

1989b).

The in te rac tion  o f GAP-43 w ith  cy toske le ta l e lem ents and its presence
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a t s ites o f subs tra te  adhesion sugges t th a t GAP-43 may fo rm  a functiona l 
linkage between the  cy toske le ton  and the  p lasm alem m a (Meiri and Gordon- 
W eeks, 1990), con tr ib u tin g  to  the s tru c tu ra l in teg rity  o f the  axonal 
te rm ina l and its adhesion  to  su rround ing  e lements.

1.1.5.2. Function Of GAP-43 In G row th Cones

Several lines o f evidence sugges t th a t GAP-43 has a ro le  in process  
extens ion  in deve lop ing  neurons. F irs t, GAP-43 is transpo rted  to  the  
g row th  cone, where it is inserted in to  th e  m em brane (Skene and W illa rd , 
1981a, b; Meiri e ta l. , 1986; Skene e ta l. , 1986). Secondly, GAP-43 is 
syn thes ised a t h igh levels du ring  pe riods  o f axonal ou tg row th  and is 
se lec tive ly  re induced  by axo tom y in  neu rons capab le  o f regenera tion  (Skene  
and W illa rd , 1981a, b; Hoffman, 1989). T h ird ly , the  m ost d ire c t evidence  
com es from  s tud ies o f non-neurona l ce lls  w h ich  were induced  to  extend  
f ilo pod ia l p rocesses when trans fec ted  w ith  the  GAP-43 gene, and th is  was  
dependen t upon a ’m em brane-ta rge ting  s ig n a l’ in the  am ino te rm inus  
in c lud ing  the  s ites fo r pa lm itic  acid  a dd it io n  (Zuber e ta l. , 1989a, b). 
Add itiona lly , the  presence o f GAP-43 m ay de te rm ine  neuronal po la rity  
(G oslin  e ta l. , 1990; Goslin and Banker, 1990).

As the  lead ing edge o f g row ing  neurites, g row th  cones serve a unique  
and p ivo ta l ro le in neural deve lopm en t. T hey m ust no t on ly  extend neuronal 
p ro jec tions  by be ing  the  locus o f m em brane add ition , bu t they  m ust a lso be  
ab le  to  respond to  env ironm en ta l c lues to  gu ide  the  p rocesses to  the ir  
co rre c t des tina tions (Bray, 1987; Van H oo ff e ta l. , 1989a). GAP-43 may be 
invo lved in e ithe r o f these func tions .

If GAP-43 is ac tive  in m em brane fu s ion  (as has been p roposed  fo r

neu ro transm itte r release) then neurite  ex tens ion  w ou ld  depend upon an

adequate supp ly  o f GAP-43. The pheoch rom ocy tom a  tum ou r cell line PC12 is

m ode l system  fo r the s tudy o f neurite  extens ion  in cu ltu re  (G reene and

T isch ler, 1976) and GAP-43 has been show n  to  be p resen t in the processes o f

these cells (Van H oo ff e ta l., 1989c). However, a PC12 subc lone  wh ich
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con ta ins  on ly  trace  am ounts o f GAP-43 is s till ab le to  extend neurites in 
response to  NGF (Baetge and Ham m ang, 1991).

G u idance may be e ffec ted  th ro ugh  recep to rs  fo r subs tra te -bound  
adhesion  m olecu les, so lub le  neurite  gu idance  fa c to rs  o r neu ro transm itte rs , 
w h ich  may be enriched  in the m em branes o f g row th  cones (see Van H oo ff e t 
a/., 1989a). In add itio n  to  unde rly ing  adhes ion  (Meiri and Gordon-W eeks,

1990) , GAP-43 may p rom ote  m o tility  b y  tra nsm ittin g  fo rce  from  the  
cy to ske le ton  to  s ites o f m em brane-subs tra te  adhesion  a cco rd in g  to  the ’Pull 
H ypo thes is ’ (Bray, 1987; Tu rne r and  F lier, 1989). GAP-43 w ou ld  a c t to  link  
m em brane recep to rs  fo r extrace llu la r adhes ion  m olecu les to  the  co rtica l 
cy toske le ton , as has p rev ious ly been suggested  by B ray (1987), and wou ld  
enab le  ac tiva tion  o f these recep to rs  b y  subs tra te -bound  ligands to  m od ify  
the  ac tion  o f GAP-43 th rough  second  m essenger system s (see Tu rne r and  
Flier, 1989). In suppo rt o f th is  concep t, adhes ion  was subs tan tia lly  
reduced in the  PC12 subc lone  d e fic ie n t in GAP-43 (Baetge and Hammang,

1991) , a lthough  it is no t know n w he the r g row th  cone gu idance  was a ffec ted .

G row th  cones a lso possess recep to rs  fo r nerve g row th  fa c to r (NGF),

w h ich  is know n  to  d ire c t the  g row th  o f neurites (Gundersen and Barre tt,

1979; Van H oo ff e ta l., 1989a). NGF s tim u la tes  m orpho log ica l

d iffe re n tia tio n  in the  PC12 cell m ode l o f neu rite  ou tg row th , con com itan t

w ith  trans loca tion  o f GAP-43 to  the  ce ll m em brane (Van H oo ff e ta !.,

1989c). NGF a lso activa tes PKC b y  tra ns lo ca tio n  to  the  p lasma m em brane in

these ce lls  (Heasley and Johnson , 1989; K ond ra tyev e ta l. , 1990) and

s tud ies w ith  inh ib ito rs  and ac tiva to rs  o f PKC have suggested  tha t PKC may

have a ro le in the b io log ica l ac tion  o f NGF (H ash im o to  and Hagino, 1989;

G lowacka and W agner, 1990). NGF induces PKC -dependent phospho ry la tion

o f GAP-43 in PC12 cells (Dr. K. Meiri, pe rsona l com m un ica tion ) and

fu rthe rm ore , Yankner e ta l. (1990) have show n  th a t NGF-induced neurite

ou tg row th  is co rre la ted  w ith  GAP-43 leve ls in PC12 ce lls  trans fec ted  w ith

the GAP-43 gene, suggesting  tha t GAP-43 may ac t in transduc tio n  o f the

in trace llu la r response to  NGF. A c tiva tio n  o f PKC has been show n to  p rom ote
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neu ritogenes is  in p rim ary cu ltu res, a lthough  th is  has not ye t been  
co rre la ted  w ith  GAP-43 phospho ry la tion  (Cam bray-Deak in  e ta l. , 1990).

A lte rna tive ly , GAP-43 may m ed ia te  the  response o f g row th  cones to  
neu ro transm itte rs . M uscarin ic  ace ty lcho lin e  recep to r a c tiva tion  has been  
show n to  s tim u la te  GAP-43 phospho ry la tio n  in iso la ted  g row th  cones (Van  
H oo ff e ta l. , 1989b), w h ich  are know n  to  bear recep to rs  fo r several o ther 
neu ro transm itte rs  (Locke rb ie  e ta l. , 1988). N eu ro transm itte rs  are know n to  
in fluence  g row th  cone m o tility  by in flu x  o f Ca2 +  ions (M a ttson  and Kater,

1987) th rough  c lus te rs  o f Ca2 + ion  channe ls  in the  g row th  cone (S ilver e t 
al., 1990).

Phospho ry la tion  o f GAP-43 o r increased Ca2 +  ion concen tra tio n  w ou ld  
cause d issoc ia tion  o f G AP -43 /ca lm odu lin  com plexes, lib e ra ting  ca lm odu lin  
and lead ing to  changes in the cohes ion  o f cy toske le ta l e lem ents a ffec ted  by  
ca lm odu lin -dependen t phospho ry la tion  (L iu and S torm , 1990; Van H oo ff e t 
al., 1989a). A  local ’s o fte n in g ’ o f th e  m em brane is env isaged lead ing to  
f ilo pod ia l extens ion . Thus GAP-43 may regu la te  cy toske le ta l p ro te ins  
du ring  neurite ou tg row th  by d ire c t in te ra c tio n  (poss ib ly  v ia  the  
neu ro filam en t-like  dom a in  a t the ca rboxy -te rm inus  as p roposed  by LaBate and  
Skene, 1989) and th rough  con tro l o f free  ca lm odu lin  levels.

1.1.5.3. The ’GAP H ypothesis’

W hile the  exact fu n c tio n  o f GAP-43 in the  g row th  cone rem ains

unknow n, it appears ev iden t from  the  h igh  leve ls p resen t du ring  deve lopm en t

and the  re-express ion in regenera tion  th a t GAP-43 has a ro le in the

e longa tion  o r gu idance  o f ou tg row ing  axons. Furtherm ore , in itia l s tud ies

show ed tha t GAP-43 syn thes is was no t enhanced  by les ions to  the mammalian

cen tra l nervous system  (CNS), in w h ich  the re  is a fa ilu re  o f the axons to

regenera te (Skene and W illa rd , 1981b). These obse rva tions  led to  the ’GAP

H ypo thes is ’ th a t axonogenesis depends c r it ic a lly  upon ce rta in  p ro te ins

(in c lud ing  GAP-43) tha t are syn thes ised du ring  axonal ou tg row th  and (most

like ly) conveyed to  the g row ing  tip . Lack o f these p ro te ins  in su ffic ie n t
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quan titie s  in the  adu lt m am malian CNS w as p roposed  to  underlie  the  fa ilu re  
o f regenera tion  (Skene and W illa rd  1981b; Skene, 1984).

The fa c t th a t GAP-43 pe rs is ts  in a du lt neurons requ ires a rev is ion  o f 
th is  hypothesis . W hateve r fu n c tio n (s ) GAP-43 may serve in the  adu lt 
synapse, the g row th  cones requ ire a g rea te r supp ly  o f GAP-43 to  perfo rm  
e ithe r the  same o r a d iffe re n t set o f fu nc tio n s . The  fa ilu re  o f mammalian  
CNS regenera tion  is suggested  to  depend  the re fo re  upon the  inab ility  to  
recap itu la te  a ’deve lopm en ta l’ gene p rog ram m e a fte r in jury, in c lud ing  
e nh a nce d  exp ress ion o f GAP-43. T h is  fa ilu re  cou ld  be due to  an in tr in s ic  
in a b ility  o f CNS neurons to  respond  to  axo tom y. A lte rna tive ly , the  cell 
bod y  may no t rece ive the  co rre c t s igna ls  from  the  severed axon or the  
extraneurona l e n v iro n m e n t These  fa c to rs  a re  d iscussed  fu lly  in the  
fo llow ing  section .

1.2. Neural Regeneration

Once neurons have e labo ra ted  p rocesses and made the  app rop ria te  
connec tio ns  they are incapab le  o f fu r th e r m ig ra tion . A lthough  synap tic  
p la s tic ity  can take  p lace (in the fo rm  o f changes in synap tic  e fficacy  or 
the  genera tion  o f new synapses), th e  ne rvous system  in the  adu lt can be  
cons ide red  essen tia lly  ’ha rdw ired ’. C onsequen tly , w hen the  neuronal 
c ircu itry  is in te rrup ted  by dam age o r d isease , connec tiv ity  can on ly  be re

estab lished  by the  genera tion  o f new  p rocesses o r regene ra tion  o f those  
destroyed . For the  purposes o f th is  d iscuss ion  and the  rem a inder o f the  
text, re g e n e ra tio n  re fe rs s tr ic t ly  to  the reg row th  o f p reex is ting  bu t 
dam aged neuronal processes, and c o lla te ra l s p ro u tin g  re fe rs to  the  
genera tion  o f new  p rocesses from  undam aged axons to  com pensa te  fo r lost 
connec tions . A lthough  synap tic  p la s tic ity  can be a consequence  o f neuronal 
damage, it can occu r independen tly  o f e ith e r dam age o r g row th  o f processes, 
in normal even ts such as learn ing (B lack  e ta l . , 1990).

The ’GAP H ypo thes is ’ p red ic ts  th a t the  fa ilu re  o f neurons to

regenerate axonal p rocesses a fte r in ju ry  lies in the  regu la tion  o f GAP-43
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(a n d /o r  o the r p ro te ins essentia l fo r axonal g row th ). S pec ifica lly , th is  
seeks to  exp la in  the  lack o f regenera tion  seen in the m am m alian CNS in 
com pa rison  to  the CNS o f lower ve rteb ra tes  and the periphera l nervous  
system  (PNS) o f mam mals w h ich  are capab le  o f substan tia l axonal 
regene ra tion  and func tiona l reconnec tion  (Guth e f a/., 1983; Faw ce tt and  
Keynes, 1990).

The ’GAP H ypo thes is ’ can be v iew ed as part o f tw o  b roade r hypotheses  
to  exp la in  the  fa ilu re  o f mammalian CNS regenera tion . One p roposes tha t 
m am m alian CNS neurons have an inhe ren t incapac ity  fo r regene ra tion  and are  
incapab le  o f up-regu la ting  GAP-43 in response  to  axotom y. A n  oppos ite  
schoo l o f th in k ing  ho lds th a t the  neural env ironm en t regu la tes the  ab ility  
o f neurons to  surv ive  and regenera te  a fte r axo tom y and p roposes th a t the  
m am m alian CNS is an unconduc ive  env ironm en t. In th is  case, up-regu la tion  
o f GAP-43 m igh t requ ire  extra -neurona l s igna ls  p resen t in lim iting  
quan titie s  in the  mammalian CNS. Th is  sec tio n  w ill exam ine the  response to  
in ju ry  o f regenera ting  and non -regene ra ting  neural tissue and rev iew  the  
ev idence  fo r the  ’Inherent In capac ity ’ and  ’Neural E nv ironm en t’ hypotheses. 
Th is  w ill inc lude a cons ide ra tion  o f the non-neurona l (g lia l) e lem en ts o f 
the  CNS and PNS and the  g lia l response to  neural in jury. For fu rth e r  
in fo rm a tion  on cen tra l and periphera l g lia l ce lls , the reader is re fe rred  
to  C hap te rs 6 and 7 respective ly .

1.2.1. Peripheral Nervous System Response To Injury

The PNS is derived  from  ec tode rm a l p lacodes in the head reg ion  and  
from  the neural crest, w h ich  is a tra ns ien t agg rega tion  o f ce lls  th a t fo rm s  
by separa tion  from  the  edge o f the  neural p la te du ring  neuru la tion  
(Jacobson , 1978; Le Douarin , 1982). These  ce lls  p ro life ra te  and then  
m igra te  a long de fined  rou tes to  g ive rise to  a large num ber o f d iffe re n t 
tissues inc lud ing  all neurons o f the  PNS and  th e ir a ccom pany ing  g lia, the  
Schwann ce lls  (Le Douarin, 1982; Purves and L ich tm an , 1985).

The cell bod ies o f periphera l neu rons are loca ted in senso ry and
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au tonom ic  gang lia  th roughou t the body . T he ir axons extend from  these  
gang lia  to  the  CNS and to  ta rge t o rgans in the  pe riphe ry th rough  nerve  
tru nks  bounded  by ep ineuria l shea ths (Ide e ta l. , 1990). W ith in  the trunks  
are fun icu li, each cons is ting  o f a bund le  o f axons surrounded  by a com m on  
perineuria l sheath . The bund les o f axons are subd iv ided  and su rrounded  by  
the  Schwann cells. Large d iam e te r axons are m ye lina ted  by these ce lls  so  
th a t each Schwann cell enw raps one axon. Sm alle r axons are no t m ye lina ted  
and several o f these are enc losed by  a com m on Schwann cell. A round  each  
Schwann c e ll/a xo n  un it lies a basa l lam ina tube, secre ted  by the  Schwann  
cells, w h ich  is con tinuous  from  the  cell b od y  to  the  ta rge t o rgan. In 
add ition , som e CNS neurons p ro jec t axons to  the pe riphe ry (ie m o to r  
neurons) and these are s im ila rly  con ta ined  w ith in  S chwann ce lls  in the  
nerve trunks.

If the  con tin u ity  o f the axons is d is rup ted  by transec tion  o r foca l 
in ju ry  o f the  nerve fib res , then the  p o rtio n  d is ta l to  the  ce ll body  
degenerates, as firs t described  by W a lle r (1850). Both  axonal deb ris  and  
the  m yelin shea th  are phagocy tosed  in W a lle rian  degenera tion , a lthough  the  
Schwann ce lls  them se lves surv ive  and  the  basal lam inae remain in tact. 
Phagocytos is is accom p lished  by m acrophages (Beuche and Friede, 1984; 
Lunn e ta l., 1989) w h ich  m igra te from  the  b lood  vesse ls in the  nerve trunk  
to  the dam aged fib res  and pene tra te  the  basal lam ina tubes  (S to ll e ta l.,

1989). M itogens are libera ted from  axonal and m ye lin  m em branes w h ich  
prom ote  the  d iv is ion  o f Schwann ce lls  (Ba ichwal and DeVries, 1989; DeCoster 
and DeVries, 1989). Schwann ce lls  thus  fill the  basal lam ina tubes, 
becom ing  e longa ted  and in te rd ig ita tin g  fine  processes, to  fo rm  the Bands o f  
Bungner.

W ith in  a few  hours a fte r in jury, the  segm ents o f the  axons proximal

to  the lesion (ie still connec ted  to  the  ce ll body) s ta rt to  regenera te

axonal sp rou ts  tow a rds the d is ta l po rtio n  o f the  nerve tru nk  (Fawcett and

Keynes, 1990). If the  s truc tu ra l in teg rity  o f the  tru n k  has been

m ainta ined, as in crush injury, o r if the  d is tance  sepa ra ting  the s tum ps o f
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a transec ted  nerve is not to o  g rea t then  the  axons regenera te a long the  
Bands o f Bungner ins ide the  basal lam ina tubes (Hall, 1989; Fawcett and  
Keynes, 1990). Sprou ting  is abo rtive , however, if the  in te rs tum p d is tance  
is in excess o f 5 mm, a lthough d is tances  o f up to  15 mm can be nego tia ted  
if bo th  s tum ps are con ta ined  w ith in  a tube  (Lundbo rg  e ta l. , 1982; Dahlin  
e t a/., 1988). P lacement o f on ly the  p rox im a l s tum p in a tube  does not 
enhance  axonal ou tg row th , sugges ting  th a t the  d is ta l s tum p exerts a 
pos itive  in fluence on regenera tion (Longo  e ta l. , 1983).

1.2.2. Mammalian Central Nervous System Response To Injury

The neural p la te c loses du ring  neu ru la tion  to  becom e the  neural tube  
and g ive rise to  the  CNS. Neu rob las ts  and g liob las ts  are genera ted  from  
(poss ib ly  separate) p recu rso rs  in the  neural tube  and the  germ ina l layers  
de rived  from  it (Purves and L ich tm an , 1985). W h ile  neurons are pos t

m ito tic , it has been shown th a t m ye lin -fo rm ing  o ligodend rocy te s  (S tu rrock  
and McRae, 1980; Ludw in  and Bakker, 1988) and m ature  as trocy tes  (La tov e t 
a!., 1979; rev iewed by L indsay, 1986) are capab le  o f m itos is  in response to  
traum a tic  b ra in  in jury. M icrog lia , w h ich  have a m esoderm a l o rig in  and  
invade the CNS a round b irth , p ro life ra te  and becom e phagocy tic  a fte r d ire c t 
b ra in  in ju ry o r transec tion  o f the pe riphe ra l axons o f m o to r neurons  
lead ing  to  the dea th  o f the ir cen tra lly - lo ca ted  som a ta  (S tre it e ta l.,

1988).

The CNS lies w ith in  the  c ran ium  and the  ve rteb ra l co lum n and is

s tru c tu ra lly  m uch more com p lex than  the  PNS. The cell bod ies o f centra l

neurons are loca ted in c lus te rs ca lled  nucle i th roughou t the bra in and

sp ina l co rd . A xons extend th rough  a he te rogeneous mass o f cell bod ies,

neurona l and g lia l p rocesses and synap tic  reg ions. Ind iv idua l

o ligodend rocy te s  con tr ibu te  segm ents o f m ye lin  sheath to  m any axons w h ile

as trocy tes  enw rap the unm yelina ted axons. There  is no basal lam ina w ith in

the  adu lt CNS parenchym a, be ing p resen t on ly  a round  b lood  vesse ls and at

the  externa l lim iting  m em brane (g lia  lim ita n s ) (M cLoon , 1986; Sosale et
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a/., 1988).

A fte r in ju ry  to  the  CNS, severed axons unde rgo  W a lle rian degenera tion  
and the re  is p ro life ra tion  o f m ic rog lia  and  invas ion  o f c ircu la ting  
m acrophages in the  v ic in ity  o f b reached  b lood  vesse ls (L indsay, 1986).

A c tiva ted  m ic rog lia  and b lood -bo rne  m acrophages phagocy tose  neuronal and  
m yelin  deb ris  and release pep tides and cy to k ines  w h ich  p rom o te  the m itos is  
o f as trocy tes  (G iu lian and Baker, 1986; G iu lian e ta l. , 1988, 1989). The  
increase in astrog lia l num ber is accom pan ied  by hype rtrophy o f these cells, 
cons is tin g  o f cy top lasm ic  swe lling  w ith  increases in nuc lear size, 
m ic ro tubu le  con te n t and in trace llu la r m em brane assoc ia ted  w ith  the  Golgi 
com p lex and rough endop lasm ic re ticu lum  (Reier, 1986). Th is  suggests  
g rea te r syn thes is  o f p ro te ins, w h ich  is re fle c ted  in up -regu la tion  o f the  
g lia l-spec ific  in te rm ed ia te  filam en t p ro te in , g lia l fib r illa ry  a c id ic  
p ro te in  (GFAP), dem onstra ted  by im m unoh is tochem ica l m e thods (Lindsay, 1986; 
M cLoon, 1986). These ’reac tive ’ a s tro cy te s  a lso  increase the  num ber and  
s ize  o f th e ir p rocesses, even tua lly  f ill in g  the  extrace llu la r spaces le ft 
by phagocy tos is  o f the  degenera ting  axons and myelin . Reactive g lios is  is 
cha rac te rised  in the  ligh t and e le c tron  m ic roscopes by a m eshwork o f 
in te rd ig ita tin g  a s tro cy tic  p rocesses w h ich  are h igh ly  im m unoreac tive  fo r  
GFAP (Reier, 1986), and w h ich  m ay extend  cons ide rab le  d is tances  away from  
the  s ite  o f in ju ry (M athewson and Berry, 1985).

As well as m a in ta in ing  the  s tru c tu re  o f the  CNS in the  face  o f

p rog ress ive  neurona l loss, reactive  g lios is  a lso  serves to  seal su rfaces o f

the  neural parenchym a exposed to  a non-neura l env ironm en t by  invasive

traum a. In th is  even t the reactive  as tro cy te s  add itio na lly  secre te  a basal

lam ina to  fo rm  a new g lia  Umitans w h ich  can  be de tec ted  by

im m unocy tochem is try  and e lec tron  m ic ro scopy  3-5 days a fte r the  insu lt;

com p le te  encapsu la tion  occu rs be tween 10-20 days depend ing  on the severity

o f the  lesion (Feringa e t a/., 1980; Be rns te in  e t al., 1985). Fo rm a tion  o f

a basal lam ina seems to  be assoc ia ted  w ith  a s tro cy tic  su rfaces apposing

connec tive  tissue, especia lly co llagen m atrices. A lthough  the  exact
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s tim u lus is unknown, it appears th a t th e  p resence o f fib ro b la s ts  may cause  
syn thes is  o f basal lam ina, concom itan t w ith  co llagen  depos ition  (Berry et 
a l., 1983; Reier e ta l. , 1983a).

In filtra tion  o f fib ro b la s ts  and o the r m en ingea l e lem ents is 
assoc ia ted  w ith  pene tra ting  in ju ry to  the  CNS, lead ing  to  a com p lex g lia l- 
m esoderm a l scar w ith  depos ition  o f co llagen  m atrix  and a s tro cy tic  basal 
lam ina  (K riko rian  e ta l. , 1981; Reier, 1986). A lthough  reactive  g lios is  
bo th  in the p resence and absence o f m esoderm a l connec tive  tissue e lem ents  
have been described  as ’g lia l s ca rr in g ’ (Reier, 1986), it seems pe rtinen t 
to  d raw  a d is tin c tio n  be tween the tw o  even ts, a t least w ith  respec t to  the  
in vo lvem en t o f the  add itiona l cell types  in pene tran t in juries. In the  
absence  o f connec tive  tissue and subsequen t fo rm a tion  o f a g lia  lim itans, 
hyperp las ia  and hype rtrophy o f a s tro cy te s  w ill be re fe rred  to  as re a c tive  
g lio s is , w h ile  the  m ore com p lex in te ra c tio n  w ith  non-neura l e lem en ts du ring  
pene tran t les ions w ill be de fined  as g lia l s c a rr in g .

Despite the  appa ren tly  repa ra tive  nature  o f reactive  g lios is  in 
re fo rm ing  an externa l lim iting  m em brane and m a in ta in ing  s truc tu ra l 
in teg rity  in the CNS, cen tra l neurons on ly  show  abo rtive  regenera tive  
sp rou tin g  in response to  axotom y, o ften  te rm ina tin g  in con ta c t w ith  
dense ly -packed  reactive  as trocy tes  (Cajal, 1928; Hall and Berry, 1989).

T h is  seems su rp ris ing  in v iew  o f the  g row th  o f neurona l p rocesses over 
as trocy te  surfaces in  v itro  (Nob le e ta l. , 1984; Neugebauer e ta l. , 1988) 
and the ir secre tion  o f neu ro troph ic  fa c to rs  (rev iewed by L indsay, 1986).

The  m olecu lar m echan ism s unde rly ing  the  regenera tive  fa ilu re  o f the  
m am m alian CNS, rev iewed below , fa ll in to  4 ca tegories ; a) lack o f adequate  
neurona l response, b) lack o f perm iss ive  fa c to rs , c ) in h ib ito ry  fac to rs , 
and d ) physica l barrie rs.

Beforehand, it is pe rtinen t to  exam ine CNS system s in w h ich

regenera tion  does occu r. The regene ra tive  capac itie s  o f the  CNS o f

neonata l mammals and o f in fram am m alian  adu lts , w h ich  are m ore ak in  to  the

response m ounted by the  PNS, may h ig h lig h t som e o f the fa c to rs  a ffe c ting
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regene ra tion  in the  m am malian CNS. A lso  the  capac ity  o f the  m am malian  
o lfa c to ry  bu lb  to  rece ive incom ing  axons, even a fte r induc tion  o f reactive  
g lios is , w ill be d iscussed .

1.2.2.1. O lfactory  Bulb

The p rim ary sensory neurons loca ted  in the o lfa c to ry  neu roep ithe lium  
o f the  nose are un ique in tw o  ways. F irs t, th e y  are the on ly  m am m alian  
neurons th a t unde rgo  con tinuous gene ra tion  from  stem  ce lls  fo llow ed  by  
m atu ra tion  and cell death , and second ly , they  are the  on ly  neurons to  
extend  new ly-fo rm ed axons in to  the  m atu re  CNS and fo rm  func tio na l synap tic  
connec tio ns  the re in  (G raziade i and M on ti G raziade i, 1978). T h is  cyc le  o f 
neurogenes is is necessary to  rep lace neurons los t by m echan ica l wear o f the  
o lfa c to ry  ep ithe lium  and by degene ra tion  due to  nox ious chem ica ls .

The unm yelina ted axons o f th e  senso ry  neurons p ro jec t th rough  
periphe ra l nerve bund les in to  a lam ina ted  te lencepha lic  ex tens ion  o f the  
cereb ra l co rtex  ca lled  the  o lfa c to ry  bu lb . Les ions to  the  periphe ra l 
sec tio n  o f the  o lfa c to ry  recep to r neuron fib re s  and dam age to  the  o lfa c to ry  
bu lb  itse lf resu lt in a hype rtroph ic  g lia l sca r a t the  superfic ia l su rface  
o f the  bu lb , a lthough connec tive  tissue  in filtra tio n  is m in im al (G raziade i 
and M onti G raziadei, 1978; Douce tte  e ta l. , 1983). A fte r a pe riod  in w h ich  
axons and cell bod ies o f the  dam aged recep to r neurons degenera te , new ly- 
genera ted  neurons p ro jec t axons to  the  o lfa c to ry  bu lb , w h ich  pene tra te  the  
g liosed  tissue and make appa ren tly  norm al synapses in the app rop ria te  area  
(D ouce tte  e ta l. , 1983). A lthough  th is  does no t rep resen t genu ine  axonal 
re g e n e ra tio n , the te rra in  o f the  reac tive  as tro cy te s  is no t on ly  conduc ive  
to  axonal g row th  bu t a lso appears ab le  to  gu ide  the  incom ing  fib re s  to  
th e ir co rre c t lam inar des tina tions. Th is  is accom pan ied  by GAP-43  
syn thes is  by  the  new ly genera ted o lfa c to ry  re cep to r neurons and GAP-43 can  
be v isua lised  in the ir axons a rr iv in g  in the  o lfa c to ry  bu lb  a fte r les ion ing  
(Verhaagen e ta l. , 1990).
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1.2.2.2. Neonatal C entral Nervous System

Unlike the  s itua tion  in the adu lt CNS, in ju ry to  neonata l b ra in  and  
sp ina l co rd  o ften  does no t lead to  pe rm anen t func tiona l de fic its  
(G o ldberger, 1986; S te lzner and Cu llen , 1988) and may resu lt in axonal 
e longa tion  a round o r th rough  the les ion  s ite  (Berry e ta l. , 1983; B regman  
e ta l ., 1989; M erline and Kalil, 1990). T he  ’c r it ic a l’ pe riod fo r axonal 
ou tg row th  appeared to  corre la te  w ith  d iffe rences  in a s tro cy tic  reac tion  to  
in ju ry  and co llagenous scar depos ition , a fte r w h ich  normal g lios is , 
sca rring  and lack o f regenera tion  w ere  seen (Berry e ta l. , 1983; B arre tt et 
a l., 1984; Sm ith e ta l. , 1986; B regm an e ta l. , 1989). Fewer astrocy tes  
were  present in the  tissue ad jacen t to  pene tran t les ions in neonates up to  
8 days o f age and no fib rob la s ts  in filtra ted  the  les ion to  fo rm  co llagenous  
depos its  du ring  th is  period  (Berry e f al., 1983).

In an e legan t series o f experim en ts , S ilver and co lleagues showed  
(Sm ith e ta l., 1986; Rudge e ta l., 1989) th a t reactive  as trocy tes  m ig ra ting  
on to  im p lan ted M illipo re  filte rs  a fte r b ra in  les ion ing  du ring  the  
’c r it ic a l’ pe riod (less than  8 days pos tna ta l) were ab le  to  suppo rt axonal 
ou tg row th  and were d iffe ren t from  those  a tta ch ing  to  filte rs  a t la ter 
stages. These astrocy tes , w h ich  w ere  no t accom pan ied  by fib rob la s ts , 
p ro life ra ted  and m ig ra ted  rap id ly  and  ex tended  long, a ligned  p rocesses. A  
m ixed popu la tion  o f as trocy tes and fib ro b la s ts  were found  on filte rs  
im p lan ted  in o lde r an im a ls and these d id  no t p rom ote  axonal regenera tion . 
M oreover, im p lan ts rem oved from  an im a ls  du ring  the ’c r it ic a l’ pe riod  were  
ab le  to  suppo rt regenera tion  in o lde r an im a ls . Th is  was con firm ed  by  
Bregm an e ta l. (1989), w ho  showed th a t foe ta l sp ina l co rd  transp lan ts  
extended the  ’c r it ic a l’ pe riod fo r o u tg row th  o f les ioned co rticosp ina l 
tra c t (CST) axons. Ka lderon (1988b) used periphera l nerve regenera tion  
in to  syn the tic  tubes filled  w ith  cu ltu red  as trocy tes  to  show  tha t astrocy te  
m atura tion  was accom pan ied  by ’dow n -regu la tion  o f axonal g row th ’.

A lte rna tive ly , the  regenera tive  capac ity  o f the  neonata l CNS may

corre la te  w ith  the func tiona l s ta tus o f the  o ligodend rocy te s  ra the r than
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the  astrocytes. M ye lina tion is in com p le te  in anim a ls less than  8 days o ld  
(see, fo r example, Schwab and Schne ll, 1989).

1.2.3. Infram am m alian Central Nervous System Response To Injury

The lower ve rteb ra te  CNS shares the  same s truc tu ra l com p lex ity  and  
ce ll types as its mammalian coun te rpa rt, a lthough  ependym al ce lls  are more  
p reva len t (S impson, 1983). It is how eve r capab le  o f cons ide rab le  
regenera tion , even to  the exten t o f repa iring  the  sp ina l co rd  fo llow ing  
com p le te  transec tion  and removal o f a 1 mm segm ent (rev iewed in Guth e t 
a/., 1983). A s trocy tes  p ro life ra te  in response to  in ju ry and pene tran t 
les ions are invaded by m esenchym al ce lls  ra the r than  fib rob las ts . 
A dd itiona lly , ependym al ce lls  (a ris ing  in the  sp ina l co rd  from  the cen tra l 
cana l) p ro life ra te  and m igra te in to  th e  g lia l/m esenchym a l p lug, 
fa sc icu la ting  to  fo rm  a b ridge  ove r w h ich  axons subsequen tly  regenera te  
(S im pson, 1983). In te resting ly , regene ra tion  in lower ve rteb ra tes  is 
accom pan ied  by e levated syn thes is  o f GAP-43 and its transpo rt to  g row th  
cones (Skene and W illa rd , 1981a; B enow itz  and Lew is, 1983).

1.2.4. Lack Of Mammalian C entral Nervous System Regeneration

1.2.4.1. Lack O f Neuronal Response To A xotom y

In o rde r to  regenerate, the  neurona l som a m ust rece ive a s igna l tha t

axo tom y has occu rred  and then m oun t a response tha t leads to  axonal

sp rou ting  and e longa tion . Th is en ta ils  a tra ns itio n  from  a re s tin g  state,

cha ra c te ris tic  o f a no rm a lly -func tion ing  m ature  adu lt neuron, to  a g ro w th

sta te  rem in iscen t o f deve lopm ent. A t the  extrem e, th is  trans ition  wou ld

enta il ’sw itch ing  o n ’ o f deve lopm en ta l gene p rog ram m es no t used in the

re s tin g  state, perhaps to  meet the increased dem and fo r p ro te in  and lip id

com ponen ts  o f the membrane and cy toske le ton  a t the  g row th  cone. The

’Inherent Incapac ity  H ypo thes is ’ sugges ts  th a t m am m alian CNS neurons are

incapab le  o f such a trans ition , a lthough  w he the r th is  fau lt lies in the
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transm iss ion  o f the axo tom y s ignal to  the  som a o r the som a tic  reaction  has 
no t been addressed (W illa rd  and Skene, 1982).

The in itia l s igna l rece ived by the  ce ll body  o f an axo tom ised neuron  
is the  in te rrup tion  o f re trog rade  flow  from  the  axon te rm ina ls , inc lud ing  
ta rge t-de rived  neu ro troph ic  fa c to rs  (G reene and Shooter, 1980; Forman,

1983). Th is  is believed to  put the ce ll b od y  in a s ta te  o f read iness to  
in itia te  regenera tion  bu t seconda ry  s igna ls  m ay be requ ired to  p rom ote  the  
ou tg row th  o f the  axon (Schwartz , 1987; Faw ce tt and Keynes, 1990). 
Neverthe less, the loss o f ta rge t-de rived  neu ro troph ic  fa c to rs  may pre-em pt 
any regenera tive  response by k illin g  neu rons w h ich  depend on a con tinua l 
supp ly  o f these fa c to rs  fo r the ir su rv iva l (K rom er, 1987; O tto  e f a/.,

1987, 1989).

It is no t w ith in  the  scope o f th is  thes is  to  rev iew  the  h igh ly  
va riab le  responses o f ce ll bod ies in  d iffe re n t neurona l system s to  axotom y.

For the  purposes o f th is  d iscuss ion , it is s u ffic ie n t to  note th a t the re  is 
no d ire c t re la tionsh ip  be tween the in itia l m o rpho log ica l changes and  
regenera tive  capac ity  (Schwartz , 1987; Faw ce tt and Keynes, 1990), a lthough  
Barron  (1983) has suggested  tha t a ccum u la tio n  o f ribosom al RNA is de fic ien t 
in  non-regenera ting  CNS systems, w h ich  w ou ld  be expected  to  lead to  reduced  
capac ity  fo r p ro te in  synthes is . However, it has been show n tha t fas t 
axonal tra nspo rt o f new ly-syn thes ised p ro te in s  is increased in bo th  
regene ra ting  and non -regenera ting  system s wh ile  d iffe rences have been noted  
in  the  spec tra  o f p ro te ins  synthes ised (Skene and W illa rd , 1981b). These  
resu lts  are in cons is ten t w ith  the v iew  th a t regene ra tion  is lim ited  by  
p ro te in  synthes is and it seems un like ly  th a t p ro duc tio n  o f GAPs w ou ld  be 
spec ifica lly  ham pered by a lack o f ribosom a l RNA. A lte rna tive ly , the  lack  
o f RNA synthes is may be rela ted to  loss o f tro p h ic  suppo rt fo r the  neuron  
a fte r axo tom y (ie the early s tages o f cell dea th ).

The ’Inherent Incapac ity  H ypo thes is ’ has recen tly  been show n to  be

large ly in co rre c t by the  transp lan ta tion  expe rim en ts  o f Aguayo and

co lleagues, w h ich  dem onstra ted  th a t m any neurons from  d iffe re n t reg ions o f
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the  m am malian CNS can regenera te  axons th rough  g ra fts  o f periphera l nerve  
tru n k  (R icha rdson  e ta l. , 1980; Aguayo , 1985; So and Aguayo, 1985). In 
som e ins tances a few  o f the regene ra ting  fib re s  re-en te red the  CNS at the  
te rm ina tion  o f the  g ra fted  segm ent and fo rm ed  w e ll-d iffe ren tia ted , 
e le c trophys io log ica lly  ac tive  synapses w ith in  the ir o rig ina l ta rge t reg ion  
(Carte r e ta l. , 1989; Ke irstead e f a/., 1989). T h is  sugges ts  th a t the  cell 
body  response o f cen tra l neurons is s u ffic ie n t to  m oun t a regenera tive  
response lead ing to  func tiona l res to ra tion , g iven the  co rre c t fa c to rs  a) to  
prom ote  surv iva l o f the neuron, and  b ) to  d ire c t o u tg row th  o f the  axon.

Furtherm ore , these expe rim en ts  dem ons tra ted  th a t the  PNS is capable  
o f supp ly ing  the  necessary perm iss ive  fa c to rs  to  the  neuron w h ich  are not 
ava ilab le  in the  CNS even a fte r traum a. A lte rna tive ly , the  PNS may lack  
in h ib ito ry  fa c to rs  o r ce lls  w h ich  p re ven t axonal regenera tion . These  
obse rva tions are com pa tib le  w ith  th e  ’Neural E nv ironm en t H ypo thes is ’. 
In te resting ly , g ra fts  o f PNS segm en ts devo id  o f liv ing  ce lls  w ere no t as 
e ffe c tive  in p rom o ting  axonal regene ra tion  from  the  CNS (Berry e ta l.,

1988a; Sm ith and S tevenson, 1988). T h is  sugges ts  tha t a t least som e o f the  
pu ta tive  perm iss ive  fa c to rs  are p roduced  by the non-neurona l ce lls  o f the  
periphe ra l nerve tru nk  (Berry e ta l. , 1 9 8 7 ,1988a). These poss ib ilities  
are d iscussed in the  fo llow ing  sec tions .

1.2.4.2. Lack O f Perm issive Factors

Perm issive fa c to rs  perfo rm  2 fu n c tio n s ; they  may p rom ote  a) the  
surv iva l o f neu rons (tro p h ic  fa c to rs ), and b ) sp rou tin g  or e longa tion  of 
neurites. In the second ca tego ry are those  fa c to rs  th a t p rov ide  
chem o tac tic  gu idance a long a chem ica l g ra d ie n t ( tro p ic  fa c to rs ). These  
fa c to rs  may be so lub le  o r a ttached to  the  ex trace llu la r m atrix (ECM ) o r the  
surface  o f o ther cells.

S ince the necessary com p lem en t o f perm iss ive  fa c to rs  are, by

de fin ition , p resent du ring  deve lopm en t, it seems app rop ria te  firs t to

review  the ir express ion during  the deve lopm en ta l period  and then  ask w h ich
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fa c to rs  are not ac tive  in non -regenera ting  adu lt CNS lesions. Examples  
w ill a lso be d raw n from  regenera ting  system s to  illus tra te  the poten tia l 
ro le  o f spec ific  fac to rs .

1.2.4.2.1. D iffus ib le  Factors

D iffus ib le  fa c to rs  may be p roduced  w ith in  the  nervous system  o r by  
non-neurona l ta rge t organs. The bes t cha rac te rised  so lub le  fa c to r is NGF 
w h ich  has a neu ro troph ic  e ffe c t upon ce rta in  c lasses o f neurons (neural 
cres t-de rived  periphe ra l sym pa the tic  and  senso ry neurons and some cen tra l 
cho lin e rg ic  m acroneurons, see Lander, 1987; V an tin i e ta l. , 1989). NGF is 
syn thes ised in lim iting  quan tities  b y  the  ta rge t fie ld s  o f these neurons  
and appears to  de te rm ine  the  fina l d ens ity  o f inne rva tion  (K orsch ing  and  
Thoenen, 1983; Large e ta l. , 1986; Dav ies e ta l. , 1987). NGF b inds  to  
spec ific  recep to rs  on neurons w h ich  m ed ia te  its  up take in to  the  cell. 
Retrograde tra nspo rt o f NGF to  the  soma, o r som e o the r in trace llu la r signal 
ac tin g  a t the  ce ll body  (G reene and Shoote r, 1980; Johnson  and Tan iuch i, 
1987), p rom otes surv iva l o f neu rons inne rva ting  the  ta rge t fie ld , thus  
regu la ting  the  degree o f na tu ra lly -occu ring  ce ll dea th  (Cowan e ta l. ,

1984). NGF appears to  be con tin uous ly  requ ired  th roughou t adu lthood  (Ru it 
e ta l. , 1990), as dem onstra ted  by the  NG F-dependency o f neurons a fte r bo th  
periphera l (B jerre e ta l. , 1974; O tto  e ta l. , 1987) and cen tra l les ions  
(K rom er, 1987). Th is is re flec ted  in the  up -regu la tion  o f NGF syn thes is  in 
adu lthood , when natura lly  o ccu rr in g  ce ll dea th  has fin ished  and the  dens ity  
o f inne rva tion  has been estab lished  (M a isonp ie rre  e ta l. , 1990b).

In add ition , NGF can ac t d ire c tly  on  neurites to  induce sprou ting  
(Cam penot, 1987) and d ire c t the g row th  o f neurites in a neu ro trop ic  manner 
(Gundersen and Barre tt, 1979), bu t it is d oub tfu l w he the r NGF is expressed  
early enough to  in fluence the d ire c tio n  o f ou tg row th , a t least du ring  
inne rva tion  o f the sk in  (Davies e ta l. , 1987). However, ta rge t-de rived  
neu ro trop ic  fa c to rs  have been described  (Lum sden and Davies, 1986; Tessier- 
Lavigne e ta l. , 1988; H e ffne r e ta l. , 1990).
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A fam ily  o f NGF-related neu ro troph ic  fa c to rs  has been recen tly  
described , in c lud ing  b ra in  derived neu ro troph ic  fa c to r (BDNF, Le ib rock  et 
a l., 1989) and neu ro troph in -3  (NT-3, M a isonp ie rre  e ta l., 1990a). BDNF is 
s im ila r to  NGF in p rom o ting  the surv iva l o f d is tin c t popu la tions o f 
periphe ra l and cen tra l neurons du ring  deve lopm en t, fo llow ed  by up- 
regu la tion  in adu lthood  (Johnson e ta l. , 1986; Barde, 1989; Le ib ro ck  e t 
a l., 1989; Thanos e ta l. , 1989; M a isonp ie rre  e ta l. , 1990a, b). NT-3, in 
con tras t, shows dow n-regu la tion  du ring  m atu ra tion , sugges ting  tha t NT-3 
ac ts  to  preserve ce lls  on ly  th rough  the  pe riod  o f na tura lly o ccu rr in g  cell 
dea th  (M a isonp ie rre  e ta l. , 1990a, b). NGF, BDNF and NT-3 a c t on d is tin c t 
bu t ove rlapp ing  popu la tions o f neu rons and  th is  is re flec ted  in th e ir s ites  
o f syn thes is (M a isonp ie rre  e ta l., 1990a, b; Ho fe r e ta l. , 1990).

O ther fa c to rs  reported  to  p rom o te  the  surv iva l o f cen tra l neurons  
du ring  deve lopm en t a n d /o r  adu lthood  inc lude  c ilia ry  neu ro troph ic  fa c to r  
(CNTF, B lo ttne r e ta l. , 1989a), bas ic  f ib ro b la s t g row th  fa c to r (FGF,

B lo ttne r e ta l. , 1989b; O tto  e ta l., 1989), ep ide rm a l g row th  fa c to r  
(M o rrison  e ta l., 1987, 1988) and insu lin -like  g row th  fa c to rs  (Recio -P in to  
and Ishii, 1988).

T roph ic  fa c to rs  accum u la ted  ove r tim e  in the  flu id  secre ted  from  
dam aged CNS tissue in a num ber o f pa rad igm s and th is  seem ed to  corre la te  
w ith  the surv iva l o f im p lan ts in to  cav ity  les ions (M an thorpe e ta l. , 1983;

Politis , 1985). S pec ific  neu ro troph ic  fa c to rs  th a t were e levated in the  
dam aged CNS inc luded  NGF and bo th  th e  a c id ic  and bas ic fo rm s o f FGF (N ie to- 
Sam pedro e ta l., 1988; F ink leste in  e f al., 1988; Lorez e ta l., 1988, 1989).

A s trocy tes  have been show n to  p roduce  several neu ro troph ic  fa c to rs  in

v itro  inc lud ing  NGF (Lindsay, 1979; Yam akun i e ta l. , 1987), and

p ro life ra ting  astrocy tes  are believed to  be a source  o f neu ro troph ic

a c tiv ity  a fte r cen tra l neural in jury (L indsay, 1986). Release o f NGF from

astrocy tes  is s tim u la ted  by in te rleuk in -1 , w h ich  may be p roduced  by

in filtra tin g  m acrophages and activa ted  m ic rog lia  in bra in  les ions, and

bas ic  FGF (G iu lian and Baker, 1986; Sprange r e ta l. , 1990). A lte rna tive ly ,
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tro ph ic  fa c to rs  may be released from  ce lls  w h ich  are dam aged by trauma. 
Th is  is the  theo ry  beh ind  the a c tio n  o f the  ’les ion fa c to rs ’, w h ich  suppo rt 
neurona l surv iva l bu t are not secre ted  and are thus  un like ly  to  ac t as 
ta rge t-de rived  neu ro troph ic  fa c to rs , such  as CNTF (S tock li e ta l. , 1989; 
Send tne r e ta l. , 1990) and basic FGF (Jane t e ta l. , 1987; U ns icke r e ta l.,  
1987). A lthough  neu ro troph ic  fa c to rs  are re leased upon CNS dam age the re  
s till a cons ide rab le  loss o f neurons, due to  the  absence o f the  co rre c t 
neu ro troph ic  fa c to rs  o r accum u la tion  th a t is to o  s low . Consequen tly , 
exogenous ly  added neu ro troph ic  fa c to rs  have been show n to  be active  in 
p rom o ting  the  surv iva l o f les ioned a du lt cen tra l neurons.

NGF rescues basal fo reb ra in  cho lin e rg ic  neurons a fte r axo tom y by  
transec tion  o f the  fim b ria  fo rn ix  com m issu ra l tra c t (K romer, 1987;

Rosenberg e ta l. , 1988) and p reven ts  degene ra tive  changes in these cells  
(Gage e ta l., 1988a). Death o f these neu rons does no t o ccu r a fte r chem ica l 
ab la tion  o f th e ir ta rge t s tructu res , sugges tin g  th a t axo tom y is c ruc ia l to  
th e ir NGF dependence  ra ther than  s im p ly  loss o f th e ir endogenous supp ly  o f 
tro p h ic  fa c to rs  (S o fron iew  e ta l., 1990). A lte rna tive ly , the  ce lls  
dep rived  o f th e ir ta rge t ce lls by chem ica l ab la tion  may ge t NGF from  
ano the r source, such as reactive  a s tro cy te s  (L indsay, 1979). NGF also  
suppo rts  the  surv iva l o f RGCs a fte r o p tic  nerve transec tion  (C a rm igno to  e t 
a!., 1989). Basic FGF suppo rts  NGF-sensitive popu la tions  o f cho lin e rg ic  
media l septum  neurons a fte r f im b ria  fo rn ix  les ions (Anderson e ta l. , 1988; 
O tto  e ta l., 1989; G roethe 1989) and  RGCs a fte r o p tic  nerve transec tion  in 
adu lt rats (S ievers e ta l. , 1987). The  e ffe c ts  o f bas ic  FGF may be  
ind irec t, however, as bas ic  FGF causes NGF syn thes is  In vivo  and in 
astrocy te  cu ltu res  (Spranger e ta l., 1990). BDNF a lso  p rom otes the  
surv iva l o f RGCs and reg row th  o f th e ir axons in adu lt re tina l exp lan ts  in  
v itro  (Thanos e ta l. , 1989).

It w ou ld  seem, then , tha t the CNS is d e fic ie n t in the  p roduc tio n  o f

neu ro troph ic  fa c to rs  im m ed ia te ly a fte r in jury, a lthough  neu ro troph ic

ac tiv ity  does accum ula te  in the les ioned CNS w ith  tim e (M an tho rpe  e ta l.,
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1983; Politis , 1985) and th is  may co rre la te  w ith  the  tim e course o f 
reac tive  g lios is (L indsay, 1986). T h is  con tra s ts  w ith  les ions to  the  PNS 
where  tro ph ic  fa c to rs  are rap id ly  e labo ra ted  by the  dam aged tissue and may  
accum u la te  in syn the tic  tubes lin k ing  the  p rox im a l and d is ta l s tum ps o f a 
severed periphera l nerve tru nk  (Longo  e ta l. , 1983; W indebank and Poduslo,

1986). Schwann ce lls  in the  dene rva ted  d is ta l segm en t o f transec ted  
periphe ra l nerves were found  to  inc rease the  syn thes is  o f NGF in a b iphas ic  
patte rn , the  second phase o f w h ich  was dependen t on in terleukin-1 from  
m acrophages (Heumann e ta l., 1989). Increased NGF has been show n to  have a 
pos itive  in fluence on the  surv iva l and regene ra tion  o f neurons axo tom ised  
b y  such  transec tions (O tto  e ta l., 1987; R ich e ta l. , 1987, 1989), whereas  
in je c tion  o f anti-NGF antise rum  re ta rded  regene ra tion  a fte r chem ica l 
axo tom y (B jerre e ta l. , 1974). B as ic  FGF a lso increased the surv iva l o f 
transec ted  dorsa l roo t gang lia  neu rons (O tto  e ta l. , 1987) and p rom oted  
axona l regenera tion (Danie lsen e ta l. , 1988; A eb ische r e ta l. , 1989).

A c tiva ted  m acrophages, w h ich  are abundan t in the  d is ta l segm en t o f 
transec ted  periphera l nerves, are d ire c tly  capab le  o f bas ic FGF syn thes is  
(Ba ird  e ta l. , 1985).

A lthough  many tro p ic  fa c to rs  and neurite  p rom o ting  fa c to rs  have been

iden tifie d  in  v itro , the ir e ffe c ts  are hard  to  m on ito r in  vivo, un like

neurona l death w h ich  is used as an index o f neu ro troph ic  activ ity .

There fo re  in fo rm a tion  on the  leve ls o f so lub le  neu ritogen ic  agen ts in the

dam aged CNS is as ye t unava ilab le . C ircum s tan tia l ev idence fo r a

de fic iency  o f such fa c to rs  comes, however, from  the  PNS g ra fting

experim en ts m en tioned earlie r (V ida l-Sanz e ta l. , 1987; C arte r e ta l.,

1989) in w h ich  very few  o f the regene ra ting  fib re s  p resen t in the  PNS g ra ft

ac tua lly  re-entered the CNS and show ed m axim um  pene tra tion  o f 500 jt/m.

A lthough  no data have been repo rted  on w ha t p ro po rtio n  ach ieved re-entry,

these au tho rs s ta ted tha t "the num ber o f axons seen to  extend beyond the

g ra ft and in to  the m idb ra in  was on ly  a small fra c tio n  o f the fib re

popu la tion  (in the g ra ft)" (V ida l-Sanz e ta l. , 1987). A lte rna tive ly  these
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resu lts  cou ld  be in te rp re ted  in te rm s o f lack o f subs tra te -bound  e longa tion  
a n d /o r  gu idance fa c to rs  o r the p resence o f non-pe rm iss ive  fa c to rs  in the  
CNS.

O the r fac to rs , w h ile  no t hav ing a d ire c t tro ph ic  o r tro p ic  e ffe c t on  
neurons, may a id the  regenera tive  e ffo r t by  p ro v id ing  the  m olecu les  
requ ired  fo r axonal e longa tion . A po lip op ro te in  E (Apo E) is invo lved  in 
the  recyc ling  o f cho les te ro l from  degene ra ting  axons to  g row th  cones  
(Igna tius e ta L , 1987; Boyles e ta l. , 1989). A po  E syn thes is  is 
equ iva len t in bo th  PNS and CNS deve lopm en t and dec lines in bo th  adu lt 
system s. W ith in  days o f periphera l nerve in jury, invad ing  m acrophages  
increase 3 -fo ld  the  secre tion  o f A po  E, w h ich  accum ula tes w ith in  the  nerve  
shea th  and represen ts 2-5% o f the  to ta l ex trace llu la r p ro te in  until 
re inne rva tion  (Skene and Shooter, 1983; S to ll and Muller, 1986; M ulle r e t 
a!., 1985). In normal adu lt CNS A po  E is loca ted  in astrocytes, b u t a fte r 
in ju ry  syn thes is is up-regu la ted p redom inan tly  by invad ing  m acrophages  
(S to ll and Muller, 1986), a lthough A po  E does no t appear to  accum ula te  
w ith in  the  neural tissue as it does in  the  PNS (M u lle r e ta l. , 1985).

Shortage o f A po  E in the  CNS a fte r in jury, due e ithe r to  in su ffic ie n t 
sec re tion  o r re ten tion , may cons tra in  th e  ab ility  o f neurons to  e longa te  
axons by lim iting  recyc ling  o f m em brane com ponen ts .

1.2.4.2.2. Extrace llu lar M atrix M olecules

Adhes ion  m olecu les in the  ECM in fluence  the  d ire c tio n  o f g row th  of 
neurona l p rocesses du ring  deve lopm en t (Purves and L ich tm an , 1985; Dodd and  
Jesse ll, 1988). The  ECM con ta ins lam in in , fib ro n e c tin  and co llagen  wh ich  
prom ote  neurite  ou tg row th  th rough  in te ra c tio n s  w ith  a c lass o f ce ll surface  
recep to rs  know n as in teg rins (C a rbone tto  e ta l. , 1988; Sanes, 1989). It is 
unce rta in  from  the  loca tion  and tim ing  o f appearance o f these m olecu les  
du ring  deve lopm en t w ha t role they p lay in neurite  gu idance  in  v ivo  (Sanes,

1983, 1989; M cLoon e ta l. , 1988; Sosale e ta l. , 1988; Rogers e ta l. , 1989).

C on tinua l express ion o f lam in in  by  g lia l ce lls  appears to  co rre la te
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w ith  the regenera tive  capac ity  o f neural tissue. Lam in in  pers is ts in the  
Schwann cell basal lam ina tubes o f periphe ra l nerves, and in astrocy tes o f 
the  m am malian o lfa c to ry  system  and the  en tire  CNS o f lower ve rteb ra tes  
(Liesi, 1985; Hall, 1989). M oreover, les ions to  the in fram am m alian  CNS  
caused massive express ion o f a s tro cy tic  lam in in  (Liesi, 1985). The  
m am m alian CNS dow n-regu la tes the  adhes ive  ECM p ro te ins  lam in in  and  
f ib ro n ec tin  in adu lthood  and show s on ly  lim ited  and trans ien t re-expression  
o f these m olecu les a fte r les ion ing . Reactive astrocy tes  synthes ised  
lam in in  a fte r in ju ry to  some CNS reg ions  (Liesi e ta l. , 1984; Liesi, 1985), 
bu t the d is tr ib u tio n  o f lam in in d id  no t co rre la te  w ith  the  regenera tive  
sp rou tin g  o f axons in les ions exam ined (G ifto ch ris to s  and David, 1988a; 
Sosale e ta l. , 1988). F ib ronec tin  reappeared a fte r CNS les ions in the  
cy top lasm  o f g lia  and neuronal p rocesses, a lthough  it is unc lea r w he the r it 
was synthes ised by these ce lls o r ta ken  up from  p lasma leak ing in to  the  
tissue  a fte r in ju ry (M izu tan i and K im ura, 1987). A lthough  the  express ion  
o f adhesion m olecu les does o ccu r in the  dam aged CNS, it w ou ld  appear tha t 
these adhesion m olecu les are inaccess ib le  to  axonal g row th  cones. 
A lte rna tive ly , it may be tha t adu lt m am m alian CNS neurons dow n-regu la te  the  
in teg rin  recep to rs  necessary to  respond  to  these adhesion  m olecu les, as has 
been dem onstra ted  in the deve lopm en t o f ch icken  periphera l and centra l 
neurons (Cohen e ta l., 1986; Tom ase lli and Re ichardt, 1988). Indeed, 
cen tra l neurons regenera ting th rough  ce llu la r and ace llu la r segm ents o f 
sc ia tic  nerve have been shown no t to  assoc ia te  w ith  Schwann cell basal 
lam ina tubes w h ich  con ta in  lam in in  (Berry e ta l. , 1988a; Sm ith and  
Stevenson, 1988; Hall and Berry, 1989).

A lte rna tive ly , the ba lance be tw een p ro te o ly tic  enzym es and pro teases

in the CNS may be inappropria te  fo r  axona l ex tens ion  (M onard , 1988).

P lasm inogen ac tiva to r (PA), w h ich  in d ire c tly  genera tes the  pro tease p lasm in

and p rom otes neurite ou tg row th  in cu ltu re  (P ittm an and Bue ttner, 1989), was

expressed by p ro life ra ting  Schwann ce lls  a fte r in ju ry to  the  PNS (B ignam i

e ta l. , 1982) and by astrocytes a fte r in ju ry to  the go ld fish  visua l pa thway
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(Salles e ta l., 1990). Deve lop ing CNS con ta ined  m ore PA than  adu lt tissue, 
bu t les ions to  adu lt o p tic  nerve d id  no t lead to  de tec tab le  changes in PA 
a c tiv ity  (B ignam i e ta l. , 1982). U s ing an in  v itro  m ode l o f astrocy te  
m atura tion , Ka lderon e ta l. (1988a) show ed tha t adu lt as trocy tes  
syn thes ised less PA than  imm ature a s trocy tes  and th a t PA was no t re -induced  
by passag ing o f m ature astrocy tes (as a m ode l fo r a s trocy te  ’rea c tiv ity ’).

The serine pro tease nexin 1, w h ich  is de rived  from  as trocy tes  and p rom otes  
neurite  g row th  (M onard , 1988), w as e leva ted  du ring  regene ra tion  in the PNS 
(M e ier e ta l., 1989) and was found  to  be p resen t in the  adu lt o lfa c to ry  
bu lb  (Re inhard e ta l. , 1988). Leve ls in the  norm al and les ioned adu lt CNS  
have no t ye t been repo rted . The in a b ility  o f the  cen tra l g lia  to  regu la te  
th e  p ro teo ly tic  a c tiv ity  in the ECM m ay p reven t regenera tion  o f axons.

1.2.4.2.3. Ceil Surface Adhesion M olecules

The g row th  o f axons is in fluenced  by adhes ion  m olecu les on the

su rface  o f g lia l p rocesses (S ilver and Rutishauser, 1984) and o the r axons

(Chang e ta l. , 1987). These may p ro v ide  e ithe r a perm iss ive  subs tra te  fo r

ou tg row th  o r dem arca te  spec ific  pa thw ays fo r axonal gu idance, a c ting  as

hap to ta c tic  fa c to rs  (p rov id ing  chem o ta c tic  gu idance  ove r a surface).

Neural cell adhesion  m olecu le (N -CAM ) and  neu ron -g lia  ce ll adhesion

m olecu le  (Ng-CAM ) are expressed th ro ughou t deve lopm en t (fo r a recen t rev iew

see Dodd and Jessell, 1988) bu t are dow n -regu la ted  in the  m ature nervous

system  (L innem ann and Bock, 1989). Fu rthe rm ore , the  adhesiveness o f N-CAM

is m od ified  by changes in s ia lic  ac id  c o n te n t du ring  deve lopm en t.

Specifica lly , the em bryon ic  fo rm  is m od ified  pos t-trans la tiona lly  by the

add itio n  o f long po lys ia lic  acid  cha ins  w h ich  reduce the  a ffin ity  o f

hom oph ilic  b ind ing  by charge repu ls ion , s te r ic  h indrance , o r induc tion  o f

con fo rm a tiona l change (Edelman, 1983). The po lys ia lic  acid  cha ins are

reduced in num ber or length  in the  adu lt fo rm  o f N-CAM, increas ing  the rate

o f b ind ing  (free-energy o f b ind ing ) and hence the  s ta b ility  o f neuronal

in te rac tion  (Edelman, 1983; C huong and Ede lman, 1984). The em bryon ic  fo rm
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can  be d is tingu ished  im m unoh is to chem ica lly  by a m onoc lona l an tib ody  tha t 
recogn ises po lys ia lic  acid  cha ins w ith  a t least th ree  res idues (Rougon et 
al., 1986).

Im m unoh is tochem ica l s tud ies  have show n tha t, in con tra s t to  the  rest 
o f the m am m alian CNS, N-CAM and Ng-CAM  con tinued  to  be expressed in the  
o lfa c to ry  system  th roughou t a du lthood  and N-CAM was p resen t in the  
em b ryon ic  fo rm  (M iraga ll e ta l., 1989).

Denerva tion  in the  PNS p roduced  changes in the  exp ress ion  o f these  
m olecu les. N-CAM and Ng-CAM w ere  up-regu la ted  on the  su rface  o f Schwann  
ce lls  (N ieke and Schachner, 1985) and  N-CAM s ia ly la tion  increased a fte r 
sc ia tic  nerve transec tion , sugges ting  th a t S chwann ce lls  p roduce  the  less 
adhesive em bryon ic  fo rm  o f N-CAM (D an ilo ff e ta l. , 1986).

U n fo rtuna te ly , no in fo rm a tion  is ava ilab le  rega rd ing  the  express ion  
o f these (o r o the r) cell adhesion m o lecu les  du ring  the  CNS response to  
damage. It is poss ib le  tha t lack o f these  deve lopm en ta lly -regu la ted  
m olecu les on su rv iv ing  neuronal p rocesses o r the  su rface  o f reactive  
astrocy tes  may lim it the  capac ity  o f dam aged neurons to  regenera te  axons.

It is useful, however, to  exam ine th e  exp ress ion  o f cell su rface  m olecu les  
by g lia  in cu ltu re  and the ir con tr ib u tio n  to  neurite  ou tg row th  ove r glia l 
m onolayers.

Schwann cells in cu ltu re  suppo rted  the  ou tg row th  o f neurites and th is

was inh ib ited  by an tibod ies  to  Ng-CAM , in teg rin  recep to rs  and the  Ca2 +

dependen t cell adhesion  m olecu le N -cadhe rin  (B ixby e ta l. , 1988). N-CAM

d id  no t appear to  con tr ibu te  to  p rocess ou tg row th . Neonata l as trocy tes  in

cu ltu re  p rom oted  neurite o u tg row th  by m echan ism s invo lv ing  N -cadherin ,

in te g r in san d , notab ly, N-CAM (Neugebauer e ta l. , 1988). However, mature

astrocy tes showed loss o f N-CAM and Ng-CAM  a c tiv ity  and ligands fo r

in teg rin  recep to rs  (such as lam in in ), assoc ia ted  w ith  decreased ab ility  to

suppo rt neurite ou tg row th  (Sm ith e ta l. , 1990). T h is  is cons is ten t w ith

the ’c r it ic a l’ period theory, w he reby m atu ra tion  o f a s trocy tes  in  vivo

leads to  func tiona l changes in the a b ility  o f these ce lls  to  suppo rt
51



deve lopm en t or regenera tion  o f axons (Sm ith e ta l. , 1986).

In a dd itio n  to  the  presence o f adhes ion  m olecu les, neu ro troph ic  
fa c to rs  bound to  recep to rs  on the  su rface  o f g lia l ce lls  may ac t as 
hap to ta c tic  fac to rs . Schwann ce lls  d is ta l to  axo tom y trans ien tly  up- 
regu la ted  the recep to r fo r NGF in response  to  loss o f axonal con ta c t 
(Tan iuch i e ta l. , 1986 ,1988; Ra iv ich and K reu tzberg , 1987). Th is  appeared  
to  be the  low  a ffin ity  fo rm  o f the re cep to r (Tan iuch i e ta l. , 1988), wh ich  
is no t in te rna lised  upon b ind ing  o f th e  NGF m olecu le  (Johnson  and Tan iuch i,

1987), lead ing to  the p ropos ition  th a t the  recep to rs  may a c t to  trap  NGF on  
the  surface  o f the  Schwann ce lls  w he re  it w ou ld  be ava ilab le  to  recep to rs  
on the  advanc ing  axons. In con tra s t, les ions to  the  CNS d id  no t resu lt in 
increased exp ress ion  o f NGF recep to rs  (Tan iuch i e ta l. , 1988).

In v itro  experim en ts  have show n  th a t NGF bound to  c ryos ta t sec tions  
o f denerva ted  sc ia tic  nerve p rov ides a favou rab le  subs tra te  fo r neurite  
ou tg row th  (Sand rock and M atthew , 1987) and the  hap to tax is  hypo thes is has  
fo und  recen t suppo rt from  the syn thes is  o f NGF recep to rs  by sp ina l co rd  
m oto r neurons a fte r periphera l dam age to  the ir axons (E rn fo rs  e t al.,

1989). These ce lls  are no t dependen t upon  NGF fo r th e ir surv iva l and have  
no t been show n to  in te rna lise  NGF, sugges ting  th a t the  recep to r is the  low  
a ffin ity  fo rm  ac ting  to  p rom ote regene ra tion  across subs tra te -bound  NGF. 
A lte rna tive ly , the  surface -bound  NGF m ay be ava ilab le  fo r up take by high  
a ffin ity  recep to rs  on the  axons o f NGF-responsive sensory neurons, thus  
p rov id ing  tro p h ic  support.

1.2.4.3. Chem ical Barrier

The lack o f regenera tion in the  a du lt m am m alian CNS may be due to  the

presence o f non-perm iss ive  fa c to rs  p reven ting  axonal e longa tion , w h ich  are

absen t from  regenera ting  neural sys tem s (PNS, o lfa c to ry  bu lb , im m ature and

in fram am m alian CNS). Much tissue  cu ltu re  ev idence po in ts  to  the  m am malian

o ligodend rocy te  as be ing  the sou rce  o f such  fac to rs . Neurons g rew  read ily

on astrocy tes in m ixed glia l cu ltu res, bu t avo ided  o ligodend rocy te s  wh ich
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caused g row th  cone co llapse (Schwab and Caron i, 1988; Fawce tt e ta l.,

1989a). Neurons cu ltu red  on tissue  sec tio ns  o f adu lt CNS avo ided  wh ite  
m atte r tra c ts  wh ile  g row ing  read ily  on g ray m atter, unm ye lina ted  im m ature  
CNS, m ye lina ted  PNS and m ye lina ted fish  CNS (Savio and Schwab, 1989; 
W atanabe and Murakam i, 1990). C u ltu red  neurons a lso g rew  th rough  exp lan ts  
o f periphe ra l nerves, bu t no t o p tic  nerves w h ich  con ta ined  o ligodend rocy tes  
(S chwab and Thoenen, 1985). M ye lin  iso la ted  from  the  CNS had a s im ila r 
repu ls ive  e ffe c t on neurite  ou tg row th  w hereas PNS m ye lin  d id  no t (Schwab  
and  Caron i, 1988).

Tw o  non-perm iss ive  fa c to rs  have been iden tif ie d  by Schwab and  
co lleagues in the  myelin m em branes o f o ligodend rocy tes . Tw o  p ro te ins  were  
iso la ted  from  CNS m yelin w h ich  were  non -pe rm iss ive  fo r neurite  g row th  (RMM  
35 kD and 250 kD respective ly ) and  th is  a c tiv ity  cou ld  be b lo cked  w ith  
m onoclona l an tibod ies  aga ins t these p ro te in s  (Caron i and Schwab, 1988a, b). 
These an tibod ies  a lso  pa rtia lly  b lo cked  th e  non-pe rm iss ive  nature  o f 
m am m alian wh ite  m atte r in o p tic  nerve exp lan ts  (Caron i and Schwab, 1988b), 
in  tissue sec tions (Savio and Schwab, 1989) and in  v ivo  (Schnell and  
Schwab, 1990). Appearance o f the  non -pe rm iss ive  p ro te ins  was spec ific  fo r 
each reg ion  o f the  neonata l CNS bu t w as co rre la ted  w ith  o ligodend rocy te  
d iffe re n tia tio n  a fte r the  period  o f axona l ou tg row th  (Caron i and Schwab,

1989). Th is  agrees b road ly  w ith  th e  end o f the  ’c r it ic a l’ pe riod  o f 
neonata l regenera tion  (Berry e t a l ,  1983).

O ligodend rocy tes  a lso expressed the  160 kD and 180 kD iso fo rm s o f the  
J1 ECM g lycop ro te in  w h ich  have been show n  to  be non -pe rm iss ive  fo r neuronal 
g row th  (Pesheva e ta l., 1989). These m o lecu les  were p resen t in CNS myelin  
(bu t no t in the PNS) and appeared in deve lop ing  wh ite  m atte r du ring  the  
period  o f m ye lina tion .

G lial hya lu rona te -b ind ing  p ro te in  has been im p lica ted  as a non-

perm iss ive  fa c to r fo r neurite  extens ion  syn thes ised  by w h ite  m atte r

as trocy tes  o f the  CNS, w h ich  appears la te in deve lopm en t a fte r axonal

g row th  has been com p le ted  (B ignam i e ta l. , 1988). It was no t p roduced  by
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reactive  astrocy tes  a fte r injury, bu t it pe rs is ted  fo r several m on ths in 
w h ite  m atte r tra c ts  unde rgo ing  W a lie rian  degene ra tion  (M ansour e ta l.,

1990), sugges ting  tha t inh ib ition  o f regene ra tion  may be an e ffe c t o f a 
s low ly-c lea red  m ature CNS w h ite  m a tte r com ponen t ra the r than  a new ly- 
syn thes ised p roduc t o f reactive  a s trocy tes . The e ffe c ts  o f reactive  
as trocy tes  on regenera ting axons are rev iewed below .

1.2.4.4. Physical Barrier

Until recen tly , it was w ide ly  he ld  th a t in ju ry to  the  CNS resu lted in 
the  fo rm a tion  o f a reactive  glia l ba rr ie r th a t was som ehow  im pene trab le  to  
g row ing  axons (Cajal, 1928; Reier e ta l. ,  1983b). However, th is  v iew  has 
changed in recen t years w ith  ou r in c reas ing  unde rs tand ing  o f astrocy te  
b io logy  (L indsay, 1986) and the  app rec ia tio n  tha t reactive  g lios is  is 
a ffe c ted  by in te rac tions w ith  fib ro b la s ts  in pene tran t in juries, lead ing to  
th e  fo rm a tion  o f a fib rous  g lia l-m esode rm a l scar and depos ition  o f a g lia  
lim itan s  w h ich  may instead be the  im pene trab le  e lem ents (Reier, 1986; Reier 
and Houle, 1988). There is still cons ide rab le  ev idence  to  sugges t tha t 
astrocy tes  are non-perm iss ive  fo r axona l g row th . Th is  w ill be b rie fly  
rev iewed be fo re  cons ide ra tion  o f th e  ev idence  in favou r o f a pos itive  role  
fo r as trocy tes in CNS regenera tion .

T ransp lan ta tion  experim en ts have show n the  d icho tom ous  nature o f CNS  
and PNS tissue on axonal regenera tion . PNS g ra fts  to  the  CNS encouraged  
p ro lif ic  ou tg row th  o f severed axons th rough  the  g ra fted  tissue (Aguayo,

1985). In con tras t, segm ents o f o p tic  nerve p reven ted  regenera tion  o f 
periphera l neurons in the absence o f e ith e r o ligodend rocy te s  or a g lia  
lim itan s  (Reier e ta l. , 1983b). Surp ris ing ly , g ra fts  o f im m ature  op tic  
nerve p roduced the same resu lt (G ifto ch ris to s  and David, 1988b). These  
e ffe c ts  may be due, however, to  the  re la tive  levels o f perm iss ive  and non- 
perm iss ive  fa c to rs  d iscussed earlier.

D irec t evidence fo r an a s tro cy tic  e ffe c t on regene ra ting  periphera l

axons com es from  stud ies o f the dorsa l ro o t en try  zone (DREZ) where the
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axons o f p rim ary sensory neurons en te r the  CNS. These axons can be  
les ioned periphe ra lly  w ith ou t any d ire c t in ju ry  to  the CNS and w ith ou t the  
fo rm a tion  o f a glia l scar or g lia  iim ita n s  (Reier, 1986). In lower 
ve rteb ra tes  and neonata l m am m als these axons regenera ted success fu lly  in to  
the  CNS, bu t in adu lt mammals they  were  a rres ted  at the  as tro cy tic  
in te rface  at the  DREZ (Liuzzi and Lasek, 1985; C arls ted t, 1988). E lec tron  
m icroscop ica l s tud ies o f a rrested axons a t the  DREZ have suggested  tha t 
g row th  cones con ta c t as trocy tes and  are p reven ted  from  e longa ting  by a 
p rocess tha t is dependen t upon a c tiva tio n  o f p ro teases w ith in  the  g row th  
cone  lead ing to  a trans ition  to  a non -g row ing  s ta te  (L iuzzi and Lasek,

1987; L iuzzi, 1990). G lial e lem ents o f the  CNS w ou ld  the re fo re  appear to  
regu la te  the  regenera tive  capac ity  o f neurons, in c lud ing  those w ith  cell 
bod ies  e x tr in s ic  to  the CNS.

Furthe r ev idence fo r a d iffe rence  be tween as trocy tes  o f regenera ting  
and non-regenera ting  system s com es from  e le c tron  m ic roscope  s tud ies o f 
as tro cy tic  su rfaces (rev iewed by Reier, 1986). O rthogona l a rrays o f 
in tram em branous partic les, w h ich  are cha ra c te r is tic  o f m am malian astrocy te  
mem branes, were absen t from  the  m em branes o f as trocy tes  o f several 
in fram am m alian  species. These a rrays w ere  a lso lack ing  in the deve lop ing  
m am m alian CNS and in the  a s tro cy tic  m em branes o f the  adu lt o lfa c to ry  bulb. 
The e ffe c t o f these o rthogona l a rrays on axonal g row th  is unknow n and it is 
unc lea r w he the r the ir dens ity  increases d u ring  reactive  g lios is , bu t 
d iffe rences in the surface  p rope rtie s  o f as trocy tes  co rre la te  w ith  the  
ab ility  o f CNS tissue to  regenerate. In te resting ly , a s tro cy tic  surfaces  
w h ich  p rov ide  a good subs tra te  fo r neurite  g row th  in cu ltu re  possessed  
re la tive ly few  o rthogona l arrays (Land is and  W einste in , 1983)

On the o the r hand, ev idence ex is ts to  sugges t th a t reactive  
astrocy tes  may exert a pos itive  in fluence  on axonal sp rou ting  in  vivo.

A fte r les ions to  a ffe ren t pathways to  the  a du lt h ippocam pus, increased  
im m unoreac tive  GFAP cha rac te ris tic  o f reac tive  as trocy tes  was associa ted

w ith  co lla te ra l sp rou ting  from  undam aged fib res  (Gage e ta l. , 1988b).
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A lthough  th is  does no t represen t re g e n e ra tive  axonal ou tg row th , it is 
in te res ting  th a t astrocy tes  no t on ly  appeared to  suppo rt the  e longa tion  o f 
these axons bu t may have a lso in itia ted  sp rou ting  th rough  NGF secre tion . 
Synthesis o f NGF by astrocytes m ay be s tim u la ted  by in te rleuk in -1 , released  
from  activa ted  m ic rog lia  in response to  the  les ion (G iu lian and Baker,

1986; Spranger, 1990).

The rea lisa tion  th a t in tro d u c tio n  o f fib ro b la s ts  in pene tran t les ions  
a lte red the  nature o f reactive g lio s is  ( to  p roduce  a g lia l-m esoderm a l scar) 
encouraged Guth and co -w orke rs to  exam ine les ions from  w h ich  these cells  
were exc luded (Guth e ta L , 1986). In itia lly  the  m ode l used was  
transec tion  o f the  sp ina l co rd  o f th e  h ibe rna ting  g round  squ irre l, in w h ich  
body tem pera tu re  is reduced to  8 °C  and  m e tabo lic  ra te is depressed. Th is  
resu lted in reduced  astrocy te  reac tion  and in filtra tio n  o f fib rob la s ts , 
w ith  con com itan t reduc tion  in co llagen  depos ition  and g lia l scarring . 
Regenera tion o f fib re s  up to  the  edge  o f the  les ion was extensive . Th is  
was extended to  a m ore com m on labo ra to ry  animal w ith  the  deve lopm en t o f 
com press ion  m ode l o f sp ina l co rd  in ju ry  in the  rat. The les ion  was  
p roduced  w ith  b lun t fo rceps and th is  p rocedu re  p reven ted  in filtra tio n  o f 
f ib rob la s ts  by leaving the  m en inges in ta c t (Guth e ta l ., 1985). A s trocy tes  
and ependym al ce lls  p ro life ra ted  to  p roduce  long itud ina l b ridges  and axons  
were observed to  regenera te  a long  these ce llu la r paths, in a m anner 
rem in iscen t o f the  response o f in fram am m a lian  CNS to  transec tion  (Guth e t 
a/., 1983). A lthough  it remained unc lea r w he the r as trocy tes  were the  
d ire c t subs tra te  fo r axonal e longa tion , it appeared th a t regenera tion  cou ld  
occu r in the  presence o f a robus t g lios is .

1 .2 .5 . S um m a ry -T he  Ro le  O f G lia  In A xo n a l R e g e n e ra tio n

It is c lea r from  experim enta l g ra ft in g  o f PNS segm ents th a t neurons

o f the CNS are capab le  o f regene ra tion  and th a t the  neura l env ironm en t

regu la tes the  success o f the regene ra tive  response to  axo tom y (Aguayo,

1985). Much ev idence has accum u la ted  to  sugges t th a t the c ritica l
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d iffe rence  between the  PNS and CNS lies in the  g lia l ce lls  and, m ore  
spec ifica lly , th a t S chwann ce lls p rov ide  a favou rab le  env ironm en t fo r  
regene ra tion  whereas o ligodend rocy te s  and  as trocy tes  do  not.

F irst, the  induc tio n  o f regene ra tion  from  axo tom ised PNS and CNS  
neurons corre la tes w ith  the  p resence o f S chw ann ce lls  in periphera l nerve  
segm ents. If the  Schwann ce lls were k illed  by  freez ing  o f a d is ta l nerve  
segm ent, the  regenera tion  rate o f a xo tom ised  periphe ra l neurons was reduced  
and axons on ly  e longa ted  th rough  the  g ra ft in the  com pany o f Schwann ce lls  
m ig ra ting  from  the  p ro x im a l segm en t (Hall, 1986a; Gulati, 1988; S joberg et 
aL, 1988). L ikew ise, periphera l nerve fib re s  regenera ted in to  muscle- 
de rived  ECM, bu t on ly  in the p resence o f S chwann ce lls  o rig ina tin g  from  the  
periphe ra l nerve tissue (Fawcett and Keynes, 1990). However when m itos is  
was prevented  (Hall and G regson, 1977) in the  prox im a l s tum p o f a 
transec ted  nerve anastom osed to  an ace llu la r ( fre eze /th aw ed ) d is ta l 
segm ent, bo th  S chwann cell m ig ra tion  and  axonal e longa tion  in to  the g ra ft 
were  de layed until cell d iv is ion  res ta rted  (Hall, 1986b). S im ila r resu lts  
have been ob ta ined  w ith  ace llu la r pe riphe ra l g ra fts  to  transec ted  op tic  
nerve, u tilis ing  the  RGCs to  show  th a t an endogenous popu la tion  o f Schwann  
ce lls  is requ ired to  suppo rt axonal e lo nga tio n  from  regene ra ting  cen tra l 
neurons (Berry e f al., 1 9 8 7 ,1988a, b; Sm ith  and S tevenson, 1988; Hall and  
Berry, 1989).

Secondly, pu rified  popu la tions  o f S chw ann ce lls  have been shown to

p rom o te  neuronal surv iva l and induce  regene ra tion  when transp lan ted  in to

CNS les ions (K rom er and C o rnb rooks , 1985; M affe i e ta L , 1990). It is

no tew o rth y  tha t these les ions were a lso am e lio ra ted  by in fus ions o f NGF in

o th e r s tud ies by the same au tho rs (K rom er 1987; C a rm igno to  e ta L , 1989).

In con tras t, as trocy tes have the capac ity  to  p reven t the norm a lly  robus t

regene ra tion  o f periphera l neurons in  v ivo  o r in  v itro  (Ka lderon, 1988b;

Fawce tt e ta l., 1989b). Th is  inh ib itio n  o f g row th  was on ly  seen w ith

m ature astrocytes, suppo rting  the no tion  th a t as trocy tes  have a ’c r it ic a l’

period , early in postna ta l deve lopm ent, w hen  they are able to  suppo rt
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axonal e longa tion  (Sm ith e ta l., 1986; Rudge e ta l. , 1989). Th is  may be 
linked to  changes in the surface p rope rtie s  or neu ro troph ic  sec re tions o f 
astrocy tes  as they m ature (Reier, 1986; Sm ith  e ta l. , 1990).

T h ird ly , m ye lin  derived from  Schwann ce lls  in the  PNS d id  no t con ta in  
the  repu ls ive  p ro te ins  respons ib le  fo r th e  non-pe rm iss ive  e ffe c ts  o f 
cen tra l m ye lin  and o ligodend rocy tes  (C aron i and Schwab, 1988b).

1.3. The Present Studies

A po lyc lona l an tib ody  was ra ised aga ins t GAP-43, using recom b inan t 
DNA techno logy . The spec ific ity  o f the  an tise rum  was tes ted  on W estern  
b lo ts  o f pu rified  GAP-43 and ex trac ts  o f CNS tissue and w ith  
im m unoh is to chem is try  o f CNS tissue  sec tions . The h igh ly  sens itive  
antise rum  ob ta ined  revealed an unexpec ted  d is tr ib u tio n  o f GAP-43 in the  CNS  
and the  p resence o f an im m unoreac tive  p ro te in  band in W este rn  b lo ts  w h ich  
may rep resen t an aggrega ted fo rm  o f GAP-43. These resu lts  are presented in 
Chapte rs 3 and 4.

Experim enta l m an ipu la tions w h ich  se lec tive ly  p reven t o r a llow  CNS  
regene ra tion  were used to  exam ine the  capab ility  o f cen tra l axons to  
express GAP-43, as an index o f the  ce ll b od y  response to  axo tom y. In th is  
way, a co rre c t transduc tio n  o f the  ’a xo tom y s ig na l’ in to  a regenera tive  
response was dem onstra ted  in ra t RGCs. The know ledge  th a t cen tra l axons  
can synthes ise GAP-43 du ring  the  cou rse  o f regenera tion  enab led  a s tudy to  
be unde rtaken  to  con firm  the asse rtions o f Guth e t al. (1985) th a t some  
sp ina l co rd  axons can regenerate a fte r non -pene tran t les ions, a lthough  m ost 
axons were spared from  axo tom y by  the  surg ica l p rocedure . These resu lts  
are presented in Chapter 5.

In the  course o f these s tud ies  it becam e appa ren t th a t bo th  CNS and  
PNS g lia  d isp layed im m uno reac tiv ity  to  GAP-43. W estern  b lo ttin g  was used  
to  con firm  the  presence o f GAP-43 in g lia l ce lls  and the  spec ific  
popu la tions o f g lia  express ing GAP-43 were de lineated . These resu lts are  
presented in Chapte rs 6 and 7.
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C h a p te r  T w o

M a te r ia ls  a n d  M e th o d s
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2.1. M aterials

2.1.1. Chem icals

Fine chem ica ls  and enzym es were bough t from  S igma. A ll o the r 
chem ica ls  and so lven ts  were o f a na ly tica l g rade or be tte r and ob ta ined  
from  BDH, F isons o r S igma, excep t w here  noted in the text. 
E lec tropho res is  g rade  materia ls were pu rchased  from  BDH E lectran.

2.1.2. S terile Tissue Culture P lastics

Hypode rm ic  needles and sy ringes were bough t from  Sabre. Petri 
d ishes and cen tr ifuge  tubes were o b ta ined  from  Falcon. P ipettes, flasks  
and m ultiw e ll p la tes were supp lied  b y  F low  labora to ries.

2.2. Anim als

Sprague-Daw ley rats were used th roughou t. These were  ob ta ined  
from  the Departm enta l b reed ing  co lo n y  and  m ain ta ined in the  animal 
house. Ha lf Lop rabb its  were bough t in from  O lac and kep t in the  
Departm enta l an im al fac ility .

2.2.1. Surgery

A ll su rg ica l p rocedures were pe rfo rm ed  on adu lt male ra ts  w e igh ing  
200-220 g under asep tic  cond it io n s  us ing  s te rile  g loves and sca lpe l 
b lades and heat s te rilised  surg ica l in s trum en ts  th roughou t. Anaesthes ia  
was p roduced  w ith  Ha lothane (M ay and Baker) in m ed ica l oxygenm itrous  
oxide (2:1, v :v ) de live red  at 1.5 l/m in u te . 3%  Ha lo thane was used fo r 
induc tion  and th is  was reduced to  2%  fo r the  du ra tion  o f the  surgery.

2.2.1.1. Spinal Com pression

5A w a tchm ake rs  fo rceps were used to  com press the  exposed spinal

co rd  at the  fifth  th o ra c ic  ve rteb ra  (T5), as described  by Guth e t a i

(1985). The po in ts  o f these fo rceps  had p rev ious ly  been b lun ted  on fine
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g rade  g lass paper and po lished to  rem ove any sharp  edges (in o rde r to  
avo id  punc tu ring  the  m eninges du ring  com p ress ion ) and a hole had been  
d rille d  th rough  one b lade. The fo rcep s  w ere  m oun ted in a metal b lo ck  as 
show n in F igure 2.1. Th is  b lo ck  was a tta ched  to  a s te ro tax ic  frame, 
w h ich  a llowed prec ise  pos ition ing  and  s ta b ility  o f the  fo rceps  du ring  
in se rtion  in to  the  ve rteb ra l co lum n. The b lo ck  con ta ined  tw o  p ins w h ich  
cou ld  be advanced tow a rds  the fo rceps  b y  means o f ca lib ra ted  screw s and  
th u s  con tro lled  the  d is tance  between the  b lades at rest and a t maximum  
c losu re  to  w ith in  0.1 mm (see legend F igu re  2.1.).

An im als were p laced in a s te ro ta x ic  fram e and the ir backs were  
shaved and then  sc rubbed  w ith  iod ine  so lu tio n  (Povidone). A n  inc is ion  
was made a long the  m id line  s ta rtin g  be tw een  the  shou lde r b lades and  
extend ing  2 cm  cauda lly . m. tra p e z iu s  w e re  separa ted from  the  fou rth  to  
s ix th  th o ra c ic  ve rteb rae  (T4-T6) and  re trac ted , and the  paraverteb ra l 
m uscles were then  c leared from  th e  do rsa l su rface  o f T4 and T5. The  
dorsa l lam ina o f T5 was then  cu t on  e ith e r s ide  w ith  ang led iridec tom y  
sc isso rs  and rem oved to  expose the  sp ina l co rd  (see F igure 2.2.a).

A fte r lowering  the  fo rceps  in to  the  lam inec tom y s ite  (see F igure

2 .2 .b), the b lades were ca re fu lly  c losed  un til th e y  ju s t con ta c ted  the  
sp ina l co rd  on bo th  s ides using a b in ocu la r d issec ting  m ic roscope . The  
b lade d is tance a t res t was read from  the  ca lib ra ted  screw  o f the  c lo s in g  
p in , g iv ing  the d iam e te r o f the  co rd . In itia l experim en ts ind ica ted  
th a t a 60% com press ion  fo r one second  p roduced  a les ion as described  by  
Guth e ta l. (1985). The lim it in g  p in  was in tro duced  th rough  the  d rilled  
b lade to  a d is tance a llow ing  c losu re  o f th e  b lades to  40% o f the  co rd  
diam eter. A c tiva tion  o f the  e le c trom agne t by a one second 12 vo lt 
d ire c t cu rren t c losed the  b lades o f the  fo rcep s  (trans fo rm e r w ith  tim e r  
p rov ided  by Dr. R.M. L indsay o f Sandoz, London ), p roduc ing  a 60%  
com press ion  o f the sp ina l co rd . The reader is re ferred to  C hap te r 5 fo r 
a fu ll d iscuss ion  o f the  sp ina l com press ion . C on tro l an im a ls rece ived

lam inec tom y bu t the fo rceps were no t inse rted .
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Figure 2.1.

Activation of the electromagnet by 12 volt direct 

current forces the drive pin against the moving blade of the 

forceps. Total closure is prevented by the limiting pin, 

which passes through the drilled hole in the stationary blade. 

The moving blade can also be advanced by the closing pin to 

position the blades in contact with the spinal cord prior to 

compression.

Calibrated screws control the position of both the 

limiting pin and the closing pin to within 0.1 mm. This 

allows the diameter of the cord to be measured from the 

position of the closing pin (set here at 3 mm). The maximum 

closure of the blades is controlled by the position of the 

limiting pin (set here at 2 mm). Under these conditions a 33%

compression would be applied by activation of the drive pin.
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Figure 2.2.

A. After laminectomy at T5, the dorsal surface of the spinal cord 
is exposed. The incision is longer than usual to increase the 
visibility of the laminectomy site.

B. The forceps have been lowered so that the blades are inside the 
vertebra and are just in contact with the spinal cord. Closure of the 
forceps will now compress the cord, as determined by the position of the 
limiting pin. The metal block holding the forceps can be seen at the 
top of the photograph.

C. D. Exposure and lesioning of the sciatic nerve.
C. Exposure of the sciatic nerve in the thigh. The site of 

transection or compression is marked with an arrowhead. Once again, the 
incision is longer than normal to increase visibility, and m. biceps 

femoris has been retracted.
D. After transection, the proximal stump is inserted between m. 

vastus lateralis and m. rectus femoris (marked with a star).

A and B. Surgical exposure and compression of the spinal cord.
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The fo rceps  and re trac to r w ere  then  rem oved and the  m uscles and  
ove rly ing  fa t pads were sutured w ith  1 gauge m etric  s ilk . The sk in  was  
c losed  w ith  2 gauge m ono filam ent and  anaesthes ia  was w ithd raw n . 2 ml 5%  
glucose, 0.9%  sod ium  ch lo ride  (w :v, g lucose  sa line) were in jec ted  
subcu taneous ly  fo r post-opera tive  sh o ck  and 250 mg ca rben ic illin  
(Pyopen, Beecham ) was in jected in tram uscu la rly . An im a ls  w ere housed in 
cages (m axim um  6 /ca g e ) lined w ith  a bso rben t paper and w ith  g lucose  
sa line a d  lib itu m  fo r one day and then  m oved to  cages w ith  saw dust and  
w a te r as norm al. A n tib io tic  trea tm en t con tin ued  fo r 2 days (250 mg  
ca rb en ic illin /d a y ). B ladder massage w as app lied  tw ice  da ily  in those  
an im a ls show ing  im paired renal fu n c tio n . A ll an im a ls show ed re tu rn  o f 
unassis ted u rina tion  w ith in  3 days a nd  the re  were no ins tances o f 
in fe c tion  a t the  surg ica l site. Indeed, no an im a ls were los t as a 
resu lt o f the  surg ica l in te rven tion , e ith e r th rough  resp ira to ry  
dys func tion  unde r anaesthesia o r pos t-ope ra tive  shock  o r in fec tion .

2.2.1.2. S c ia tic  Denervation.

The sc ia tic  nerve was exposed a t m id -th igh  level by  inc is ion  o f 
the  ove rly ing  sk in  and separa tion o f m. g lu te u s  s u p e rfic ia lis  and m. 
b ic e p s  fe m o ris  (see F igure 2.2.c). T he  nerve was then  crushed  or 
transec ted  (see be low ) and the m usc les w e re  su tu red  w ith  1 gauge m etric  
s ilk  and the  w ound c losed w ith  2 gauge m ono filam en t. A n im a ls  were  
housed in the  same way as the sp ina lly  dam aged an im a ls bu t no an tib io tic  
o r g lucose saline in jec tions were g iven.

2.2.1.2.1. S cia tic  Nerve Transection

Perm anent dene rva tion  was ach ieved  by com p le te  transec tion  o f the

sc ia tic  nerve in the th igh . To  p reven t regene ra tion  o f axons in to  the

d is ta l segm ent, the p roximal s tum p was inse rted  be tween m. re c tu s

fe m oris  and m. vastus la te ra lis  (see F igure 2 .2 .d) and held in p lace

w ith  a su ture  o f 1 gauge m etric  s ilk . The absence o f axons in the
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d is ta l s tum p was con firm ed  at the tim e  o f sac rifice  by  
im m unoh is to chem is try  fo r neu ro filam en t p ro te in  (see Section  2.9.1.2.).

2.2.1.2.2. S cia tic  Nerve Com pression

Tem pora ry  dene rva tion  fo llow ed  by re inne rva tion  o f the  d is ta l 
po rtio n  was ach ieved by c rush ing  a  2 mm w ide  segm ent fo r 2 seconds w ith  
b lun t-edged  5A w a tchm ake rs fo rceps . An ep ineuria l su tu re  was p laced  
a round  the  nerve d is ta l to  the les ion  to  m ark the  s ite  o f axo tom y.

2.2.1.3. Kain ic A cid  In jection

The exc ita to ry  neuro tox in  ka in ic  ac id  (2 p g in 2 p\ filte r-  
s te rilised  PBS) was in jected s te ro tax ica lly  in to  the  ce rebe lla r ve rm is  
a t a dep th  o f 1.2 mm.

2.2.1.4. O ptic  Nerve Transection and S cia tic  Nerve G rafting

Surgery was perfo rm ed by P ro fesso r M. Berry a t the  D epartm ent o f 
Ana tom y, Guy’s Hospita l, London , as desc rib ed  p rev ious ly  (Berry e ta l.,  
1988b). B rie fly, the op tic  nerve was exposed in trao rb ita lly  and  
transec ted  2 mm from  the eyeball, ensu ring  th a t the  vascu la r supp ly  to  
the  re tina  was no t d is rup ted . A  20 mm segm en t o f sc ia tic  nerve was  
su tu red  on to  the  severed op tic  nerve and the  free end was led ou t o f the  
o rb it and pos itioned  subcu taneous ly  on m. tem pora lis . In som e an im als  
the  severed segm ents o f the op tic  nerve were  reapposed w ith o u t a sc ia tic  
nerve g ra ft and held in p lace w ith  a  s ing le  suture.

2.2.2. Antisera

Rabbits were firs t tested fo r endogenous c ircu la ting  an tibod ies

c ross reac ting  w ith  rat CNS tissue. P re-imm une serum  was ob ta ined  (see

be low ) and used to  s ta in  sec tions o f a du lt ra t ce rebe llum  by

im m uno fluo rescence  h is to chem is try  (see Section  2.9.). R abb its  show ing

no c ross reac ting  an tibod ies  were se le c ted  and the p re -im m une sera were
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s to red  frozen  fo r la te r use.

GAP-43/IB -galactosidase fu s ion  p ro te in  (see Section 2.4 .) was used  
to  ra ise an tibod ies  aga ins t GAP-43. R abb its  were inocu la ted  w ith  
app rox im a te ly  100 f jg  fus ion  p ro te in  in F reund ’s com p le te  ad juvan t and  
boos ted  one m onth  la te r w ith  100 jug in in com p le te  ad juvan t. In jec tions  
were made subcu taneous ly  and 15 ml b lo od  were co llec ted  from  the  
m arg ina l ear ve in a t w eek ly  in te rva ls . B lood  was le ft to  c lo t a t room  
tem pera tu re  and the serum  was tra ns fe rred  to  cen trifuge  tubes to  
p rec ip ita te  e ry th rocy tes  a t 1000g. C lea red  serum  was co lle c ted  and  
s to red  at -70°C .

2.3. GAP-43 P urification

GAP-43 was pu rified  acco rd ing  to  the  m ethod o f Chan e ta l. (1986) 
w ith  m od ifica tions , in c lud ing  the a dd it io n  o f ca lm odu lin  a ffin ity  
ch rom a tog raphy  (Andreasen e ta l., 1983). To  m in im ise enzym atic  
deg rada tion  o f GAP-43, all p rocedu res w ere  carried  ou t on ice w ith  p re 

coo led  ins trum en ts and so lu tions. C en tr ifuga tio n  steps were pe rfo rm ed  
in  a re frige ra ted  Beckm an L8-55 u ltra cen tr ifu ge  a t 4 °C  and co lum n  
ch rom a tog raphy  was perfo rm ed in a co ld  room  a t the  same tem pera ture .

2.3.1. Membrane Preparation

Th is  p rocedu re  was m od ified  from  Chan e ta l. (1986) w ho  prepared a 
synap tosom al fra c tio n  from  adu lt co rte x  as a source  o f GAP-43. In o rde r  
to  increase the y ie ld  and reduce the  cos t o f the  pu rifica tion , m em branes  
were p repared from  w ho le  neonata l b ra in  tissue in th is  s tudy, in 
acco rdance  w ith  the  g rea te r syn thes is o f GAP-43 du ring  axon ou tg row th  in 
b ra in  deve lopm en t (Jacobson  e ta l. , 1986).

Rat pups aged 7-14 days w ere decap ita ted  and the b ra ins  were

rem oved and poo led in hypo ton ic  lys ing b u ffe r (2 mM DTT, 10 mM EDTA, 10

mM T ris /H C I, pH 7.5) using 2 ml per pup. A fte r coarse chopp ing  w ith  a

sca lpe l b lade and sc issors, the tissue was trans fe rred  to  a g lass
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hom ogen ise r and d is rup ted  w ith  10 s tro kes  o f a m o to r-d riven  te flon  
pestle (950 rpm ). An equal vo lum e o f lys ing bu ffe r was then  added  
(to ta l 4 ml lys ing bu ffe r per bra in , average w e igh t 0.8 g) and the  crude  
hom ogena te  was trans fe rred  to  cen tr ifu ge  tubes and spun at 1000g (60Ti 
ro to r) fo r 10 m inutes to  remove nucle i and any und is rup ted  tissue. The  
supe rna tan t was re ta ined and the  pe lle t was re-hom ogen ised in an equal 
vo lum e o f lys ing  bu ffe r and cen tr ifu ged  as above. The poo led  
supe rna tan ts  were cen trifuged  a t 17,500g (60Ti ro to r) fo r 20 m inutes to  
pe lle t the  m embranes, w h ich  were resuspended in a m in im al vo lum e (2 ml 
per tube) o f 1 mM m agnesium  aceta te .

2.3.2. A lkali and Acid Extraction

GAP-43 was extrac ted  from  th e  m em branes by add itio n  o f enough 5 M 
sod ium  hyd rox ide  to  ad jus t the pH to  11.5, a cco rd in g  to  Chan e t al.

(1986). Skene and V irag  (1989) have subsequen tly  show n th a t GAP-43 is 
inse rted in to  the  p lasma m em brane v ia  th ioes te r- lin ked  pa lm itic  acid  
residues, w h ich  are know n to  be a lka li- lab ile  (Kaufman e ta l. , 1984).

L ip id  m em branes were rem oved b y  cen tr ifu ga tio n  a t 130,000g (SW60Ti 
ro to r) fo r 20 m inutes and supe rna tan ts  w ere poo led  and ac id ified  to  pH

5.5 w ith  1 M sod ium  aceta te (bu ffe red  to  pH 5.0 w ith  ace tic  acid ).

Inso lub le p ro te ins  were pelle ted by cen tr ifu ga tio n  a t 58,000g (SW60Ti 
ro to r) fo r 20 m inutes.

2.3.3. Am m onium  Sulphate P recip ita tion

Superna tant con ta in ing  so lub le  GAP-43 was sub jec ted  to  40-80%

am m onium  su lpha te  p rec ip ita tion . F irst, am m on ium  su lpha te  was added to

40% sa tu ra tion  (ie 0.229 g /m l supe rna tan t) and the resu lting  so lu tion

was sub jec ted  to  a fu rthe r 58,000 g  cen tr ifu ga tio n  fo r 20 m inutes.

Inso lub le p ro te ins were d isca rded  and the  supe rna tan t con ta in ing  so lub le

GAP-43 was supp lem ented w ith  a fu rth e r 0.262 g am m onium  su lp ha te /m l (to

g ive a fina l concen tra tion  o f 80% sa tu ra tion ) and cen trifuged  aga in at
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58,000g. The pe lle ts were resuspended in a m in im al vo lum e (1 m l/tu b e )  
o f 5 mM potass ium  phospha te  bu ffe r (KPi, pH 7.5) con ta in ing  1 mM EDTA  
and d ia lysed extens ive ly aga ins t the  sam e a t 4 °C .

2.3.4. H ydroxylapatite  Colum n C hrom atography

A 5 x  1.5 cm  glass co lum n (bed vo lum e 10 m l) was packed w ith  
hyd roxy lapa tite  (B io-Rad) and equ ilib ra ted  w ith  5 mM KPi a t 4 °C  a t a 
free -d rip  flow  rate o f 1-2 m l/m inu te . The d ia lysed sam ple (5 m l) was  
loaded on to  the  co lum n, co llec ted  and  re loaded . GAP-43 has been shown  
to  b ind  to  hyd roxy lapa tite  a t low  sa lt con cen tra tio n s  and to  be e lu ted  
between 30-75 mM KPi (Chan e ta l. , 1986). A cco rd ing ly , the  co lum n was  
washed w ith  40 ml 30 mM KPi and then  GAP-43 was e lu ted w ith  100 ml 75 mM  
KPi, fo llow ed  by 50 ml 400 mM KPi to  rem ove rem a in ing  p ro te ins  and  
regenera te  the  co lum n. The 75 mM KPi fra c tio n  was extens ive ly d ia lysed  
aga ins t 20 mM T ris /H C I, 5 mM m agnes ium  ch lo rid e  and 1 mM EDTA (pH 7.5).

2.3.5. C alm odulin-Agarose Colum n C hrom atography

Chan e ta l. (1986) u tilised  phenyl sepharose  co lum n ch rom a tog raphy

to  fu rthe r pu rify  GAP-43, a lthough  som e con tam ina tin g  p ro te ins  remained.

Subsequently , S torm  and co lleagues have show n  tha t GAP-43 is iden tica l

to  the  ca lm odu lin -b ind ing  p ro te in  P57 (C im le r e ta l. , 1987).

C a lm odu lin , w h ich  b inds P57/GAP-43 on ly  in the  absence o f free Ca2 +

ions, can be used to  pu rify  GAP-43 to  appa ren t hom ogene ity  (Andreasen et

a!., 1983). A cco rd ing ly , 2 ml ca lm odu lin -aga rose  were packed in to  a 3 x

1 cm  glass co lum n and equ ilib ra ted  w ith  20 mM T ris /H C I, 5 mM m agnesium

ch lo ride , 1 mM EDTA, 5 mM EGTA (pH 7.5) a t 4 °C . The d ia lysed 75 mM KPi

fra c tio n  from  the  hyd roxy lapa tite  co lum n was made up to  5 mM EGTA (pH

was read justed to  7.5) and app lied to  the  co lum n at a free -d rip  flow

rate o f 5-10 m l/m inu te , then  co lle c ted  and re loaded. The co lum n was

washed w ith  10 ml equ ilib ra tion  bu ffe r and then  GAP-43 was e lu ted w ith

the  same bu ffe r con ta in ing  3 mM ca lc ium  ch lo rid e  and no EGTA (15 ml
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a liquo ts), fo llow ed  by regenera tion  o f the  co lum n w ith  100 ml 500 mM  
sod ium  ch lo ride . The firs t th ree  a liquo ts  o f e lu ted GAP-43 were  
com b ined  and freeze -d ried . P rote in assay was pe rfo rm ed  on the  resu lting  
w h ite  pow de r using a B io-Rad k it based upon the  abso rbance  sh ift o f 
Coom assie  b lue G250 (as described  by the  m anu fac tu re r) to  estab lish  the  
y ie ld  o f GAP-43.

2.4. GAP-43/B-galactosidase Fusion Protein

Fu ll-length  GAP-43 cDNA (Rosen tha l e ta l. , 1987) in the  pGEM3  
c ircu la r p lasm id vec to r was ob ta ined  from  Dr. D.V. Goeddel (Genentech, 
Califo rn ia ).

2.4.1. A m plifica tion  O f GAP-43 cDNA

The p lasm id was am p lified  b y  tra ns fo rm a tio n  in to  E. c o li (G lover,

1984). Co lon ies were se lec ted fo r am p ic illin -re s is tance  (ove rn igh t at 
37 °C  on L-agar con ta in ing  50 jug /m l am p ic illin ) to  ind ica te  inco rpo ra tion  
o f the  p lasm id, and g row n o ve rn igh t a t 3 7 °C  in 200 ml Luria  Bertan i 
m edium  (L -b ro th ) con ta in ing  100 jug /m l am p ic illin  (fo r fo rm u la tio ns  see 
M ania tis e t al., 1982). Ce lls were co lle c te d  by cen tr ifu ga tio n  a t 600g  
fo r 10 m inutes, then resuspended in 10 m l 25 mM T ris /H C I (pH 8.0) 
con ta in ing  50 mM g lucose , 10 mM EDTA and 5 m g /m l lysozyme, and sub jec ted  
to  SDS-alkaline lysis by add itio n  o f 20 ml 0.2 M sod ium  hyd rox ide , 1%

SDS (w :v). Cell deb ris  and bacte ria l DNA (ch rom osom a l) were  
p rec ip ita ted  by add itio n  o f 10 ml 2.5 M po tass ium  ace ta te  (bu ffe red  to  
pH 4.8 w ith  ace tic  acid ), then the p lasm id  DNA was co lle c ted  by 
isop ropano l p re c ip ita tion  and equ ilib r ium  dens ity  cen tr ifu ga tio n  th rough  
1 g /m l caesium  ch lo ride  con ta in ing  1 m g /m l e th id ium  b rom ide  (G lover,

1984). P lasm id DNA was iden tified  unde r UV light.

2.4.2. Expression Of GAP-43 As A Fusion Protein W ith 3-galactosidase

GAP-43 was c loned  in to  the pUR 292 c ircu la r p lasm id  express ion
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vec to r fo r syn thes is  as a fus ion  p ro te in  w ith  B -ga lactosidase (Ruther 
and Muller-H ill, 1983). F irst, a 610 bp  fragm en t encod ing  residues 17- 
219 o f GAP-43 (to ta l length 226 res idues, 678 bp, Rosenthal e ta l.,

1987) was exc ised from  the pGEM3 p lasm id  w ith  the Ava II and Ava I 
res tric tion  endonucleases, bo th  o f w h ich  cu t doub le -s tranded  DNA  
uneven ly to  leave cohesive ends (M an ia tis  e t a i ,  1982). The excised  
fragm en t was separated from  the p lasm id  DNA by e le c tropho res is  th rough  
1% agarose (ICN B iochem ica ls) in 40 mM T ris /H C I, 1 mM EDTA, 5 mM sod ium  
ace ta te  (pH 7.8) con ta in ing  2 f jg /m \  e th id ium  b rom ide . The 610 bp GAP-43 
fragm en t was iden tified  by its p os itio n  re la tive  to  a 1 kbp  ladder o f 
DNA s tanda rds (G ibco-BRL) under UV ligh t, then  cu t ou t and purified  
using the Geneclean k it a cco rd ing  to  the  m anu fac tu re r’s in s tru c tions  
(S tra tech  Sc ien tific ). Secondly, as A va II and Ava I recogn ition  
sequences do  no t exis t in the pUR vec to rs  (Ruther and M uller-H ill,

1983), the cohes ive  ends o f the GAP-43 fragm en t were filled  in by base  
pa iring  using the  K lenow  fragm en t o f E. c o li DNA polym erase (1 u n it/2 5  
f j\)  and a m ix tu re  o f deoxy rib onuc leo tid e tr ip hospha te s  (80 juM) (M an ia tis  
e ta l. , 1982) to  p roduce  b lun t-ended  DNA. Th ird ly , the  pUR 292 p lasm id  
was cu t w ith  the  Bam  H1 re s tr ic tio n  endonuc lease  and end -filled  w ith  the  
K lenow  fragm en t as described  above  (M an ia tis  e ta l. , 1982). Finally, 
the  610 bp GAP-43 fragm en t was m ixed in 6 m olar excess w ith  the pUR 292 
p lasm id and DNA ligase was added  (1 u n it/1 0  f j I) to  ach ieve b lun t-end  
liga tion  and re -c ircu la risa tion  o f th e  p lasm id .

The liga ted p lasm id was trans fo rm ed  in to  E. c o li and p lasm id DNA

was prepared by SDS-alkaline lysis (excep t th a t equ ilib rium  dens ity

cen tr ifuga tion  was no t perfo rm ed) as described  in Section  2.4.1.

P lasm ids w h ich  had re -c ircu la rised w ith o u t in co rpo ra tin g  the GAP-43

fragm en t were iden tified  by re s tr ic tio n  ana lys is using the Eco R1

endonuc lease enzyme, recogn ition  s ites fo r w h ich  ex is t e ithe r s ide o f

the Bam H1 c lon ing  site. The DNA was separa ted  by e lec trophores is

th rough  1% agarose as described and  the  bands were iden tified  under UV
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ligh t. Co lon ies show ing  the presence o f the  GAP-43 casse tte  were g rown  
up ove rn igh t in 200 ml L -b ro th  con ta in ing  100 jug /m l am p ic illin  and 0.5 
mM isop ropy l B -D -th ioga lactos ide to  s tim u la te  p roduc tio n  o f I3- 
ga lac tos idase  (G lover, 1984). C e llu la r p ro te ins  w ere ana lysed by SDS- 
PAGE in 7.5% acry lam ide  gels fo llow ed  by Coom assie  b lue s ta in ing , as 
described  in Section 2.6. P lasm ids w h ich  had inco rpo ra ted  the 610 bp  
GAP-43 fragm en t in the  w rong  o rie n ta tio n  on ly  showed syn thes is  o f 8- 
ga lactos idase, whereas the  presence o f a h ighe r RMM p ro te in  ind ica ted  
syn thes is  o f the  G AP -43 /6 -ga lac tos idase  fu s ion  p ro te in .

2.4.3. P urification Of G AP-43/B-galactosidase Fusion Protein

3 ml PAGE sam ple o f one co lo n y  exp ress ing  the fu s ion  p ro te in  were  
loaded on a p repara tive  6% acry lam ide  gel and p ro te ins  were separa ted as 
described  in Section 2.6.2.2. The fu s ion  p ro te in  band was iden tif ie d  by  
soak ing  the gel in 250 mM potass ium  ch lo r id e  ove rn igh t a t 4 °C  then  it 
was cu t ou t and p laced in d ia lys is tu b in g  w ith  10 ml e le c troe lu tion  
bu ffe r (25 mM Tris , 192 mM g lyc ine , 0 .1%  (w :v) SDS, pH 8.3).

E lec troe lu tion  was pe rfo rm ed in a ho rizon ta l gel appara tus at 150 vo lts  
fo r 4 hours in su ffic ie n t bu ffe r to  ju s t cove r the  tub ing . C u rren t was  
reversed fo r the  last 2 m inutes to  re lease p ro te in  bound  to  the  tub ing  
and the  e lu ted p ro te in  was recovered from  the  d ia lys is  bag.

P rote in concen tra tio n  was es tim a ted  by spo ttin g  the  e luate and BSA  
s tanda rd  concen tra tions  on to  filte r paper (W hatm an No. 1) and s ta in ing  
w ith  0.1%  Coom assie b lue (G250 in (v :v ) 10% ace tic  acid , 25%  
isop ropano l) fo llow ed by wash ing  in tap  wa te r. The fus ion  p ro te in  was  
s to red  in 1 ml a liquo ts  a t -20 °C  p rio r to  ino cu la tio n  o f rabb its  
(Section 2.2.2.).
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2.5. Tissue Culture

2.5.1. Tissue C ulture Media

Powdered m ed ia  were purchased from  Imperial Labora to ries . The  
m edia  used were D u lbecco ’s M od ified  Eag le ’s Medium  (DMEM) and Ham ’s F12, 
acco rd ing  to  the  m anu fac tu re r’s fo rm u la tio n , and a m od ified  DMEM  
con ta in ing  187.2 m g /l D -valine ins tead o f L -va line  w h ich  is p resen t in 
regu la r DMEM a t a concen tra tion  o f 93.6 m g /l. Th is  m od ifica tion  
s ign ifican tly  reduces f ib ro b la s t con tam ina tio n  o f cu ltu res  (E stin  and  
Vernadak is , 1986; Cho lew insk i e ta l. , 1989). The m edia were d isso lved  
in  an app rop ria te  vo lum e o f doub le  d is tille d  de ion ised  w a te r and  
supp lem en ted w ith  sod ium  b ica rbona te  a cco rd in g  to  the  m anu fac tu re r’s 
spec ifica tion , then  f ilte r ste rilised . Foeta l ca lf serum  (FCS) was  
purchased from  F low  Labora to ries and  d ia lysed aga ins t 3 changes o f 50 
vo lum es 0.9%  (w :v) sod ium  ch lo ride  a t 4 °C  to  rem ove va line  (Estin  and  
Vernadak is , 1986), fo llow ed  by f ilte r s te rilisa tion . A ll p rocedu res  
were carried  ou t under asep tic  co n d it io n s  and, un less sta ted  o therw ise , 
m edia were supp lem en ted  w ith  (v :v ) 0 .5%  gen tam ic in  (F low  Labo ra to ries )  
to  p reven t m ic rob ia l con tam ina tion .

Cells were m ain ta ined in an in cu ba to r w ith  a w a te r sa tura ted  
atm osphere  o f 95% a ir /5%  ca rbon  d io x id e  a t 3 7 °C . The b ica rbona te -  
bu ffe red  m ed ia  used equ ilib ra te  a t pH 7.4 unde r such cond itions .

Earle ’s ba lanced sa lts so lu tion  (EBS, pH 7.4 ,) cons is ted  o f 116 mM  
sod ium  ch lo ride , 26.2 mM sod ium  b ica rbona te , 5 mM g lucose, 5mM  potassium  
ch lo ride , 1 mM ca lc ium  ch lo ride , 1 mM sod ium  d ihyd rogen  o rthophospha te ,

0.8 mM m agnesium  su lpha te  and 10 jug /m l pheno l red.

2.5.2. A strog lia l Cultures: Cerebellum  And Cerebral Cortex

These cu ltu res were estab lished from  2 day o ld rats a cco rd ing  to

the  p rocedure  o f C ho lew insk i e ta l. (1988), w ith  the  m od ifica tion  o f

C ho lew insk i e ta l. (1989) to  reduce the  p ro life ra tio n  o f fib rob la s ts .
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Cerebra l co rtice s  and cerebe lla  from  4 an im a ls w ere s tripped  o f 
m eninges, poo led  separa te ly and then  chopped  tw ice  at r ig h t ang les on a 
M cllw a in  T issue Chopper (0.4 mm b lade  advance). T issue was then  
suspended in 5 ml EBS con ta in ing  (w :v) 0.025%  tryp s in  (type III from  
bov ine  pancreas), 0.3%  bov ine  serum  a lbum in  (BSA, fra c tio n  V) and 0.002%  
deoxyribonuc lease  I (DNase) by 5 s tro ke s  th rough  a s te rile  Pasteur 
p ipe tte  and d iges ted  at 3 7 °C  fo r 15 m inu tes w ith  shak ing . The enzym atic  
a c tiv ity  o f the  tryps in  was quenched  by  a dd itio n  o f an equal vo lum e o f 
DM EM /10%  FCS and the tissue w as co lle c ted  b y  cen tr ifu ga tio n  a t 600g fo r  
5 m inutes. The ce lls  were d issoc ia ted  in 10 ml EBS con ta in ing  (w :v)

0.3%  BSA and 0.002%  DNase by tr itu ra tio n  th rough  a Pasteur p ipe tte  (20 
strokes). T issue c lum ps were a llow ed  to  se ttle  fo r  10 m inu tes and the  
ce ll suspens ion  was co llec ted  and cen tr ifu ged  a t 600g fo r 5 m inutes.

Ce lls were then  gen tly  resuspended in a know n  vo lum e o f DM EM /10%  FCS  
and coun ted  using a haem ocytom ete r.

For im m uno fluo rescence  s tud ies , ce lls  w ere p la ted a t a 
concen tra tio n  o f 2x105 on to  13 m m  d iam e te r g lass cove rs lips  (p rev ious ly  
autoc laved  and coa ted  w ith  5 jug /m l po ly-L -lys ine ) in s te rile  24-well 
m ultiwe ll p la tes. A fte r the  m edium  was rep laced w ith  fresh  DM EM /10%  FCS  
on day 3, it was changed at day 5 to  m od ified  DMEM (as described  above) 
con ta in ing  10% FCS to  reduce fib ro b la s t con tam ina tio n  (C ho lew insk i e t 
a/., 1989).

2.5.3. A strog lia l Cultures: O ptic Nerve

Cultu res were estab lished from  2 day o ld  ra t o p tic  nerves by a

m od ifica tion  o f the p rocedure  o f Raff e ta l. (1983a). A sep tic

cond itio ns  were used and media were supp lem en ted  w ith  0.5%  gen tam ic in .

O p tic  nerves from  40 an im als were fine ly  chopped  w ith  sc issors, then

suspended in 5 ml o f EBS con ta in ing  (w :v) 0.025%  tryps in , 0.3% BSA,

0.002% DNase and shaken at 3 7 °C  fo r 20 m inutes. An equal vo lum e o f

DM EM /10%  FCS was then added and the  tissue was tritu ra ted  by 30 s trokes
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th rough  a Pasteur p ipette . A fte r cen tr ifu ga tio n  a t 600g fo r 5 m inutes  
the  ce lls  were resuspended in D M EM /10%  FCS, then coun ted  in a 
haem ocytom ete r and p la ted in m u ltiw e ll p la tes a t a dens ity  o f 5x105 per 
well in a liquo ts o f 50 / i l d ire c tly  o n to  th e  m idd le  o f po ly-L-lys ine  
coa ted  covers lips . A fte r a llow ing the  ce lls  to  adhere fo r 1 hour in the  
in cuba to r the we lls  were each flooded  w ith  a fu rthe r 1 ml o f medium .

M edium  was rep laced w ith  fresh D M E M /10%  FCS on day 3 and changed a t day  
5 to  m od ified  DM EM /10%  FCS to  reduce  fib ro b la s t con tam ina tion .

2.5.4. Schwann Cell Cultures

T issue cu ltu re  media were supp lem en ted  w ith  0.5%  gen tam ic in .

S chwann ce lls  were pu rified  by a m od ific a tio n  o f the m ethod o f B rockes  
e ta l. (1979). B rie fly , sc ia tic  nerves were rem oved from  one day o ld  
ra t pups and the  ep ineuria l shea ths w ere  rem oved . The nerves were  
fin e ly  chopped w ith  sc isso rs  in a m in im a l vo lum e o f ca lc ium - and  
m agnesium -free DMEM con ta in ing  (w :v) 0 .2%  co llagenase and 0.125%  
tryps in , then d iges ted  a t 3 7 °C  fo r 30 m inu tes  and d issoc ia ted  by  
tr itu ra tio n  th rough  a 0.2 ml G ilson p ipe tte  tip . Ce lls  were recovered  
by cen tr ifuga tion  at 600g fo r 5 m inu tes and  gen tly  resuspended in 
DM EM /10%  FCS. Ce lls from  e igh t nerves were seeded in 25 cm 2 tissue  
cu ltu re  flasks and cytos ine  a rab inos ide  (10"5 M) was added to  kill 
rap id ly  d iv id ing  fib rob las ts . A fte r th ree  days, pu rified  S chwann cells  
were passaged w ith  0.05% (w :v) tryp s in  in EBS then  resuspended in 
D M EM /10%  FCS and coun ted  in a haem ocytom e te r. 105 ce lls  were p la ted in 
50 fj\ a liquo ts on cove rs lips  w h ich  w ere  flo o ded  w ith  a fu rthe r 1 ml o f 
m edium  a fte r 1 hour as described.

2.5.5. P urification of Q-2A P rogenitor Cells

Cultu re m edia were supp lem en ted w ith  200 u n its /m l pen ic illin

and 200 f jg /m \ s trep tom ycin . P rim ary m ixed g lia l cu ltu res were

estab lished from  cerebra l co rtices o f new bo rn  pups (<  12 hours o ld ) by
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coarse chopp ing  w ith  a razo r b lade fo llow ed  by m echan ica l d issoc ia tion  
in 5 ml D M EM /10%  FCS w ith  30 s tro kes  th rough  a 10 ml p ipette . C lum ps  
were a llowed to  settle  ou t and the  ce ll suspens ion  was recovered.

A no the r 5 ml o f medium  was added  and the  c lum ps were tr itu ra te d  again.

Cell suspens ions were poo led  and cen tr ifu ged  at 600g fo r 5 m inutes. The  
pe lle ted  ce lls  were gen tly  resuspended in a know n vo lum e o f DM EM /10%

FCS, coun ted  in a haem ocytom e te r and then  seeded a t 5x104 /c m 2 in 150 cm 2 
tissue cu ltu re  flasks  coa ted  w ith  5 f jg /m l po ly-L-lys ine . M ed ium  was  
rep laced eve ry 3-4 days.

A fte r 12 days 0 -2A  p rogen ito rs  were separa ted  from  the  unde rly ing  
m ono layer o f type-1 astrocy tes  and fib ro b la s ts  by a m od ifica tion  o f the  
shak ing  p rocedu re  o f M cC arthy and DeVellis (1980). F lasks were  
sub jec ted  to  p re lim ina ry ag ita tion  a t 3 7 °C  on an o rb ita l shaker (2.5 cm  
th row ) fo r 30 m inutes a t 150 rpm , to  rem ove dead cells, then  the m edium  
was rep laced w ith  D M EM /15%  FCS and the  flasks  were re tu rned to  the  
in cuba to r to  equ ilib ra te  fo r 1 hour. The flasks  were then  shaken a t 250 
rpm  fo r 18 hours and the cell suspens ion  was co lle c ted  and filte red  
th rough  70 fjrc\ and 25 f jm  s te rile  ny lon  gauze. M ic rog lia  were a llow ed to  
adhere to  un trea ted 150 cm 2 tissue  cu ltu re  flasks  fo r 30 m inutes at 
37°C . F loa ting ce lls  were recovered by cen tr ifu ga tio n  a t 600g fo r 5 
m inutes and o ligodend rocy tes  were  rem oved by incuba tion  fo r 1 hour in 
EBS con ta in ing  0.3% BSA, 0.004% DNase (w :v), 10% (v :v) norm al rabb it 
serum  as a source  o f com p lem en t and m onoc lona l a n tib od y  aga ins t 
ga lac toce reb ros ide  (GC hyb ridom a  supe rna tan t d ilu ted  1 /20 , Ranscht e t 
al., 1982) at 3 7 °C  w ith  ag ita tion . Fo llow ing  cen tr ifu ga tio n  a t 600g fo r  
5 m inutes, pu rified  0 -2A  p rogen ito rs  were resuspended in a know n vo lum e  
o f DM EM /10%  FCS, coun ted  in a haem ocy tom e te r and rep la ted  on cove rs lips  
at 2.5x104/w e ll fo r im m unocy tochem is try  (as described  in Section  2.5.2.) 
or a t 10^ /35  mm d iam ete r Petri d ish  fo r p repa ra tion  o f membranes.
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2.5.5.1. Enriched Type-1 Astrocyte Cultures

A fte r removal o f 0 -2A  p rogen ito rs  by ove rn igh t shaking , flasks  
con ta in ing  m ono layers o f type-1 as trocy tes  and fib ro b la s ts  were  
incuba ted  a t 3 7 °C  w ith  10 ml 0.05%  tryp s in  in EBS (w :v) fo r 5 m inutes.

10 ml DM EM /10%  FCS were added  and shee ts o f ce lls  w h ich  had becom e  
d is lodged  were d issoc ia ted  by tr itu ra tio n  th rough  a 19 gauge hypode rm ic  
needle. Fo llow ing  cen tr ifuga tion  a t 600g fo r 5 m inutes, ce lls  were  
resuspended in a know n vo lum e o f DM EM /10%  FCS, coun ted  and then  
rep la ted a t 5x104/w e ll fo r im m unocy tochem is try  as described  in Section

2.5.2. Medium  was rep laced w ith  fresh  DM EM /10%  FCS every 3-4 days.

2.5.5.2. Enriched Type-2 A strocyte  C ultures

0 -2A  p rogen ito r ce lls  w h ich  were  m a in ta ined in DM EM /10%  FCS 
d iffe ren tia ted  in to  en riched type-2 as trocy tes . M ed ium  was changed  
every 5 days.

2.5.5.3. Enriched O ligodendrocyte  C ultures

In serum -free m edium  0 -2A  p rogen ito rs  d iffe ren tia te  in to  
o ligodend rocy tes  (Raff e ta l. , 1983b, 1984a). 24 hours a fte r rep la ting  
the  en riched  popu la tions o f 0 -2A  p rogen ito rs , the  m edium  was changed to  
a de fined serum -free m edium  cons is tin g  o f equal vo lum es o f DMEM and  
Ham ’s F12 supp lem ented w ith  insu lin  (10 / ig /m l) , trans fe rr in  (50 [ jg /m l) , 
tr iio d o th y ron ine  (15 nM) and sod ium  se len ite  (30 nM). The m edium  was  
no t changed therea fte r.

2.6. E lectrophore tic  Protein Analysis

Proteins were separated a cco rd in g  to  RMM by SDS-PAGE essen tia lly  
as described  by Laemm li (1970) and trans fe rred  to  n itroce llu lose  paper 
(Towb in  e ta l., 1979) fo r im m unosta in ing .
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2.6.1. Sample Preparation

PAGE sam ple  bu ffe r cons is ted  o f 62.5 mM T ris /H C I (pH 6.8) w ith  2%  
SDS (w :v), 5% B -m ercaptoethanol (v :v ), 10% g lyce ro l (v :v), 0.003%  
b rom opheno l b lue (w :v). Samples fo r e le c tropho res is  were bo iled  in th is  
fo r 10 m inutes (to  p rom ote  the dena tu ra tion  o f p ro te ins  to  the ir  
com ponen t po lypep tide  cha ins and  the  so lub ilisa tio n  o f p ro te ins  by SDS 
b ind ing ) fo llow ed  by cen tr ifuga tion  fo r 10 m inu tes in a m ic ro fuge  to  
p rec ip ita te  inso lub le  materia l.

2.6.1.1. Pure GAP-43

Pure GAP-43 (prepared as desc rib ed  in Section  2.3.) was d isso lved  
d ire c tly  by  bo ilin g  in sam ple bu ffe r a t a con cen tra tio n  o f 1 mg GAP- 
43 /m l.

2.6.1.2. Tissue Homogenates

D issected tissues from  cen tra l and  periphe ra l nervous system  
(ob ta ined  as described  in Section 2 .7 .1 .) were hom ogen ised in 5 mM  
T ris /H C I, 2 mM EDTA, 2 mM EGTA, 2%  SDS (w :v) (pH 6.8) w ith  2 n g /m l 
leupep tin  and 1 mM PMSF to  in h ib it p ro teases. Hand-he ld  g lass  
hom ogen ise rs w ere used, w h ich  were  pe riod ica lly  coo led  on ice o r card ice  
to  fu rthe r lim it p ro te in  degrada tion . The hom ogena te  was bo iled  fo r 10 
m inu tes to  a id p ro te in  so lub ilisa tio n  and cen tr ifu ged  to  pe lle t 
inso lub le  deb ris  and then  the supe rna tan t was co llec ted . 1 / i l was  
rem oved and d ilu ted  to  1 ml (to  p reven t in te rfe rence  from  SDS) before  
be ing  sub jec ted  to  p ro te in  assay us ing  a B io-Rad k it (as described).

The rem a inder was made up w ith  an equa l vo lum e o f doub le  s treng th  sample  
bu ffe r and rebo iled  fo r 10 m inutes.
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2.6.1.3. Purified Cell Membranes

Cells m ain ta ined in tissue cu ltu re  (Sec tion  2.5.) were rem oved  
from  the subs tra te  by  shak ing  o r tryp s in isa tio n  (0.05% in EBS) a t 37°C . 
P ro teo ly tic  a c tiv ity  was quenched w ith  DM EM /10%  FCS and the ce lls  were  
washed 3 tim es in th is  m ed ium  to  rem ove all traces o f tryps in  p rio r to  
cell lysis. A ll ce lls  were resuspended in ch ille d  iso ton ic  sucrose  
(0.32 M) bu ffe red  w ith  10 mM HEPES (pH 7.5) and con ta in ing  2 fjg /vn \ 
leupep tin  and 1 mM PMSF.

Cells were sheared th rough  a p re -coo led  ba ll-bearing  cell 
d is rup te r w ith  a c learance o f 12 jum (Ba lch e ta l. , 1984) and cen tr ifuged  
a t 5000g fo r 5 m inutes. The pos t-nuc lea r supe rna tan t was then  
cen tr ifu ged  in a Beckm an L8-55 u ltra cen tr ifu ge  a t 100,000g (SW60Ti 
ro to r) a t 4 °C  fo r 1 hour to  pe lle t th e  m em branes.

Mem branes were e ithe r so lub ilised  d ire c tly  in sam ple bu ffe r or 
so lub ilised  in 5 mM T ris /H C I, 2 mM EDTA, 2 mM EGTA, 2% SDS (w :v) (pH  
6.8) w ith  pro tease inh ib ito rs  as above  fo llow ed  by add itio n  o f an equal 
vo lum e o f doub le  s treng th  sam ple bu ffe r. The second  m ethod a llow ed a 1 
f j\ sam ple to  be taken and d ilu ted  to  1 m l fo r p ro te in  assay (B io-Rad) 
be fo re  add ition  o f b rom opheno l b lue  and  m ercap toe thano l, w h ich  in te rfe re  
w ith  the  p ro te in  assay (W. W h itfie ld , pe rsona l com m un ica tion ).

a) 0 -2A  Progenitor Membranes

Fresh ly pu rified  ce lls were resuspended d ire c tly  in iso ton ic  
sucrose as s ta ted and sheared.

b) Enriched Type-1 A strocyte  M em branes

M onolayers rem a in ing a fte r o ve rn ig h t shak ing  to  rem ove 0 -2A  
p rogen ito rs , as described , were tryp s in ised  and washed before  
resuspens ion in iso ton ic  sucrose and shearing .

c) Enriched Type-2 A strocyte  M em branes

5 days a fte r iso la tion  (DAI), type-2  as trocy tes  m ain ta ined in 
DM EM /10%  FCS were tryps in ised  and w ashed before  shearing  in iso ton ic  
sucrose.
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d) Schwann Cell Membranes

Schwann ce lls  were g rown in fla sks  w ith  10"® M cy tos ine  
a rab inos ide  as described  (Section 2 .5 .4 .) fo r 3 days. A fte r 
tryps in isa tion , the  ce lls  were washed and resuspended in iso ton ic  
sucrose and then  sheared, as above.

2.6.1.4. E. co// Lysate

T rans fo rm ed  ce lls  g rown in L -b ro th  were co llec ted  by  
cen tr ifu ga tio n  a t 600g fo r 10 m inutes. Ce lls  were resuspended in PBS, 
cen tr ifuged  aga in  and resuspended in d is tille d  water, fo llow ed  by  
add it io n  o f an equal vo lum e o f doub le  s treng th  sam ple buffe r.

S on ica tion  (150 wa tts , p robe tip  9.5 mm  d iam e te r) fo r 20 seconds at 4 °C  
was used to  d is rup t the  ce lls and fra gm en t the  bacte ria l DNA p rio r to  
bo iling .

2.6.2. SDS-Polyacrylam ide Gel E lectrophores is

Prote ins were separated a cco rd in g  to  RMM by d iscon tin uous  bu ffe r 
e lec tropho res is  th rough  10% acry lam ide  reso lv ing  gels (Laemm li, 1970; 
Hames and R ickwood, 1981). 375 mM  T ris /H C I (pH 8.8) con ta in ing  (w :v) 
10% acry lam ide , 0.267% b isacry lam ide  and 0.1%  SDS was po lym erised w ith  
0.075%  am m on ium  persu lpha te  (ca ta lys t) and 0.05%  TEMED (in itia to r). 
S tack ing  ge ls cons is ted  o f 3% acry lam ide , 0.08%  b isac ry lam ide  and 0.1%  
SDS bu ffe red  w ith  125 mM T ris /H C I (pH 6.8), po lym erised as above.

Gels fo r the  separa tion o f E. c o li lysa tes were iden tica l excep t 
th a t the com pos ition  o f the reso lv ing gel was reduced to  7.5%  acry lam ide  
and 0.2% b isacry lam ide .
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2.6.2.1. Analytical Gels

The e lec tropho res is  system  used was a m in ige l appara tus purchased  
fo rm  Hoeffer. 6 x  8 cm  reso lv ing  ge ls were cas t a t a th ickness  o f 0.75  
mm and ove rla id  w ith  0.1% SDS. A fte r 30 m inu tes po lym erisa tion  the  
ove rlay was poured o ff and s ta ck ing  ge ls were cas t using the  10-well gel 
com bs supp lied . Each well held up  to  20 j j I sample, loaded using a 
Ham ilton  syringe. Samples were s ta cked  a t 150 vo lts  and reso lved at 250 
vo lts  in the  w a te r-coo led  e le c tropho re tic  ce ll (Hoeffe r). Upper and  
low er cham bers were filled  w ith  rese rvo ir b u ffe r (50 mM Tris , 384 mM  
g lyc ine , 0.1%  SDS, pH 8.3) a cco rd in g  to  Chan e ta l. (1986).

P resta ined and unsta ined p ro te in  m arke rs (RMM 180-26 kD, S igma) 
were used on 10% reso lv ing  gels. For the  7.5%  gels used to  separate  E. 
c o li lysates, unsta ined p ro te in  m arke rs (RMM 200-45 kD, B io-Rad) were  
used.

2.6.2.2, Preparative Gels

A  maxigel system  was used fo r the  iso la tion  o f the  GAP-43 fus ion  
p ro te in  (P rotean I, B io-Rad). 12 x  14 cm  reso lv ing  gels con ta in ing  6%  
acry lam ide  and 0.16%  b isac ry lam ide  were  poured a t a th ickness  o f 3 mm as 
described . S tack ing  gels were cas t w ith o u t a com b, leaving a 1 cm  space  
a t the  top , and the  ge ls were trans fe rred  to  the  w a te r-coo led  
e le c tropho re tic  cell. 3 ml E. c o li lysa te  in PAGE sam ple bu ffe r was  
qu ick ly  loaded w ith  a G ilson p ipe tte  and 150 vo lt cu rren t was app lied  
im m edia te ly . Samples were s ta cked  and reso lved at th is  vo ltage  fo r 4 
hours.

2.6.3. Gel S taining

Prote ins in the  m atrix o f the gel a fte r e le c tropho res is  re ta in  the  
ab ility  to  b ind  s ilve r ions and some dyes and th is  p rope rty  fo rm s the  
basis o f p ro toco ls  fo r the loca lisa tion  o f to ta l p ro te ins  a fte r 
e lectrophores is .
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2.6.3.1. Coomassie Blue Staining

Gels were soaked in 0.1% Coom ass ie  blue G250 in d is tilled  
w a te r:m e thano l:a ce tic  acid  (2:2:1, v :v ) fo r 1 hour. Excess dye was  
rem oved in (v :v) 12.5% isop ropano l, 10% ace tic  acid to  the  desired  
in tens ity .

2.6.3.2. S ilver S tain ing

Th is techn ique , w h ich  is ove r 1000 tim es m ore sens itive  than  dye- 
based sta ins, is essen tia lly  the m e thod  o f Merril e ta l. (1981) w ith  the  
m od ifica tions  o f Thom pson (1987). B rie fly , ge ls were fixed  in (v :v ) 50%  
m ethano l, 12% ace tic  ac id  fo r 30 m inu tes  and soaked in 3 changes o f 
(v :v ) 10% e thanol, 5%  ace tic  acid (10 m inu tes each) to  rem ove bound SDS 
from  the p ro te ins w h ich  were then oxidised in 3 mM potass ium  d ich rom ate , 
3 mM n itr ic  acid  fo r 5 m inutes. A fte r r in s ing  in 4 changes o f d is tille d  
w a te r (1 m inute each), ge ls were incuba ted  w ith  12 mM s ilve r n itra te  fo r  
30 m inutes on an illum ina ted  ligh t b ox  as a sou rce  o f un ifo rm  in tens ity  
ligh t. A ll the  above p rocedures were pe rfo rm ed  on an o rb ita l shaker. 
Prote ins were revea led by deve lop ing  the  bound  s ilve r ions in 280 mM  
sod ium  carbona te , 0.02%  (w :v) fo rm a lin  and the  reac tion  was s topped  at 
the  desired in tens ity  o f s ta in ing  w ith  1% ace tic  ac id  (v:v).

2.6.4. W estern B lo tting

GAP-43 was iden tified  in separa ted  gel sam ples by e le c tropho re tic  
trans fe r o f p ro te ins  to  n itroce llu lose  (Tow b in  e ta l. , 1979) fo llow ed  by  
s ta in ing  w ith  an tibod ies  aga inst GAP-43.

2.6.4.1. E lectrophore tic  Transfer

Proteins were trans fe rred  on to  n itro ce llu lose  paper (0 .2^m  pore,

Sartorius) in 25 mM Tris , 192 mM g lyc ine , 20%  (v:v) m ethano l (pH 8.3)

using a horizon ta l sem i-dry b lo ttin g  appa ra tus a cco rd ing  to  the

m anufacture rs in s tru c tion s  (B io-Rad) and the  m od ifica tion s  o f Jacobson
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and K&rsnas,(1990). C u rren t was app lied  a t a cons tan t rate o f 3 a m p /cm 2 
o f gel fo r 20 m inutes.

2.6.4.2. Im m unostain ing

The n itroce llu lose  b lo t was in cuba ted  in b lo ck ing  bu ffe r (10% FCS  
(v :v), 0.9%  sod ium  ch lo ride  (w :v) in 25 mM T ris /H C I, pH 7.5) fo r 1 hour 
to  p reven t non -spec ific  b ind ing  o f im m unog lobu lin s  to  unoccup ied  p ro te in  
b ind ing  s ites. Anti-GAP-43 fus ion  p ro te in  an tise rum  was d ilu ted  1 /1000  
in  b lo ck ing  bu ffe r and the b lo t in cuba ted  ove rn igh t w ith  shak ing  at 4 °C . 
The b lo t was then  washed in 10 mM  T ris /H C I (pH 7.5), 0 .9%  (w :v) sod ium  
ch lo ride  fo r 1 hour (a t least 6 changes) and incuba ted  w ith  horse rad ish  
perox idase -con juga ted  sw ine a n ti-ra b b it IgG (DAKO) d ilu ted  1 /200  in the  
same bu ffe r fo r 3-5 hours a t 4 °C  w ith  shak ing . A fte r w ash ing  as above, 
im m unoreac tive  bands were v isua lised  by a dd it io n  o f 0.0015% (v :v) 
hydrogen perox ide  as subs tra te  and  0 .03%  (w :v) ch lo ronaph tho l as  
chrom ogen. T h is  reac tion  was te rm ina ted  by w ash ing  the b lo t in tap  
water. P reimmune serum  at the sam e concen tra tio n  served as a negative  
con tro l and (3-galactosidase in the  RMM s tanda rds  served as a pos itive  
con tro l fo r the  trans fe r and v isua lisa tion  o f im m unoreac tive  p ro te in .

2.6.4.3. E lution o f Bound Im m unoglobulins

Antise ra  can be a ffin ity -pu rifie d  b y  rem ov ing  bound  prim ary  
im m unog lobu lin s  from  ind iv idua l p ro te in  bands on b lo ts  (Talian e ta l. ,  
1983) instead o f v isua lisa tion  w ith  seconda ry  an tibod ies . A fte r  
ove rn igh t in cuba tion  w ith  the anti-GAP-43 an tise rum  and wash ing, 
horizon ta l s tr ip s  o f b lo ts  con ta in ing  the  p ro te in s  o f in te res t were  
incuba ted  w ith  3 ml 0.2 M g lyc ine  (bu ffe red  to  pH 2.8 w ith  HCI) fo r 5 
m inutes w ith  ag ita tion . The b lo t s tr ip s  w e re  then  rem oved and the  
elu ted an tibod ies  were neutra lised to  pH 7.4 w ith  1 M sod ium  hydrox ide . 
E luted an tibod ies  were then used to  s ta in  o the r b lo ts  (as above).
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2.7. Tissue Harvesting

A ll an imals were k illed  unde r pen taba rb itone  sod ium  anaesthes ia  
(Sagatal, May and Baker, 60 m g /k g  body  w e igh t in jected  
in traperitonea lly).

2 .7 .1 . F re sh  T is su e

The an im als were exsangu ina ted  by  ca rd iac  punc tu re  and the  centra l 
and periphera l nervous tissue was qu ic k ly  d issected .

2 .7 .1 .1 . F ro ze n  S e c tio n s

T issue was p laced on co rk  b lo cks  and  cove red  w ith  m oun ting  medium  
(T issue Tek, M iles), then  snap fro zen  by im m ers ion  in isopen tane coo led  
on card ice . 5 jum sec tions were c u t a t -18 °C  on a C ryocu t E c ryos ta t 
(R e iche rt Jung) and thaw -m oun ted  on to  s lides p rev ious ly  coa ted  w ith  
(w :v) 0.5%  gela tin , 0.05% chrom e a lum . A fte r a ir d ry ing  fo r 2 hours the  
sec tions were p rocessed fu rthe r b y  fixa tio n  on the  s lide  w ith  4%  (w :v) 
para fo rm a ldehyde  in PBS o r 5% (v :v ) a ce tic  ac id  in e thanol.

A lte rna tive ly  sec tions cou ld  be s to red  des icca ted  a t -20 °C  once  dried.

2 .7 .1 .2 . T eased  N e rve  P re p a ra tio n s

A fte r d issec tion  tissue was s to red  b rie fly  in EBS w ith  25 mM HEPES  
(ph 7.4). Normal and les ioned periphe ra l nerves were deshea thed and  
sp lit a long the  long axis in to  m anageab le  s trands . The nerve fib res  
were then gen tly  teased apart in a poo l o f PBS w ith  23 gauge hypode rm ic  
needles on ge la tin -coa ted  s lides as p rev ious ly  described  (Jessen and  
M irsky, 1984). The teased nerves were  a llow ed to  a ir d ry  fo r 2 hours  
befo re  im m unosta in ing  o r ove rn igh t s to rage  des icca ted  a t 4 °C .

2 .7 .2 . P e rfu s io n  F ixed  T is su e

Anim als were perfused transca rd ia lly  w ith  PBS at 37°C , to  remove

b lood  from  the vascu la ture , fo llow ed  by 4%  pa ra fo rm a ldehyde  in PBS
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(w :v). T issue was ca re fu lly  d issected  ou t and pos tfixed  in the same  
fixa tive  fo r 4 hours o r ove rn igh t.

2.7.2.1. Frozen Sections

T issue was trim m ed in to  b lo cks  5 mm  th ic k  and equ ilib ra ted  in 30%  
(w :v) sucrose in PBS. Subsequent p rocess ing  and sec tion ing  was as fo r  
fresh  tissue (see Section 2.7.1.1.) excep t th a t the  tem pera tu re  o f the  
c ryos ta t was -25°C . Sections were  e ithe r a llow ed to  a ir d ry  o r kep t in 
a hum id ified  a tm osphe re  du ring  s lide  adhes ion  (2 hours). T h is  la tte r 
p rocedu re  was found  to  be necessary fo r p rese rva tion  o f GC and  
gang lios ide  GD3 in tissue sec tions (C u rtis  e ta l. , 1988).

2.7.2.2, Wax Em bedded Sections

A fte r o ve rn igh t fixa tion  above, tissue  sam ples were dehydra ted  
th rough  a g raded e thano l series (50%, 70% , 90%  e thano l (v :v ) in 
d is tille d  w a te r and 3 changes o f a bso lu te  e thano l, 45 m inu tes each).

T issue was then  in filtra ted  a t 4 0 °C  w ith  po lyes te r wax by im m ers ion  in a 
g raded series (50%, 75% wax (v :v) in abso lu te  e thano l and 3 changes o f 
neat wax, 1 hour each) and a llow ed to  se t a t room  tem pera tu re . The  
b lo ck  was trim m ed and 5 jum sec tions  were  cu t a t 4 °C  on a ro ta ry  
m icro tom e.

Sections were m ounted at 4 °C  on s lides coa ted  w ith  1 m g /m l poly-L- 
lys ine (Huang e ta l. , 1983). A fte r a ir d ry in g  a t room  tem pera tu re  fo r  
30 m inutes the sec tions were baked a t 3 0 °C  to  a id adhe rence  to  the  
s lides, and cou ld  then be s to red at room  tem pera ture . P rior to  fu rthe r  
p rocess ing  the sec tions were dewaxed (2 changes o f abso lu te  e thano l, 10 
m inu tes each) and rehydra ted in a g raded  e thano l series (90%, 70%, 50%  
(v :v ) e thano l in d is tilled  water, 2 m inu tes each ) and rinsed in several 
changes o f d is tilled  water.
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2.8. Histochemical Stains

2.8.1. To lu id ine  Blue Stain ing

Sections were incuba ted  in (w :v ) 0 .1%  to lu id ine  b lue (R.A. Lamb), 
1% sod ium  te trabo ra te  fo r 5 m inu tes and  rinsed in tap  water.

2.8.2. S ilver S tain ing For Axons

Many h is to log ica l p rocedu res a re  based on the a ffin ity  o f neurons  
fo r s ilve r ions ( ’a rg en ta ffin ity ’ s ta ins), the  chem ica l bas is fo r w h ich  
is no t ye t fu lly  unde rs tood . It is th o u g h t th a t a p ro te inaceous  
com ponen t o f the  axop lasm  causes the  reduc tio n  o f s ilve r ions to  
’n uc le i’ o f m e ta llic  s ilve r (K iernan, 1981). The m ethod used here is 
th a t described  by K iernan (1981) in c lu d in g  go ld  enhancem ent. S lides  
were washed 3 tim es in d is tilled  w a te r be tween changes o f chem ica ls .

S ections were immersed in 20%  (w :v) s ilve r n itra te  fo r 30 m inutes  
in darkness to  a llow  reduc tion  o f s ilve r ions at axop lasm ic s ites o f 
a rgen ta ffin ity . C hem ica lly  bound  b u t un reduced  s ilve r ions  
( ’a rg y roph ilic ’ b ind ing ) were rem oved by 5 m inutes in 3%  (w :v) sod ium  
su lph ite . The nucle i o f m eta llic  s ilve r w ere  expanded by a u toca ta ly tic  
depos ition  o f s ilve r metal in a ’phys ica l deve lope r’ so lu tion  (w :v, 2%  
s ilve r n itra te , 0.8%  c itr ic  acid , 0.8%  ge la tin , 0.8%  hyd roqu inone ) until 
b lack reac tion  p roduc t cou ld  be seen (2-3 m inutes).

For go ld  ton ing  sec tions w ere  im m ersed sequen tia lly  fo r 5 m inutes  
each in (w :v) 0.2% sod ium  ch lo roaura te , 1% oxa lic  ac id  and fin a lly  5%  
sod ium  th iosu lpha te . These p rocedu res depos it go ld  a tom s on the  s ilver 
metal, so increas ing  the s ta in ing  con tra s t by chang ing  the  co lou r o f the  
metal pa rtic les and decreas ing the backg round  a rg y roph ilic  s ta in  
(K iernan, 1981). S lides were then rinsed in tap  w a te r p rio r to  
dehyd ra tion  th rough  g raded e thano ls , c lea ring  in xy lene and m oun ting  in 
Ralmount (R.A. Lamb).
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2.9. Immunofluorescence

Ind irect im m uno fluo rescence  (Cue llo , 1983) was used to  iden tify  
and loca lise an tigens a t the  ligh t m ic ro scope  level by the b ind ing  o f 
m onospec ific  mouse m onoclona l o r ra b b it po lyc lona l p rim ary an tibod ies .

These were subsequen tly  v isua lised  w ith  seconda ry  an tibod ies  spec ific  
fo r im m unog lobu lins o f these tw o  spec ies  w h ich  were con juga ted  to  
f luo rescen t m olecu les. Two flu o ro ch rom es  were used w h ich  em itted  ligh t 
a t d iffe re n t w ave leng ths (FITC 525 nm, TR ITC  570 nm). W hen con juga ted  
to  seconda ry  an tibod ies  w ith  d iffe re n t spec ific itie s , the use o f these  
tw o  fluo roch rom es toge the r a llow ed loca lisa tio n  o f tw o  d iffe ren t 
an tigens in cu ltu red  ce lls  or tissue sec tio n s  and com parison  o f the ir  
d is tr ib u tio n s  (Vandesande, 1983).

2.9.1. A ntibodies

Many d iffe ren t an tigens were  s tud ied  in the course o f these  
inves tiga tions , o ften  in doub le  labe lling  expe rim en ts  w ith  o the r  
antigens. For the  sake o f c la rity , each an tigen  is lis ted here w ith  
in fo rm a tion  on the sou rce  and d ilu tio n  o f p rim ary and seconda ry  
an tibod ies . These an tigens are ca tego rised  by the nature o f the  p rim ary  
an tibod ies  as m ost doub le  labe lling  expe rim en ts  invo lved the  use o f one  
po lyc lona l rabb it p rim ary and one m ouse m onoc lona l an tibody .

2.9.1.1. Rabbit Polyclonal Prim ary A ntise ra

A ll the  fo llow ing  an tise ra  w ere v isua lised  w ith  TR ITC -con juga ted  
goa t an ti-rabb it IgG (Cappe l) d ilu ted  1 /5 00 .

a) R abbit Anti-GAP-43

The antise rum  ra ised aga ins t the  G AP -43 /8 -ga lac tos idase  fus ion  
p ro te in  described  earlie r (Section 2.2 .2.) w as used at d ilu tions  from  
1 /5 ,000 to  1 /50 ,ooq, except for use on cultured cells (see Section 2.9.4.).

b) Rabbit Anti-GFAP

Th is  antise rum  was ob ta ined from  DAKO and was d ilu ted  1 /500 .
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c) R abbit Anti-Von W illebrand ’s Factor

Antise rum  was ob ta ined  from  DAKO and used at 1 /200 . 
Para fo rm a ldehyde fixa tion  resu lted in loss o f an tig en ic ity  bu t th is  was  
res to red  by p ro teo lys is , as described  by the  m anufacture rs. 25 mM  
T ris /H C I, 5 mM EDTA, 0.9% sod ium  ch lo r id e  (pH 7.4) con ta in ing  0.05%  
(w :v) tryps in  was app lied  fo r 5 m inu tes (a t room  tem pera tu re  to  reduce  
enzym atic  dam age to  the tissue sec tio ns ) be fo re  incuba tion  in the  
p rim ary antiserum .

d) Rabbit Anti-CNP

Antise rum  was raised by Raib le and M cM orris  (1989) and was a k ind  
g ift from  these authors . It was d ilu ted  1 /300 .

e) R abbit Anti-M BP

Antise rum  was dona ted  by Dr. R. Reyno lds (Reyno lds e ta l. , 1989) 
and was used a t 1 /500 .

f)  Rabbit Anti-S100

Antise rum  was ob ta ined  from  DAKO and used at a d ilu tio n  o f 1 /200 .

2.9.1.2. Mouse M onoclonal Prim ary A ntibod ies

F ITC -con jugated seconda ry an tise ra  spec ific  fo r ind iv idua l 
subc lasses o f mouse im m unog lobu lin s  were  used to  label the  fo llow ing  
m onoclona l an tibod ies .

a) Mouse A nti-N euro filam ent

RT97 m onoclona l an tibody , w h ich  is spec ific  fo r the phospho ry la ted  
fo rm  o f the  h igh RMM neu ro filam ent p ro te in  (210 kD, A nde rton  e ta l.,

1982), was a g ift from  Dr. J. W ood. A sc ite s  flu id  was d ilu ted  1 /2 000  
and v isua lised w ith  goa t an ti-m ouse lgG1 (N o rd ic ) d ilu ted  1 /100 .

b) Mouse Anti-MBP

M onoclona l an tib ody  aga ins t hum an MBP was a g ift from  Dr. R. 
Thom pson (E lfman e ta l., 1986) as asc ites  flu id , w h ich  was d ilu ted  
1 /10 ,000  and v isua lised w ith  anti-m ouse lgG1, as above.
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c) Mouse A nti-V im entin

Th is  an tib ody  was purchased as tissue cu ltu re  supe rna tan t from  
DAKO and d ilu ted  1 /15  fo r use. It w as a lso o f the  lgG1 subc lass and was  
v isua lised  as described  above.

d) Mouse Anti-GFAP

Th is an tib od y  was ob ta ined  from  Boeh ringe r M annhe im  as lyoph ilised  
lgG1 im m unog lobu lins . It was used a t a concen tra tio n  o f 0.8 £ /g /m l and  
v isua lised  w ith  goa t an ti-m ouse lgG1, desc ribed  above, o r w ith  b io tin -  
con juga ted  goa t anti-m ouse im m unog lobu lin s  fo llow ed  by FITC- 
s trep tav id in . The b io tin  and s tre p ta v id in  reagen ts were purchased from  
Sero tec and app lied  a t a d ilu tio n  o f 1 /1 0 00  fo r 1 hou r each, separated  
by 3 washes in PBS (5 m inutes).

e) Mouse Anti-GAP-43

91E12 m onoclona l an tib ody  was a k ind  g ift from  Dr. D. Schreyer 
(Goslin  e ta l. , 1988), supp lied  as asc ites  flu id . Final w o rk ing  
d ilu tio n  was 1 /3000  and s ta in ing  was v isua lised  w ith  the  b io tin  and  
s trep tav id in  reagen ts described  above.

f)  Mouse A n ti-G p3 G anglioside

The LB-j hyb ridom a cell line was dona ted  to  ou r labo ra to ry  by Dr.

J. Cohen and shown to  be spec ific  fo r th e  gang lios ide  Gq 3 by th in  layer 
ch rom a tog raphy (Curtis  e ta l., 1988). A sc ite s  flu id  was d ilu ted  1 /500  
before  app lica tion  to  perfus ion -fixed  fro zen  tissue sec tions w h ich  had  
been kep t m o is t du ring  s lide  adhesion , as described  above. LB^ was  
v isua lised w ith  goa t an ti-m ouse IgM  (Cappe l) d ilu ted  1 /200 .

g) Mouse Anti-GC

Hybridom a cell line was a g if t from  Dr. B. Ransch t (Ransch t et 
a l ,  1982). Cells were g rown to  con flu ence  and supe rna tan t was d ilu ted  
1 /10  fo r app lica tion  to  pe rfus ion -fixed  fro zen  tissue sec tions w h ich  had  
been kep t m o is t du ring  s lide  adhesion . B ound an tib od y  was v isua lised  
w ith  goat an ti-m ouse lgG3 (N o rd ic ) d ilu ted  1 /150 .
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h) ED1 Mouse M onoclonal A n tibody

Th is an tibody , w h ich  recogn ises an uncharac te rised  an tigen  on  
m acrophages (D ijks tra  e ta l. , 1985), was pu rchased  as asc ites flu id  from  
Sero tec and used a t 1 /500 . It was a lso o f the  lgG1 subc lass and was  
v isua lised  w ith  the  b io tin  and s trep tav id in  reagen ts described  above.

i) Mouse Anti-NGFr

192-lgG m onoc lona l a n tib od y  (Tan iuch i e ta l. , 1986) was ob ta ined  
as asc ites flu id  from  Prof. R. M irsky  and was d ilu ted  1 /1 0 0  fo r use and  
v isua lised  w ith  po lyva len t an ti-m ouse im m unog lobu lin s  (S igma) d ilu ted  
1 /2 00 . Th is ’p o lyva len t’ p repara tion  con s is ts  o f equal am oun ts  o f 
a ffin ity  purified  an tibod ies  aga ins t m ouse IgA, IgG and IgM

2.9.2. Im m unohistochem istry O f T issue Sections

Before app lica tion  o f p rim ary  an tibod ies , sec tions  were trea ted  
w ith  0.5 m g /m l sod ium  bo rohyd ride  fo r 5 m inu tes to  reduce backg round  
fluo rescence , as described  by O sborn  and W eber (1982) and then  rinsed  
tw ice  w ith  PBS. Both  p rim ary an tib od ie s  (d ilu ted  in PBS) were app lied  
s im u ltaneous ly  o ve rn igh t fo llow ed  by PBS washes ( 3 x 5  m inu tes) and then  
bo th  fluo rescen t seconda ry  an tib od ie s  (d ilu ted  in PBS) were app lied  fo r  
1 hour. Th is  d id  no t lead to  c ross -spec ies  in te rac tions , as s ta in ing  
pa tte rns  were con firm ed  in sec tions  labe lled  fo r one an tigen  only.

C on tro ls  were pe rfo rm ed by om iss ion  o f the  p rim ary an tibod ies  or 
subs titu tion  w ith  pre -im m une serum .

2.9.3. Im m unohistochem istry O f Teased Nerve Preparations

Dried teased nerve p repara tions were  rehyd ra ted  and fixed  in 4%  
para fo rm a ldehyde in PBS fo r 20 m inu tes and washed in PBS and then  
perm eab ilised in m ethano l at -20 °C  fo r 2 m inutes. Sod ium  bo rohyd ride  
trea tm en t was no t requ ired a fte r b rie f fixa tion . A fte r PBS washes the  
teased nerves were sta ined as described  fo r tissue sections.
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2.9.4. Im m unocytochem istry O f C ultured Cells

Ind irec t fluo rescen t im m unocy tochem is try  (Schachner, 1983) was 
used to  iden tify  an tigens in ce lls m a in ta ined  in tissue cu ltu re  on 13 mm  
d iam e te r g lass cove rs lips  and to  loca lise  these an tigens to  spec ific  
ce llu la r com partm en ts . Many o f the  a n tib od ie s  lis ted above were app lied  
to  cu ltu red  cells, a lthough  the m e thodo logy  d iffe red  from  the s ta in ing  
o f tissue sec tions . Unless o the rw ise  no ted  the  p rim ary and seconda ry  
an tib od ies  were used as described  in Sec tions 2.9.1.1. and 2.9.1.2., bu t 
in  some ins tances d ilu tions  o f a n tib od ie s  were a lte red.

2.9.4.1. Cell Surface Antigens

GC and gang lios ide  G q 3 were im m uno labe lled  on liv ing  cells, 
the re fo re  p rim ary  and secondary an tib od ie s  were d ilu ted  in EBS  
con ta in ing  5% (v:v) normal goa t se rum  and 0.3% (w :v) BSA. A ll p rim ary  
and seconda ry  an tib ody  incuba tions were  o f 20 m inutes du ra tion , fo llowed  
by 3 washes (2 m inutes each) in EBS /0 .3%  BSA. Cells were then  fixed  
w ith  4% para fo rm a ldehyde  (w :v, in PBS) fo r 20 m inutes.

To preserve NGFr an tigen ic ity , ce lls  were ligh tly  fixed  (w ith  2%  
para fo rm a ldehyde  (w :v, in PBS) fo r 5 m inutes), washed in PBS and then  
incuba ted  w ith  p rim ary an tibod ies  d ilu ted  in PBS fo r 30 m inutes.

Fo llow ing  PBS w ash ing , seconda ry an tib od ie s  were app lied  fo r 30 m inutes  
d ilu ted  in PBS. Cells were then fixed  aga in  w ith  4%  para fo rm a ldehyde  
(w :v, in PBS) fo r 20 m inutes.

2-9.4.2. In trace llu la r Antigens

Perm eab ilisa tion  o f cell m em branes is necessary to  v isua lise

an tigens having no extrace llu la r dom a ins , in c lud ing  GAP-43.

Perm eab ilisa tion  was ach ieved w ith  m e thano l at -20 °C  fo r 2 m inutes,

a fte r fixa tion  w ith  4% para fo rm a ldehyde . Ce lls were subsequen tly  washed

in PBS and im m unosta ined as fo llow s. P rim ary an tibod ies  were app lied

fo r 30 m inutes fo llow ed  by wash ing  in PBS ( 3 x 2  m inutes) and then
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seconda ry an tibod ies  were app lied fo r 30 m inutes.

2.9.4.2.1. Double Labelling W ith A Surface A ntigen

Fo llow ing  surface  sta in ing , the  ce lls  were fixed  and  
perm eab ilised . P rimary an tibod ies  aga ins t a s ing le  in trace llu la r  
an tigen  were then  app lied fo llow ed  by the  app rop ria te  seconda ry  
an tibod ies , d ilu ted  in PBS. Anti-GAP-43 an tise rum  was d ilu ted  1 /1000  
fo r use on cells.

2.9.4.2.2. S im ultaneous Labelling O f Tw o In trace llu la r A ntigens

Cells were im m ed ia te ly fixed  and pe rm eab ilised  as described . 
Primary an tibod ies  aga ins t tw o  in tra ce llu la r an tigens (one mouse  
m onoclona l and one rabb it po lyc lona l an tise rum ) were app lied  toge the r 
d ilu ted  in PBS. Anti-GAP-43 an tise rum  was d ilu ted  1 /1000. A fte r  
wash ing  in PBS bo th  seconda ry  a n tib od ie s  were app lied  toge the r. B io tin  
and s trep tav id in  reagen ts were no t necessary to  v isua lise  mouse  
m onoclona l an tibod ies  aga ins t e ithe r GFAP or GAP-43, so goa t anti-m ouse  
lgG1 was used d ilu ted  1 /100.

2.9.5. Fluorescence M icroscopy

On com p le tion  o f s ta in ing  ce lls  and  tissue sec tions  were m ounted  
in  a d rop  o f g lycerokPBS (9:1, v:v), con ta in ing  2.5%  DABCO (w :v) to  
preven t fad ing  o f the fluo roch rom es , and sealed w ith  c lea r nail varn ish . 
S lides were v iewed on a Reichert Jung  Polyvar m ic roscope  fitte d  w ith  
phase con tra s t and ep ifluo rescence  op tics . F ilte r sets were app rop ria te  
fo r the v isua lisa tion  o f FITC and TR ITC w ith  m in im al fluo rescen t overlap  
or b reakth rough .

Phase con tra s t and fluo rescen t im ages were pho tog raphed  on Ilfo rd  
HP5 Plus b lack and wh ite  film  (400 ASA). Negatives were p rin ted  on  
Kentmere M ultig rade paper and deve loped  using llfospeed 2000 chem ica ls  
(Ilfo rd ).
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C h a p te r  T h re e

C h a ra c te r is a t io n  o f GAP -43  
and  A n ti-G A P -43  F u s io n  P ro te in  A n t is e ru m
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3.1. Introduction

GAP-43 was se lected as a m arke r to  iden tify  regene ra ting  axons in 
the  CNS fo r the  fo llow ing  reasons;

a) GAP-43 is expressed by neurons extend ing  axons in 
deve lopm en t, du ring  the regenera tion  o f PNS and in fram am m alian  CNS, and  
in tissue cu ltu re  (Skene and W illa rd , 1981a, b; Verhaagen e ta l. , 1986;

Goslin e ta l. , 1988; Meiri e ta l., 1988). It seem ed reasonab le to

assume th a t neurons o f the m am m alian CNS w ou ld  a lso express GAP-43 if 
they were capab le  o f regenera tion . In recen t s tud ies by Benow itz  e t al. 
(1990), co lla te ra l sp rou ting  in the CNS has been show n to  be accom pan ied  
by increased exp ress ion o f GAP-43.

b) GAP-43 is dow nregu la ted  in the  adu lt CNS (Jacobson  e t al.,

1986) and p rev ious reports  in the  lite ra tu re  had suggested  tha t 
im m unoreac tive  GAP-43 has on ly  a  lim ited  d is tr ib u tio n  in the  adu lt bra in  
and sp ina l co rd  (see Chapter 4 fo r a  de ta iled  desc rip tio n  and  
re ferences). GAP-43 is up regu la ted  aga in  in adu lt neurons unde rgo ing  
regenera tion  (Skene and W illa rd , 1981a, b) and axons regenera ting  
th rough  the  PNS can be v isua lised by im m unoh is to chem is try  (Verhaagen e t 
al., 1986). It a lso  seemed reasonab le  to  assum e tha t regene ra ting  CNS  
neurons exp ress ing  e levated leve ls o f GAP-43 w ou ld  be d is tingu ishab le  
aga inst the  low  backg round  levels expec ted  in the  adu lt.

c) GAP-43 is p resent in g row th  cones (Meiri e ta l. , 1986; Skene  
e ta l. , 1986) and becom es inco rpo ra ted  in the  m em brane o f the axon sha ft 
and thus m arks regenera ted axons a long the ir en tire  leng th  (Verhaagen e t 
al., 1986; Meiri e ta l. , 1988).

As no an tibod ies  to  GAP-43 were  com m erc ia lly  ava ilab le  it was

dec ided  to  raise an antise rum  aga ins t pu rified  GAP-43. U n fo rtuna te ly

GAP-43 y ie lds were very small and the  pu rified  p ro te in  d id  no t p rove

su ffic ie n tly  im m unogen ic  in small quan titie s  to  genera te  usable

antiserum . In 1987, several g roups repo rted  the  c lon ing  and sequenc ing

o f the GAP-43 gene and Dr. D.V. Goedde l o f G enentech was k ind  enough to
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p rov ide  an a liquo t o f c loned  GAP-43 cDNA in the  pGEM3 p lasm id . W ith  the  
he lp  o f Dr. B.A. Spruce in our Departm ent, th is  was used to  syn thes ise  a 
ch im eric  p ro te in  o f GAP-43 and B -ga lactos idase (described  in Materia ls  
and M ethods) as an im m unogen to  raise an tise ra  in rabb its .

Th is  Chapte r describes the cha ra c te risa tio n  o f the  antise rum  
aga ins t the  GAP-43/IB -galactosidase fu s ion  p ro te in  by  W estern  b lo ttin g  o f 
pu rified  GAP-43 and c rude b ra in  ex trac ts . In the  course o f these  
s tud ies it became appa ren t tha t GAP-43, pu rified  as described  in Section

2.3., showed an unexpec ted ly  irregu la r b and ing  pa tte rn  when ana lysed by  
SDS-PAGE. Consequen tly , th is  C hap te r a lso  describes the  
cha rac te risa tion  o f pu rified  GAP-43.
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3.2. Results

3.2.1, GAP-43/B-Galactosidase Fusion Protein

Figure 3.1. illus tra tes stages in the  p roduc tio n  o f the  fu s ion  
pro te in . S ing le recogn ition  sequences fo r the  A va II and Ava I 
res tric tion  endonuc lease enzymes ex is t a t oppos ite  ends o f the  GAP-43 
cDNA sequence and these enzym es w ere  se lec ted  to  libe ra te  a 610 bp GAP- 
43 fragm en t from  the  pGEM3 p lasm id  vec to r. Th is  was con firm ed  by  
e lec tropho res is  th rough  1% agarose (F igure  3 .1 .a). T h is  band was  
subsequen tly  cu t ou t and the DNA was pu rified  and liga ted in to  the  pUR  
292 express ion vec to r. To  show  in co rpo ra tio n  o f the  GAP-43 cassette , 
the  vec to r DNA was am p lified  by tra ns fo rm a tio n  in to  E. c o li fo llow ed  by  
res tric tion  ana lys is using the E c o R 1  endonuc lease  enzyme, recogn ition  
s ites fo r w h ich  ex is t e ithe r s ide o f th e  ’p o ly lin ke r’ c lon ing  s ite  
(Ru ther and M ulle r-H ill, 1983), and 1% agarose e lec tropho res is . O f six 
co lon ies  tes ted , fo u r had been trans fo rm ed  w ith  p lasm ids con ta in ing  the  
GAP-43 casse tte  (F igure 3.1 .b).

Ce llu la r p ro te ins  from  these co lon ie s  were ana lysed by SDS-PAGE  
(F igure 3.1 .c). Tw o  co lon ies had syn thes ised  on ly  (3-galactosidase, 
ind ica ting  th a t the  GAP-43 casse tte  had been inco rpo ra ted  in the  w rong  
o rien ta tion , wh ile  the  o the r tw o  co lon ie s  show ed the  presence o f a 
ch im eric  fus ion  p ro te in . A  small am oun t o f un fused B -ga lactos idase was  
a lso  present in these co lon ies, w h ich  is norm al in ce lls syn thes is ing  
fu s ion  p ro te ins (M an ia tis  e ta l., 1982). Fus ion p ro te in  from  one of 
these co lon ies was pu rified  and used to  inocu la te  rabb its , as described  
in Materia ls and M ethods.
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F i g u re  3 .1 .

A. pGEM3 plasmid containing the GAP-43 cDNA was cut with the 
restriction endonucleases Ava I and Ava II (lane a) to liberate a 610 bp 
GAP-43 gene fragment, which was identified relative to a 1 kbp DNA 
ladder (Gibco-BRL). Lengths of DNA standards in bp are marked to the 
right. Lane b) shows uncut pGEM3 plasmid which had been incubated in 
the absence of restriction enzymes.

B. Eco R1 restriction endonuclease analysis of colonies of E. coll 
transformed with the pUR 292 expression plasmid to demonstrate the 
presence of the GAP-43 cassette. Incorporation of the GAP-43 cassette 
in four colonies (lanes a, b, d, and f) is indicated by the presence of 
a DNA band at approximately 610 bp relative to a 1 kbp DNA ladder. 
Lengths of DNA standards in bp are marked to the right.

C. 7.5% acrylamide gel of cell lysates from these four colonies 
stained with Coomassie blue. The RMM in kD of protein standards is 
shown to the left and the position of B-galactosidase is indicated. 
Lanes a and b show the presence of the GAP-43/B-galactosidase fusion 
protein (major band above B-galactosidase), indicating incorporation of 
the GAP-43 cassette in the correct orientation. Lanes c and d show 
synthesis only of B-galactosidase, indicating reversed orientation of
the GAP-43 cassette.
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3.2.2. C haracterisation Of Purified GAP-43

GAP-43 was pu rified  from  neonata l CNS as described  in Materia ls  
and M ethods. A na lys is  by SDS-PAGE o f the  pu rified  GAP-43 e lu ted from  
the  ca lm odu lin -agarose co lum n show ed the  p resence o f one o r m ore p ro te in  
bands in add itio n  to  GAP-43 (F igure 3.2.a). These bands m ig ra ted  in 10%  
acry lam ide gels in the reg ion o f B -ga lactos idase , ind ica ting  a RMM in 
excess o f 100 kD. However, the exac t pos ition  o f these bands varied  
between d iffe re n t gels as d id  the  num ber o f bands  v is ib le  and the ir  
in tens ity . M ost com m on ly  there  were tw o  bands in th is  reg ion , bu t 
occas iona lly  on ly  one add itiona l band was v is ib le  and som etim es on ly  
GAP-43 was present.

It shou ld  be no ted  tha t these add itio na l bands were on ly  observed  
in  early experim ents. The same sam p les o f pu rified  GAP-43 rep roduc ib ly  
reso lved as a s ing le  band at app rox im a te ly  43 kD in la ter experim en ts  
(see F igure 3.2 .c). Th is  suggests th a t the  in cons is te n t appearance o f 
the  add itiona l bands was due to  d iffe rences  in the  com pos ition  o f the  
acry lam ide gels ra the r than  va ria b ility  be tw een d iffe re n t ba tches o f 
GAP-43.

3.2.3. C haracte risation Of Anti-GAP-43 Fusion Protein Antiserum

Serum from  the inocu la ted  rabb its  were tes ted  fo r recogn ition  o f 
purified  GAP-43 in W estern  b lo ts . A ll sera s ta ined  GAP-43 and I3- 
ga lactos idase (in c luded  in the RMM s tanda rd  p ro te ins ) as expec ted  and, 
m ore su rp ris ing ly , the  add itiona l h igh  RMM bands were a lso s ta ined in 
early experim en ts (F igure 3 .2 .b).

To  con firm  the spe c ific ity  o f the an tise rum , W estern  b lo ts  
prepared from  hom ogena tes o f neonata l and a du lt CNS were sta ined. GAP- 
43 and the add itiona l h igh RMM bands were bo th  recogn ised in early  
experim en ts (F igure 3 .2 .b) bu t la ter, w hen  GAP-43 rou tine ly  reso lved as 
a s ing le band, GAP-43 was the on ly  im m uno reac tive  p ro te in  s ta ined in

purified  p repara tions and crude b ra in  ex trac ts  (F igure 3.2.c).
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F ig u re  3 . 2 .

A and B. In early experiments, GAP-43 resolved in 10% acrylamide 
gels as multiple bands.

A. Silver stained gels of purified GAP-43 show the presence of 
GAP-43 and additional bands, which are of variable RMM relative to 
standard proteins (RMM in kD indicated to the right). In two instances 
fi-galactosidase in adjacent lanes has been included as a reference for 
RMM. The position of fi-galactosidase in the lane to the far left is 
indicated by the lighter area at the top of the lane, caused by 
reflection of light during photography by the heavy deposition of silver 
due to prolonged developing of this gel. The very dark lane of marker 
proteins has not been removed in order to preserve the continuity of the 
area of gel to the right and is not intended as a guide to RMM.

B. Western blots of purified GAP-43 and tissue extracts of adult 
and neonatal GNS stained with anti-GAP-43 fusion protein serum and pre- 
immune serum diluted 1/1000. Anti-GAP-43 serum stained GAP-43 and the 
higher RMM bands in these preparations, and in addition stained B- 
galactosidase, which was also included in the unstained protein markers 
in the far right lane. Pre-immune serum did not recognise GAP-43 or the 
higher RMM bands, nor did it stain fi-galactosidase (not shown).

C. In later experiments, purified GAP-43 resolved as a single 
band in silver stained gels and a single immunoreactive band was present 
in Western blots of purified GAP-43 and tissue extracts of neonatal and 
adult CNS stained with anti-GAP-43 fusion protein antiserum diluted 
1/1000. Pre-stained fumarase (48.5 kD) is included in the Western blot
as a reference for RMM.
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3 .2 .4 . C h a ra c te r is a t io n  O f T h e  H ig h  RM M  B and s

To address the nature of the additional bands, antibodies were 

affinity-purified separately from blot strips containing GAP-43, on the 

one hand, and the higher RMM proteins, on the other. Purified GAP-43 

was resolved in all the wells of a gel and, after electrophoretic 

transfer to nitrocellulose, the residual proteins were visualised by 

Coomassie blue staining (see Figure 3.3.a). Strips corresponding to the 

two bands visualised were cut from the nitrocellulose blot and 

antibodies were eluted as described in Materials and Methods.

These affinity-purified antibodies were then used to probe 

nitrocellulose blots containing both GAP-43 and the higher RMM band. 

Figure 3.3.b shows that antibodies eluted from GAP-43 also cross-reacted 

with the higher RMM band and that the staining intensity was similar to 

that achieved with ’whole anti-GAP-43 fusion protein antiserum’. 

Antibodies eluted from the high RMM band stained both GAP-43 and the 

additional band but at a lesser intensity. This was probably due to the 

relative amounts of the two bands in the original gel (see Figure 3.3.a) 

rather than the affinity of the eluted antibodies for GAP-43. These 

results suggest that the proteins present in the additional band(s) are 

very similar to GAP-43, or at least share some antigenic determinants.

1 0 2
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F ig u r e  3 . 3 .

A. Residual protein in a 10% acrylamide gel of purified GAP-43 
after electrophoretic transfer to nitrocellulose, stained with Coomassie 
blue. The major band is GAP-43 and a faint higher RMM band can also be 
seen.

B. Western blot strips of purified GAP-43. Strip 1 was stained 
with antibodies eluted from GAP-43. Strip 2 was stained with antibodies 
eluted from the higher RMM band. Strip 3 was stained with 'whole anti- 
GAP-43 fusion protein antiserum'. GAP-43 (bottom band) and the higher 
RMM band are stained in all three strips.





3.3. D iscussion

3.3.1. Iden tity  O f G AP-43/B-galactosidase Fusion Protein

The p resence o f GAP-43 cDNA  was fo llow ed  th rough  the  p roduc tion  
o f the GAP-43 /B -ga lactos idase fu s ion  p ro te in  by  re s tric tion  endonuc lease  
ana lys is o f p lasm id DNA. The Ava I  and Ava II res tric tion  endonuc leases  
were used to  cu t the  pGEM3 p lasm id  con ta in ing  the  fu ll- leng th  GAP-43 
cDNA, and th is  libera ted a 610 bp fra gm en t o f the GAP-43 gene wh ich  
cou ld  be iden tif ie d  by its size th rough  the  subsequen t m an ipu la tions  
(see F igure 3 .1 .a, b).

The syn thes is  o f a fus ion  p ro te in  b y  E. c o ll (trans fo rm ed  w ith  the  
pUR 292 exp ress ion  vec to r) was dem ons tra ted  by SDS-PAGE o f ce llu la r  
pro te ins w h ich  revealed a major p ro te in  band m ig ra ting  m ore s low ly  than  
B-ga lactosidase (see F igure 3 .1 .c), in d ica tin g  a p ro te in  o f h ighe r RMM. 
A lthough  it was to  be expected th a t th is  w ou ld  be a ch im e ric  p ro te in  o f 
GAP-43 and B -galactosidase, th is  cou ld  o n ly  be show n d ire c tly  by the  
reac tiv ity  o f the  antise rum  raised aga in s t the  fus ion  pro te in .

3.3.2. S pec ific ity  O f Anti-GAP-43 A ntiserum

The an tise rum  aga inst the  fu s io n  p ro te in  recogn ised  bo th  GAP-43 
and B-ga lactosidase, ind ica ting  th a t a  G AP-43 /B -ga lac tos idase fus ion  
p ro te in  had been success fu lly  syn thes ised . In add ition , the  antise rum  
recogn ised  the  h igh RMM bands w h ich  reso lved in early po lyacry lam ide  
gels o f pu rified  GAP-43.

3.3.3. Nature Of The H igher RMM Bands

The ab ility  o f the antise rum  to  recogn ise  bo th  GAP-43 and the

add itiona l bands in W estern b lo ts  enab led  several ques tions to  be

answered abou t the high RMM bands. F irs t, these add itiona l bands were

p resen t in crude hom ogenates o f neona ta l b ra in  show ing  th a t the ir

appearance was no t an a rte fac t o f the  p u rifica tio n  p rocedu re  and
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second ly , hom ogenates o f adu lt b ra in  a lso  show ed the p resence o f these  
bands. Th ird ly , c ross -reac tiv ity  o f e lu ted  an tibod ies  showed the  h igher 
RMM bands to  be im m uno log ica lly  re la ted to  GAP-43. The poss ib ilities  
th a t these bands e ithe r represen t con tam ina tin g , bu t c ross-reac ting , 
p ro te ins  o r aggrega tes o f GAP-43 are d iscussed  below .

3.3.3.1. C ross-R eacting C ontam inating  Protein

The appearance o f a dd itiona l bands  in a p repara tion  o f pu rified  
GAP-43 was surp ris ing . GAP-43 is th e  on ly  p ro te in  know n to  b ind  
ca lm odu lin  in the  absence o f Ca2 +  ions (b u t no t in the ir p resence) and  
ca lm odu lin  co lum n ch rom a tog raphy , w h ich  was the  fina l p u rifica tio n  step, 
has p rev ious ly  been shown to  y ie ld  p u re  GAP-43 w ith  no con tam ina ting  
p ro te ins  from  bov ine  b ra in  (Andreasen e ta l. , 1983).

Even m ore su rp ris ing  was the  fa c t th a t the  an tise rum  ra ised  
aga ins t the  GAP-43/IB -galactosidase fu s ion  p ro te in  recogn ised  the  h igher 
RMM bands in add itio n  to  GAP-43. Th is  was show n to  be due to  a 
popu la tion  o f an tibod ies  recogn is ing  de te rm inan ts  on GAP-43 as 
an tibod ies  e lu ted from  GAP-43 c ross -reac ted  w ith  the  add itiona l bands  
and v ice  versa. Th is c lea rly  shows th a t th e  h ighe r RMM bands shared  
som e de te rm inan ts  w ith  GAP-43, and  one m igh t the re fo re  expec t some  
s im ila ritie s  between the  p rim ary am ino  ac id  sequences o f GAP-43 and the  
add itiona l bands. However, re s tr ic tio n  endonuc lease  analyses o f genom ic  
DNA from  ra t and several o the r spec ies (Sou the rn  b lo ts ) h yb rid ised  w ith  
GAP-43 cDNA p robes have dem ons tra ted  th a t GAP-43 is the p roduc t o f a 
s ing le  gene, and searches o f the G enBank and EMBL sequence databases  
have show n no s ign ifican t hom o logy w ith  any p rev ious ly  repo rted  DNA  
sequences (Basi e ta l., 1987; C im le re f a/., 1987; LaBate and Skene,

1989).

T h is  does not exc lude the  p oss ib ility  th a t a p ro te in  bearing

little  or no hom o logy to  GAP-43, in te rm s o f nuc leo tide  o r am ino acid

sequences, m igh t show  su ffic ie n t s im ila ritie s  a t the  level o f te rtia ry
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s tru c tu re  to  cause im m uno log ica l c ross -reac tiv ity . Such a p ro te in  wou ld  
a lso  have to  show  ce rta in  b iochem ica l s im ila ritie s  in o rde r to  copu rify  
w ith  GAP-43. A  cand ida te  w ou ld  be the  M yris toy la ted  A lan ine -R ich  C 
K inase Substra te  (MARCKS) p ro te in , w h ich  shares cons ide rab le  b iochem ica l 
and s truc tu ra l fea tu res w ith  GAP-43 and is w idesp read  in ra t b ra in  and  
o the r tissues (A lbe rt e ta l. , 1986; O u im e t e ta !. , 1990). As its name  
im p lies, MARCKS p ro te in  is m yris toy la ted  a t the  am ino  te rm inus w h ich  
p rom otes assoc ia tion  w ith  p lasma m em branes (as opposed to  the  
pa lm itoy la tion  o f GAP-43), and like GAP-43, it is a subs tra te  fo r PKC  
(S tum po e ta l., 1989). A lso  like GAP-43, MARCKS p ro te in  con ta ins  a h igh  
p ropo rtio n  o f a lan ine (>20% ) and o th e r h yd ro ph ilic  am ino ac id  residues  
and thus show s abe rran t m ig ra tion  unde r SDS-PAGE (RMM o f 32 kD, 
estim a ted a t 60-87 kD in po lyacry lam ide  ge ls). MARCKS p ro te in  b inds to  
ca lm odu lin  and th is  is p revented b y  p hospho ry la tio n  o f serine res idues  
by  PKC (G ra ff e ta l. , 1989). The gene en cod in g  bov ine  MARCKS pro te in  
has recen tly  been sequenced and show s no s ig n if ica n t hom o logy w ith  any  
p rev ious ly  reported  nuc leo tide  sequences ( in c lud ing  the  GAP-43 gene), 
and the  deduced am ino acid sequence bea rs little  resem blance to  GAP-43 
(S tum po e ta l. , 1989).

Several lines o f ev idence a rgue aga in s t MARCKS p ro te in  be ing  a

c ross -reac ting  con tam inan t in pu rified  GAP-43. F irst, MARCKS pro te in

w ou ld  not be expected to  copu rify  w ith  GAP-43, as it does no t b ind

ca lm odu lin  in the  absence o f Ca2 +  ions (G ra ff e ta l. , 1989), and it

w ou ld  the re fo re  be un like ly  to  be re ta ined  on the  ca lm odu lin -aga rose

co lum n in the presence o f excess EGTA. If a small am ount had been

reta ined, it w ou ld  show  in c re ase d  b in d in g  to  the  co lum n du ring  e lu tion

o f GAP-43 w ith  3 mM ca lc ium  ch lo rid e  (And reasen  e ta l. , 1983; G ra ff et

a i ,  1989). Secondly, MARCKS p ro te in  show ed  m ig ra tion  cons is ten t w ith  a

RMM o f 60-87 kD in SDS po lyacry lam ide  ge ls w hereas the add itiona l h igh

RMM bands in the GAP-43 p repara tion  appeared to  m ig ra te  in excess o f 100

kD. Th ird ly , tissues such as lung and sp leen  w h ich  are rich  in MARCKS
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p ro te in  (A lbe rt e ta l. , 1986) bu t devo id  o f GAP-43 showed no  
im m uno reac tiv ity  to  the  anti-GAP-43 fu s ion  p ro te in  an tise rum  described  
here (da ta  no t shown).

3.3.3.2. A ggregation O f GAP-43

A lte rna tive ly  GAP-43 may fo rm  m o lecu la r com p lexes (e ithe r w ith  
itse lf o r w ith  o the r p ro te ins) w h ich  are  no t d is rup ted  du ring  sam ple  
p repa ra tion  and e lec trophores is . Th is  w ou ld  p rov ide  an exp lana tion  fo r  
the  presence o f the h ighe r RMM bands in c rude  tissue ex trac ts  and  
pu rified  GAP-43 as add itiona l p ro te ins  m igh t copu rify  in a phys ica l 
com p lex w ith  GAP-43. The presence o f GAP-43 in the h ighe r RMM bands  
w ou ld  p rov ide  a basis fo r the obse rved  im m uno log ica l c ross -reac tiv ity  
w ith  GAP-43.

GAP-43 can be iso la ted in m o lecu la r com p lexes w ith  PKC and PIP 
k inase (Jo lles e ta l. , 1980), ca lm odu lin  (Andreasen e ta l. , 1983) and  
ce rta in  cy toske le ta l p ro te ins  (Meiri and G ordon-W eeks, 1990), and it is 
th o ug h t to  b ind  to  G0 a lthough  th is  has no t been show n d ire c tly  
(S tr ittm a tte r e t a i ,  1990). It is un like ly  th a t w eak non -cova len t 
hyd rogen  bonds and e le c tros ta tic  in te ra c tio n s  between p ro te ins  (A lbe rts  
e ta l. , 1989) w ou ld  res is t the cond it io n s  o f reduc tio n  and dena tu ra tion  
em p loyed in SDS-PAGE (see Section  2.6 .1.). Indeed, th is  was  
dem ons tra ted  fo r the in te rac tion  o f GAP-43 and ca lm odu lin  (da ta  not 
shown). GAP-43 was bound to  a ca lm odu lin -aga rose  co lum n, as described  
in Section  2.3.5., and the co lum n was w ashed  to  rem ove unbound  p ro te ins. 
Prior to  e lu ting  GAP-43, a sample o f the  aga rose  m atrix  was rem oved and  
then  bo iled  in sam ple bu ffe r and sub jec ted  to  SDS-PAGE. The GAP- 
43 /ca lm odu lin  com p lex reso lved as tw o  bands o f app rox im a te ly  43 kD (GAP- 
43) and 18 kD (ca lm odu lin ).

Furtherm ore , add itiona l p ro te ins  copu rify in g  w ith  GAP-43 as a

m o lecu la r com p lex w ou ld  still be v is ib le  on s ilve r s ta ined gels, even

a fte r d issoc ia tion  from  GAP-43. Y e t ind iv idua l sam ples o f GAP-43 were
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in cons is ten t w ith  respect to  the p resence  o f add itiona l bands and, in 
la te r experim ents, the  same sam ples o f GAP-43 rou tine ly  reso lved as a 
s ing le  band. It the re fo re  seems un like ly  th a t the  h ighe r RMM bands  
rep resen t com p lexes o f GAP-43 w ith  o the r pro te ins.

The a b ility  o f ind iv idua l sam p les to  reso lve as e ithe r m u ltip le  
bands o r a s ing le  GAP-43 band suppo rts  the  poss ib ility  th a t GAP-43 may  
fo rm  a m u ltim e ric  aggregate w ith  o th e r GAP-43 m olecu les, thus  g iv ing  rise  
to  a va riab le  num ber o f h igher RMM bands. GAP-43 has been suggested  to  
ex is t as a m u ltim e ric  com plex in excess o f 100 kD in the  absence o f 
de te rgen t b u t th is  com p lex reso lved as a s ing le  band unde r SDS-PAGE  
(Chan e ta l ., 1986; Benow itz e ta l., 1987). The native s tru c tu re  o f 
GAP-43 in in ta c t ce lls  has no t ye t been add ressed  nor has the  nature o f 
the  po ten tia l in te rac tion  between GAP-43 m olecu les, bu t it is poss ib le  
th a t m u ltim e ric  GAP-43 com plexes m igh t be res is tan t to  the  cond it io n s  o f 
SDS-PAGE. For example, h yd rophob ic  in te ra c tio n s  be tween the  cova len tly - 
a ttached  pa lm itic  ac id  residues on GAP-43 m igh t lead to  the  fo rm a tion  o f 
’m ice lla r’ s tru c tu re s  in the p resence o f de te rgen ts  (He len ius and  
Simons, 1975; A lbe rts  e ta l ,  1989). However, th ioes te r-lin ked  
pa lm itic  ac id  m oie ties w ou ld  not be  expec ted  to  remain a ttached  in the  
pu rified  GAP-43 p repara tion  as these  linkages are no t res is tan t to  the  
a lka line  cond it io n s  used to  libe ra te  GAP-43 from  axonal m em branes in 
Section  2.3.2. (Kaufm an e ta l., 1984; Skene and V irag , 1989).

In an a ttem p t to  dem onstra te  com p lex  fo rm a tion  by GAP-43, sam ples

were run on po lyacry lam ide gels unde r a num ber o f d iffe re n t cond itio ns

to  e lim inate , o r increase the in tens ity  of, the  h ighe r RMM bands. Th is

w ou ld  be seen as d issoc ia tion  o r a ssoc ia tion  o f GAP-43 com plexes,

respective ly . Gels run under non -reduc ing  cond it io n s  in the  absence of

B -m ercap toethanol (Hames and R ickw ood , 1981) d id  no t p rom o te  assoc ia tion

o f h igh RMM complexes, wh ile  caus ing  con tro l im m unog lobu lin  p ro te in  to

m igra te in its native form . In con tras t, a ce ty la tion  o f reduced

cyste ine th io l g roups w ith  iodoace tam ide  (Skene and V irag , 1989) fa iled
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to  e lim ina te  the  h igh RMM bands, ye t the  sam e trea tm en t d is rup ted  
im m unog lobu lin  p ro te ins in to  the ir com ponen t po lypep tide  cha ins (da ta  
no t shown). These resu lts sugges ts  th a t the h igh  RMM bands are no t due  
to  fo rm a tion  o f cova len t d isu lph ide  bonds between cyste ine res idues in 
the  am ino  te rm inus o f GAP-43. C leavage o f th ioes te r bonds link ing  
pa lm itic  acid m oie ties to  GAP-43 w ith  e ithe r h igh (a lka line ) pH o r 
hyd roxy lam ine  (Kaufman e ta l. , 1984; Skene and V irag , 1989) s im ila rly  
fa iled  to  e lim ina te  the  h igh RMM bands (da ta  no t shown), a rgu ing  aga ins t 
hyd rophob ic  in te rac tions o f GAP-43 th rough  cova len tly -a ttached  fa tty  
ac ids . C he la tion  o f Ca2 +  ions w ith  EGTA o r excess Ca2 +  ions in the gel 
sam ples d id  no t a ffe c t the e le c trop ho re tic  pa tte rn , sugges ting  th a t GAP- 
43 does no t aggrega te  in a ca lc ium -dependen t m anner (da ta  no t shown).

Despite these e ffo rts , the  p rob lem  o f iden tify ing  the add itiona l 
im m unoreac tive  bands p roved insu rm oun tab le . D irec t exam ina tion  o f these  
bands by isoe le c tric  fo cus ing  or b y  e lu tion  from  gels and subsequen t 
ana lys is by pep tide  m app ing o r p ro te in  sequenc ing  was p re -em pted by the  
rou tine  reso lu tion  o f GAP-43 as a s ing le  band , bo th  in purified  
p repara tions and in c rude tissue extrac ts .

3.3.4. C onclud ing Remarks

W hile  it was not a major goa l o f these s tud ies  to  exam ine the

b iochem is try  o f GAP-43, the  appearance o f add itiona l im m unoreactive

bands in itia lly  cas t some doub t on the spe c if ic ity  o f the antise rum

ra ised aga ins t the  G AP -43 /B -ga lactos idase fu s ion  p ro te in  and the

experim en ts described  in th is  C hap te r w ere  pe rfo rm ed in o rde r to

unde rs tand  the nature o f these bands. It is acknow ledged  w ith  regre t

tha t these e ffo rts  d id  no t y ie ld  a de fin it ive  iden tif ica tion , however

the  ev idence po in ts  to  an unde fined  agg rega tion  o f GAP-43, dependen t

upon uncharac te rised  fa c to rs  in the  m atrix  o f the  po lyacry lam ide gels.

The g rea test suppo rt fo r th is  exp lana tion  com es from  the ab ility  o f a

s in g le  a liquo t o f GAP-43 in sample bu ffe r to  reso lve as e ithe r one band
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o r m u ltip le  bands in d iffe re n t gels. M oreover, GAP-43 has been reported  
to  aggrega te  a t h igh concen tra tio ns  (A lexander e ta l. , 1987) and to  fo rm  
m ultim e ric  com plexes (Chan e ta l., 1986; B enow itz  e ta l., 1987).

It shou ld  be noted tha t add itio na l h igh  RMM bands have been  
obse rved  by o the r inves tiga to rs  us ing  w e ll-cha rac te rised  m onoc lona l and  
po lyc lona l an tibod ies  aga ins t GAP-43 (K. M eiri, D. S chreyer and  P.

Skene, personal com m un ica tions ) and  can  be seen on ge ls and b lo ts  in 
som e pub lished papers (M cIn tosh  e ta l. , 1989; Zube r e ta l. , 1989a; Moss 
e ta l. , 1990), a lthough  these au tho rs  have o ften  chosen  no t to  com m en t 
on the ir presence.

T h roughou t th is  thes is  it w ill be assum ed th a t im m unosta in ing  w ith  
an tibod ies  aga ins t the  G AP -43 /B -ga lac tos idase fus ion  p ro te in  represen ts  
the  d is tr ibu tio n  o f genu ine GAP-43 in tissue  sec tions  and cu ltu red  
ce lls . Furtherm ore , W estern  b lo ts  a re  p resen ted  th roughou t th a t show  
recogn ition  o f a s ing le  GAP-43 band to  suppo rt the  spe c ific ity  o f th is  
s ta in ing . However, it shou ld  be no ted  th a t som e sam ples reso lved as 
severa l bands in early experim en ts and o th e r sam ples, w h ich  were  
prepared when add itiona l h igh RMM bands were no longe r apparen t, m igh t 
have the  poten tia l to  reso lve as severa l bands  under ce rta in  
e le c tropho re tic  cond itions .

In the absence o f any d ire c t p ro o f th a t the  h igh  RMM bands were  
aggrega tes o f GAP-43 (e ithe r a lone o r in com p lexes w ith  o the r p ro te ins) 
one m igh t suspect the  spec ific ity  o f the  an tise rum  described  here and  
re fe r to  any s ta in ing  as ’GAP-43-like im m uno rea c tiv ity ’. H owever it 
seem s like ly th a t these sera recogn ise  GAP-43 spec ifica lly  in the  
m am malian nervous system  because, firs t, the  appearance o f these high  
RMM bands was h igh ly  variab le  and GAP-43 rou tine ly  reso lved as a s ing le  
band in later experim en ts and, second ly , o the r w e ll-cha racte rised  
an tibod ies  spec ific  fo r GAP-43 a lso  recogn ised  these bands.
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C h a p te r  F ou r

G AP -43 In T h e  A d u lt  C e n tra l N e rvo u s  S ys tem

112



4.1. In troduction

The w ide  d is tr ib u tio n  o f GAP-43 in the  nervous system  o f several 
spec ies and the deve lopm en ta l regu la tion  o f its syn thes is  were qu ick ly  
recogn ised  by many inves tiga to rs  and led to  specu la tion  th a t GAP-43 may 
be a key m olecu le  in the regu la tion  o f neurona l g row th  (Jacobson  e ta l.,  
1986; Benow itz  and Routtenberg , 1987). Consequen tly , the  leve ls o f GAP- 
43 and its s ites o f syn thes is have been extens ive ly  inves tiga ted  
th roughou t deve lopm en t and adu lthood  us ing  a range o f im m uno log ica l and  
m olecu la r techn iques. Unless spec ified , the  exam ples quo ted  in the  
fo llow ing  ove rv iew  o f the lite ra tu re  re fe r to  ev idence  ob ta ined  from  the  
rat.

4.1.1. D is tribu tion  Of GAP-43 In A d u lt C entra l Nervous System

4.1.1.1. Im m unohistochem istry

Im m unoh is tochem ica l exam ina tions have revea led th a t GAP-43 is 
w idesp read  th roughou t the  fib re  pa thw ays and neurop il o f the  deve lop ing  
ra t b ra in  and sp ina l co rd  (O estre iche r and  G ispen, 1986; G orge ls e ta l.,

1987; McGuire e ta l. , 1988; E rzurum lu  e ta l. , 1990) and the  deve lop ing  
v isua l system  o f ca ts and ham ste rs  (M oya e ta l. , 1989; M cIn tosh  e ta l. ,

1989) and a lso th a t exp ress ion o f GAP-43 is co -o rd ina te  w ith  the  g row th  
o f axons and expansion o f te rm ina l a rbo rs  (Skene and W illa rd , 1981b;

Gos lin  e ta l., 1988; Moya e ta l. , 1989; E rzu rum lu  e ta l. , 1990). A du lt 
CNS shows g rea tly  reduced s ta in ing  w ith  on ly  d isc re te  reg ions  
im m unoreac tive  fo r GAP-43, a lthough  the re  is som e d isag reem ent as to  
w h ich  reg ions. In a survey o f all b ra in  reg ions, Benow itz  e t al. (1988) 
fo und  s ta in ing  in layer 1 o f the  cortex , in the  h ippocam pus and den ta te  
gyrus and in a cerebra l ’subco rtica l c o n tin u um ’, bu t no t in the  
cerebe llum  as reported  by O estre iche r and G ispen (1986) and M cGuire et 
al. (1988).

Gorge ls e ta l. (1987) show ed th a t fa in t GAP-43 im m uno reac tiv ity
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rem ains in the supe rfic ia l lam inae o f the  g ra y  m atte r and the  
co rticosp ina l tra c t (CST) in the adu lt sp ina l co rd . Verhaagen e t al.

(1989) u tilised the  o lfa c to ry  system  to  show  th a t neurons w h ich  extend  
axons du ring  adu lthood  express GAP-43. Im m unoreac tiv ity  was on ly  found  
in the cell bod ies o f im m ature o lfa c to ry  re cep to r neurons in the  
o lfa c to ry  ep ithe lium , ad jacen t to  th e  basa l ce ll layer, bu t no t in more  
m ature  neurons loca ted  in the  supe rfic ia l layers and exp ress ing  the  
o lfa c to ry  m arker p ro te in . D iscre te g roups  o f fib re s  in the  o lfa c to ry  
nerve bund les show ed im m uno reac tiv ity  but, unexpected ly , the  te rm ina ls  
o f these fib res  in the  g lom eru li o f the  o lfa c to ry  ep ithe lium  were  on ly  
pa tch ily  s ta ined.

4.1.1.2. Radio-Im munoassay

Verhaagen e ta l. (1986) cou ld  no t dem ons tra te  s ta in ing  o f GAP-43 
in  normal adu lt periphera l nerve, b u t repo rted  5.1 + / -  0.2 ng G AP -43 /m g  
p ro te in  in sc ia tic  nerve using rad io im m unoassay . Using the  same  
te chn ique  O estre iche r e ta l. (1986) m apped d iffe re n t b ra in  reg ions and  
fo und  GAP-43 levels varied from  84.4 + / -  7.3 jug /g  w e t w e igh t o f tissue  
(in  the  sep tum ) to  17.6 + / -  0.5 /jq / q tissue  (in  the  cerebe llum ), and  
Gorge ls e t al. (1987) reported  a va lue o f 4.7 + / -  0.56 / ig /g  tissue fo r  
cerv ica l spinal co rd . It shou ld  be no ted  th a t de tec tab le  leve ls o f GAP- 
43 in the sp ina l co rd  and sc ia tic  nerve (respec tive ly  50 n g /m g  and 5 
n g /m g  to ta l p ro te in ) were assoc ia ted  w ith  fa in t o r absen t GAP-43  
im m unoreac tiv ity . Th is  suggests th a t som e ce lls  in the  adu lt tra nspo rt 
GAP-43 in am ounts be low  the  de tec tio n  lim it o f these im m unoh is tochem ica l 
stud ies. Consequen tly , m olecu lar b io log ica l techn iques were em p loyed to  
dem onstra te  the presence and regu la tion  o f mRNA encod ing  GAP-43.

4.1.1.3. Northern B lo tting

Northern  b lo ts  from  va rious reg ions o f the  adu lt ra t b ra in

revealed the h ighest levels o f GAP-43 mRNA to  be in the pos te ro la te ra l
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( ’a ssoc ia tion ’) co rtex , s tria tum  and ’m id b ra in ’, w ith  m odest levels in 
th e  h ippocam pus, septum , an te rio r co rte x  and medulla , w h ile  the  
cerebe llum  con ta ined  very low  leve ls (Neve e ta l. , 1987). A du lt human  
b ra in  showed s ig n if ica n t levels in the  assoc ia tive  co rtica l areas, bu t 
no t in any subco rtica l s tructu res , and  low  leve ls in the  cerebe llum  
(Neve e ta l., 1987 ,1988).

4 .1 .1 .4 . In  S itu  H y b r id is a t io n

The loca tion  o f GAP-43 mRNA can  be de te rm ined  a t the  s ing le  cell 
level by  in  s itu  hyb rid isa tion . U s ing  hum an tissue, Neve e ta l. (1988) 
show ed th a t m ost GAP-43 mRNA in the  co rte x  is loca ted  in pyram ida l 
neurons in layer 2 (especia lly  in a ssoc ia tive  areas such as the  in fe rio r  
tem pora l co rtex), w h ile  a small num ber o f ce lls  in deeper layers were  
a lso  positive . Pyram ida l ce lls and g ranu le  ce lls  o f the  h ippocam pus and  
den ta te  gyrus a lso  showed hyb rid isa tio n , w h ile  in the  ce rebe llum  mRNA  
was p redom inan tly  loca ted in the  m o lecu la r layer, sugges ting  th a t the  
in h ib ito ry  in te rneu rons o f the m o lecu la r layer (baske t and s te lla te  
ce lls) syn thes ise GAP-43 ra ther than  the  g ranu le  cells.

These resu lts  were pa rtia lly  con firm ed  in the  ra t (Rosen tha l et 
a l ,  1987; De la M onte  e ta l., 1989). Pyram ida l ce lls  th roughou t the  
den ta te  gyrus and h ippocam pus were  pos itive  fo r GAP-43 mRNA, bu t the  
granu le  ce lls  o f the  den ta te  gyrus w e re  not. The num ber o f ce lls  and  
in tens ity  o f hyb rid isa tion  varied in th e  cereb ra l co rtex , bu t no  
deta iled  s tudy  was undertaken in re la tion  to  d iffe re n t areas o r layers. 
W hile  De la M onte  e ta l. (1989) repo rted  no hyb rid isa tio n  in the  
ce rebe lla r cortex , Rosenthal e ta l. (1987) show ed in tense hyb rid isa tion  
to  the granu le ce ll layer, sugges ting  th a t g ranu le  ce lls  may synthes ise  
GAP-43 in the  rat. In add ition , som e ce lls  in the  m o lecu la r layer 
showed hyb rid isa tion .

In the o lfa c to ry  bu lbs the m itra l ce lls  show ed in tense

hyb rid isa tion  (Rosentha l e ta l., 1987; De la M onte  e ta l. , 1989). The
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d is tr ib u tio n  o f GAP-43 mRNA in the  o lfa c to ry  ep ithe lium  was de te rm ined  
by Verhaagen e ta l. (1990). M ost h yb rid isa tio n  was to  im m ature  
o lfa c to ry  recep to r neurons ad jacen t to  the  basal cell layer. Some  
m ature neurons in the  superfic ia l layers w ere  a lso pos itive  (see F igure  
4a o f Verhaagen e ta l. , 1990), a lthough  it was no t de te rm ined  w he the r 
these were the  ce lls  w h ich  had m atu red  m os t recently .

4.1.2. GAP-43 May Have A Role In Learn ing

The d is tr ib u tio n  o f GAP-43 and its  mRNA in deve lopm en t and  
adu lthood , and the  presence o f GAP-43 in the  g row th  cone du ring  axonal 
e longa tion  and synap togenes is (Meiri e ta l. , 1986 ,1988; Skene e ta l.,

1986; Ba izer and F ishman, 1987), have led Benow itz  to  sugges t th a t GAP- 
43 may be invo lved  in the p rocesses o f synap tic  p la s tic ity  unde rly ing  
m em ory fo rm a tion  in the adu lt b ra in  (B enow itz  and Rou ttenberg , 1987; 
Neve e ta l. , 1987 ,1988 ; Benow itz  e ta l. , 1988). The h ippocam pus is 
know n to  be invo lved  in sho rt-te rm  m em ory s torage, bo th  expe rim en ta lly  
and c lin ica lly  (Carpenter, 1978; L inden  and Routtenberg , 1989). The so- 
ca lled  ’a ssoc ia tive ’ areas o f the co rte x  th a t con ta in  m ost GAP-43  
rece ive no d ire c t sensory input: ins tead p ro je c tio ns  from  the  
assoc ia tion  nucle i o f the tha lam us and  the  p rim ary sensory a reas o f the  
co rtex  conve rge  to  fo rm  the basis fo r  m u ltisenso ry  pe rcep tion  and  
consc ious  m em ory (Carpenter, 1978). Les ions to  these areas resu lt in a 
re la ted g roup  o f d iso rde rs  known as agnosias, w he reby spe c ific  stim u li 
fa il to  evoke the  assoc ia ted memory.

Th is  hypo thes is is suppo rted  by b iochem ica l ev idence th a t GAP-43 
in fluences the p resynap tic  release o f neu ro transm itte r o r the  
pos tsynap tic  responses to  recep to r a c tiva tio n  (O estre iche r e ta l. , 1983; 
Van Dongen e ta l. , 1985; Dekker e t al., 1989b), and tha t GAP-43 is 
se lec tive ly  and p ropo rtiona lly  phospho ry la ted  in the parad igm  o f m em ory  
fo rm a tion  know n as h ippocam pa l LTP (Lov inge r e ta l. , 1985, 1986; L inden  
and Routtenberg , 1989).
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4.1.3. The Present Study

As a means o f de te rm in ing  the  spe c ific ity  and titre  o f serum  
ob ta ined  from  rabb its  inocu la ted  w ith  the  G AP -43 /6 -ga lac tos idase  fus ion  
p ro te in , po lyeste r wax em bedded sec tio ns  o f adu lt ra t CNS were s ta ined  
and com pared w ith  the  reported d is tr ib u tio n  o f GAP-43 de ta iled  in 
Section  4.1.1. Furtherm ore , reg ions o f a du lt cen tra l nervous system  
were hom ogen ised and samples sub jec ted  to  SDS-PAGE to  separa te  p ro te ins  
acco rd in g  to  RMM. W estern b lo ts  p repared  from  these gels were sta ined  
w ith  the anti-GAP-43 fus ion  p ro te in  an tise rum  to  reveal the  nature o f 
any im m unoreac tive  p ro te ins.

These s tud ies  showed tha t anti-GAP-43 fus ion  p ro te in  antise rum  
recogn ised  a s ing le  p ro te in  in the  ra t CNS, w h ich  co -m ig ra ted  w ith  
pu rified  GAP-43. Furtherm ore , the an tise rum  was o f ve ry  h igh  titre  and  
revea led GAP-43 in a m ore extens ive  d is tr ib u tio n  than  p rev ious ly  
docum en ted . These resu lts are d iscussed  in te rm s o f the  p rope rtie s  o f 
GAP-43 im m unoreac tive  neurons and  th e ir poss ib le  ro le in m em ory  
fo rm a tion . The use o f d iffe ren t d ilu tio n s  o f anti-GAP-43 fu s ion  p ro te in  
an tise rum  in revea ling vary ing  am oun ts  o f GAP-43 in tissue sec tions  is 
a lso  d iscussed.
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4.2. Results

4.2.1. W estern B lo tting

Figure 4.1. (upper panel) show s W este rn  b lo ts  o f c rude  ex trac ts  o f 
adu lt o lfa c to ry  bu lb , cerebe llum , sp ina l co rd  and w ho le  b ra in  s ta ined  
w ith  anti-GAP-43 fus ion  p ro te in  an tise rum  a t a d ilu tio n  o f 1 /1000 . Th is  
concen tra tio n  was used to  show  any and all im m unoreac tive  p ro te in  bands, 
a lthough  iden tica l resu lts were a ch ieved  w ith  d ilu tio n s  as h igh  as 
1/ 10,000.

Im m unoreactiv ity  appeared as a s ing le  p ro te in  band o f 
app rox im a te ly  45 kD w h ich  co -m ig ra ted  w ith  GAP-43 pu rified  from  neonata l 
ra t b ra in  as described  in M ateria ls and M ethods.

4.2.2. Im m unohistochem istry

4.2.2.1. O lfactory  Bulb

GAP-43 leve ls have no t been d ire c tly  quan tified  p rev ious ly  in the  
o lfa c to ry  bu lbs o f the ra t and s ta in ing  o f c ryos ta t sec tions w ith  
av id in -b io tin -H R P  V ec to r-s ta in ing  k it has show n th a t on ly  small pa tches  
o f im m uno reac tiv ity  rem ained in the  nerve fib re  layer and synap tic  
g lom eru li o f adu lt rats (Verhaagen e ta l. , 1989). Im m unoh is tochem is try  
o f wax em bedded sec tions appeared m ore sens itive  (F igure 4.1. lower 
panel). F igure 4.2. show s the  lam inar s tru c tu re  o f the o lfa c to ry  bu lb  
in d iag ram m a tic  fo rm  as a re fe rence fo r the  fluo rescence  m ic rog raph .

The incom ing  o lfa c to ry  nerve fib re s  and the  g lom eru li o f the  o lfa c to ry  
bu lbs  were in tense ly s ta ined even a t h igh  d ilu tio n s  o f the  an tise rum  (up  
to  1 /50 ,000 , see F igure 4.3.). The m itra l ce ll bod ies  and the ir  
processes in the  externa l p lex ifo rm  layer were no t s ta ined wh ile  the  
neurop il o f the g ranu le  cell layer show ed less in tense s ta in ing  w h ich  
was no t de tected  at d ilu tions  h ighe r than  1 /20 ,000 .
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Figure 4.1.

Upper Panel
Immunoblots of crude tissue extracts from CNS regions. 

Cerebellum, spinal cord and olfactory bulb were removed and separately 
homogenised. The remainder of the brain was also homogenised ('whole 
brain'). 25 jug protein from each tissue were loaded on 10% acrylamide 
gels. Pre-immune serum showed no immunoreactivity. Anti-GAP-43 fusion 
protein antiserum revealed a single immunoreactive band which was 
identified by its position relative to protein standards (at right, RMM 
in kD) and purified GAP-43. Pre-stained fumarase (48.5 kD) is included 
as a reference for RMM.

Lower Panel
Olfactory bulb stained with anti-GAP-43 fusion protein antiserum 

at a dilution of 1/10,000. Olfactory nerve layer (ONL) and synaptic 
glomerulus (arrowhead) are more intensely stained than the granule cell 
layer (GR) while the external plexiform layer (EPL) shows no staining at 
all.

Scale bar, 50 jum.
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FIGURE 4,2 .
Diagrammatic representation of the laminar structure of the 

olfactory bulb. The surface of the bulb is covered by the olfactory 
nerve fibre layer which contains afferent fibres from the primary 
receptor neurons. These axons terminate on the dendritic arbors of the 
mitral cells in the synaptic glomeruli. The mitral cell bodies are 
located in a single layer and extend primary (1°) and secondary (2°) 
dendrites into the external plexiform layer towards.the glomeruli. 
Mitral cell axons (Ax) extend through the granule cell layer to the 
anterior olfactory nucleus.
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F i g u re  4 . 3 .

Sections of spinal cord, cerebellum and olfactory bulb stained 
with different concentrations of anti-GAP-43 fusion protein antiserum. 
GAP-43 can be demonstrated in spinal cord and cerebellum at a dilution 
of 1/10,000 but not 1/20,000, whereas olfactory bulb shows robust 
staining at 1/20,000.

For each region, immunostaining at 1/10,000 and 1/20,000 were 
performed in parallel and sections were photographed and printed with 
identical exposure times. Indeed, the sections from cerebellum and 
olfactory bulb were all identically exposed and are therefore directly 
comparable. A lower power lens was used for photographing the spinal 
cord sections.

Scale bars, 50 /xm.
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4.2.2.2. Cerebellum

The cerebe llum  con ta ins one  o f the  low est concen tra tio ns  o f GAP-43  
in  the adu lt ra t b ra in  as m easured by rad io im m unoassay (17.6 + / -  0.5  
ju g /g  we t w e igh t o f tissue, O estre iche r e ta l. , 1986) bu t GAP-43 has been  
loca lised  in the  cerebe llum  using a n tib od ie s  by severa l g roups  
(O estre iche r and G ispen, 1986; B enow itz  e ta L , 1988; M cGuire e ta l.,

1988). The resu lts are not cons is ten t bu t labe lling  has been va rious ly  
repo rted  in the  m o lecu la r layer and ad jacen t to  the  Purk in je cell 
bod ies, and ’im m unoreactive  s p o ts ’ were noted in the  fib re  tra c ts  o f the  
w h ite  matter.

The s ta in ing  patte rn  revea led w ith  the  an tise rum  described  here  
(F igure 4.4 .b, c) con firm ed  the p resence  o f GAP-43 in all these reg ions  
and h igh ligh ted  the  im m unoreac tive  nature  o f fib re s  in the  w h ite  m atter 
o f the  cerebe llum . The neurop il o f the  m o lecu la r layer is b rig h tly  
sta ined , s ilhoue tting  the d end ritic  trees  o f the  Purk in je  ce lls, the  
ce ll bod ies o f the  inh ib ito ry  in te rneu rons and the  rad ia lly -o rien ted  
fib re s  o f the  Bergm an glia. Im m unoreac tiv ity  can be seen ad jacen t to  
the  basal su rfaces o f Purkin je ce lls  (F igure 4 .4 .b, c). In some  
ins tances th is  su rrounds the  basal ha lf o f the  Purk in je  cell body  bu t 
m ost com m on ly  a s ing le  pa tch  o f s ta in ing  can be seen, co rre spond ing  to  
the  in itia l segm ent o f the axon. Num erous fib re s  are v is ib le  in the  
w h ite  m atte r and rad ia ting  ou t th ro ugh  the  g ranu le  cell layer, a lthough  
it is c lea r from  exam ina tion  o f sec tio ns  doub le  labe lled fo r GAP-43 
(F igure 4 .4 .c) and neuro filam ent p ro te in  (F igure 4 .4 .d ) tha t no t all 
axons are GAP-43+ .

In add itio n  to  the p rev ious ly repo rted  s ta in ing , b rig h t 
im m uno labe lling  was noted in the c lim b in g  fib re s  o f the  o livoce rebe lla r  
tra c t in the cerebe lla r com m issure (F igu re  4.4.a).

A ll s ta in ing  in the ce rebe llum  was los t by d ilu tio n  o f the  
antise rum  beyond 1 /20,000 (see F igure 4.3.).
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F ig u re  4 . 4 .

A. The cerebellar commissure in the base of the cerebellum stained 
with anti-GAP-43 fusion protein antiserum at a dilution of 1/10,000. 
The position of the molecular layer of lobule 10 and the junction with 
the superior medullary velum (smv) are indicated for reference. 
Bundles of climbing fibre axons in the olivocerebellar tract are 
stainedat the perimeter of the uncinate tract (UNC) ventral to the 
fastigial nucleus (FN).

B. Photomontage of one folium of the cerebellum stained with 
anti-GAP-43 fusion protein antiserum at a dilution of 1/10,000. The 
neuropil of the molecular layer (MOL) is brightly stained, silhouetting 
the branched processes of the Purkinje cells and the radial processes of 
the Bergman glia. Cell bodies of inhibitory interneurons in the 
molecular layer are also unstained. The basal surfaces of the Purkinje 
cells and the initial segment of their axons are stained (arrowheads). 
Some axons in the white matter tract (WM) also show immunofluorescence.

C. D. Double labelling of axons in the white matter of one folium 
and adjacent Purkinje cells with anti-GAP-43 fusion protein antiserum 
(c) and monoclonal antibody RT97 against neurofilament protein (d) . 
Only a small proportion of the RT97+ axons in the white matter (WM) and 
granule cell layer (GR) are positive for GAP-43. Purkinje cells (P) 
show GAP-43 staining around their cell bodies and initial axon segments.

Scale bars, 50/xm.





4.2.2.3. Spinal Cord

GAP-43 has p rev ious ly  been m easured by rad io im m unoassay in the  
adu lt ra t sp ina l co rd , and is repo rted  to  be p resen t a t 50 n g /m g  p ro te in  
(rep resen ting  4.7 j jg / g  w e t w e igh t o f tissue ) a t ce rv ica l segm en t th ree  
(G orge ls e ta l. , 1987). Im m unoh is tochem is try  o f Epon em bedded tissue  
us ing  the  pe rox idase -an tipe rox idase te chn ique  (Gorge ls e ta l. , 1987) 
revea led fa in t s ta in ing  in the CST and  the  supe rfic ia l lam inae o f the  
dorsa l horn  o f the  g ray m atte r (co rre spond ing  to  Rexed’s lam inae 1 and  
2 ) and a more in tense band in the do rsa l g ray  com m issu re  (m id line  
con tin ua tion  o f Rexed’s lam ina 4). Rexed ’s cy toa rch ite c tu ra l d iv is ion  
o f the  sp ina l g ray m atte r in the ca t in to  ten  layers (Rexed, 1952) has 
a lso  been shown to  app ly  to  the ra t sp ina l co rd  (B rich ta  and G rant,

1985; M olander e ta l. , 1989).

A  more extens ive  d is tr ib u tio n  was revea led by fluo rescence  
im m unoh is to chem is try  o f po lyeste r wax em bedded  sec tions . F igure 4.5. 
show s the th o ra c ic  reg ion  o f the ra t sp ina l co rd  in transve rse  and  
long itud ina l section . The gray m a tte r neu rop il showed s ta in ing  
th roughou t bu t w ith  a p ronounced  dec reas ing  do rsoven tra l g rad ien t, wh ile  
ce ll bod ies rem ained un labe lled. Rexed ’s lam inae 1 and 2 were m ost 
in tense ly  s ta ined  and lam inae 3 and  4 less so, w h ile  lam ina 5 and the  
ven tra l horn  showed un ifo rm ly  low er s ta in ing . Lam ina 10, w h ich  
su rrounds the cen tra l canal, show ed b rig h te r s ta in ing  than  the  ad jacen t 
g ray matter, app rox im a ting  to  the in te n s ity  o f lam ina 3. A t th o ra c ic  
leve ls the dorsa l nuc leus (C la rke ’s co lum n ) ex tends do rsa lly  a lm os t to  
occ lude  the dorsa l g ray com m issure . W h ile  the  dorsa l nuc leus was  
unsta ined , a th in  s tr ip  o f lam ina 4 was b rig h tly  labe lled above it. The  
tra c t o f L issauer at the  dorsa l su rface  o f the  g ray m atte r was a lso  
b rig h tly  s ta ined, as was the fa sc icu lu s  in te rfa s c ic u la r is  in the dorsa l 
fun icu lus . Both o f these tra c ts  con ta in  do rsa l roo t a ffe ren t fib re s  or 
th e ir co lla te ra ls  (Carpenter, 1978; G rant, 1985).

S ta in ing in the w h ite  m atte r w as gene ra lly  less than in the  gray
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m atter. The CST was b rig h tly  s ta ined bo th  in the crossed CST at the  
base o f the dorsa l fun icu lus  and in the  uncrossed ven tra l CST ly ing in 
the  ven tra l fun icu lu s  a t the m id line  (A rm and, 1982; T racey, 1985). The  
dorso la te ra l fun icu lu s  was a lso b rig h tly  labe lled . The rem a in ing  wh ite  
m atte r was p redom inan tly  un labe lled in transve rse  sec tion  bu t GAP-43+ 
fib re s  can be d isce rned  rad ia ting  from  the  g ray matter. In pa rticu la r, 
the  axons o f the dorsa l sp inoce rebe lla r tra c t can be v isua lised  as they  
em erge la te ra lly from  the  dorsa l nuc leus in the g ray m atte r (C la rke ’s 
co lum n) before  en te ring  the do rso la te ra l fun icu lu s  (Tracey, 1985). 
S ta in ing  o f ascend ing  and descend ing  w h ite  m atte r axons w as more  
appa ren t in long itud ina l sec tions o f th e  th o ra c ic  spinal co rd , a lthough  
the  dorso la te ra l fun icu lu s  and the do rsa l and ven tra l pa ths o f the  CST  
s till showed the  g rea tes t im m uno reac tiv ity . A ll s ta in ing  in the  sp ina l 
co rd  was los t by d ilu tio n  o f the an tise rum  beyond 1 /20 ,000  (see F igure

4.3.).
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F ig u re  4 . 5 .

Transverse and horizontal sections of thoracic spinal cord, 
stained with anti-GAP-43 fusion protein antiserum at a dilution of 
1/10,000.

A. The major divisions of the spinal cord white matter are 
identified in a toluidine blue-stained hemi-section, printed as a 
negative image on reversal paper for greater contrast; VF, ventral 
funiculus; VLF ventrolateral funiculus; DLF dorsolateral funiculus. The 
individual components of the dorsal funiculus are identified; GF, 
gracile fascicle; CF, cuneate fascicle; dCST, dorsal corticospinal 
tract. The position of the fasciculus interfascicularis is indicated by 
the dashed line between GF and CF. Divisions of the gray matter are 
identified by laminar number, according to Rexed (1952).

B. Hemi-section showing GAP-43 immunoreactivity mainly in the 
superficial laminae of the gray matter (1/2) and lamina 10, with a 
decreasing dorsoventral gradient throughout the other laminae. The 
dorsal nucleus (DN, Clarke's column) and other cell bodies in the gray 
matter remain unstained. The dorsolateral funiculus and both dorsal and 
ventral corticospinal tracts (dCST, vCST) are also intensely stained.

W,X,Y,Z. Full width views of horizontal sections (photographed 
and printed at identical exposures) emphasise the staining of the 
regions described and also show that some axons are positive for GAP-43 
throughout the white matter tracts. The planes of section are indicated 
at left of B.

Scale bars, 0.25 mm.





4.3. D iscussion

4.3.1. W estern B lots

A lthough  GAP-43 im m uno reac tiv ity  reso lved as several p ro te in  bands  
in  early b lo ts , the  appearance o f the  h igh  RMM bands was h igh ly  
variab le . The nature o f the h igh RMM bands is unknow n, as d iscussed in 
Chapte r 3, bu t th e ir appearance has been noted by severa l inves tiga to rs  
(K. Meiri, P. Skene, D. Schreyer, persona l com m un ica tions ). M oreover, 
the  antise rum  rep roduc ib ly  s ta ined a s ing le  p ro te in  band w h ich  co 

m ig ra ted  w ith  pu rified  GAP-43 in la te r b lo ts . It seems reasonab le  to  
conc lude  th a t the  antise rum  is s p e c if ic  fo r GAP-43 in c rude  ex trac ts  o f 
CNS tissue and th a t the  s ta in ing  pa tte rn  revea led by  
im m unoh is to chem is try  represen ts th e  d is tr ib u tio n  o f GAP-43, ra the r than  
any c ross -reac ting  pro te ins.

4.3.2. Im m unohistochem istry

4-3.2.1. O lfac to ry  Bulb

The o lfa c to ry  bu lbs are the  o n ly  pa rt o f the  CNS w h ich  con tinue  to  
rece ive ing row th  o f new axons th ro u g hou t adu lthood . New o lfa c to ry  
recep to r neurons, genera ted from  s tem  ce lls  in the  o lfa c to ry  ep ithe lium , 
extend axons to  the  g lom eru li in the  o lfa c to ry  bu lbs  (G raziade i and  
M onti G raziade i, 1978). Verhaagen e ta l. (1989) repo rted  th a t im m ature  
recep to r neurons expressed GAP-43 bu t m ature ce lls  (cha rac te rised  by  
express ion o f the  o lfa c to ry  m arker p ro te in ) and the ir p ro je c tio ns  to  the  
g lom eru li show ed very little  im m uno reac tiv ity .

In con tras t, the d is tr ibu tio n  repo rted  here show s th a t GAP-43 is

p resen t in large quan tities  in the axons o f o lfa c to ry  recep to r neurons

in the nerve fib re  layer and the ir te rm ina tio n s  in the  g lom eru li. Th is

is cons is ten t w ith  transpo rt o f GAP-43 to  the  g row th  cones o f axons

a rriv ing  in the  o lfa c to ry  bulb and unde rgo ing  synap togenes is  in the
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g lom eru li. Synthes is and tra nspo rt o f GAP-43 by new ly genera ted  
o lfa c to ry  recep to r neurons has been show n  a fte r les ions to  the  o lfa c to ry  
neu roep ithe lium  (Verhaagen e ta l. , 1990). S im ilarly , in  s itu  
hyb rid isa tion  has shown tha t som e m ature recep to r neurons synthes ise  
GAP-43 in the  normal o lfa c to ry  neu roep ithe lium  (Verhaagen e ta l. , 1990).

It is no t c lea r w he the r GAP-43 is dow n-regu la ted  in these neurons  
a fte r synap togenes is is com ple te , as has been show n fo r o the r areas  
(Skene and W illa rd , 1981b; O estre iche r and  G ispen, 1986; E rzurum lu e t 
al., 1990) and suggested by the  s tu dy  o f Verhaagen e ta l. (1989).

However, co llabo ra tive  w o rk  w ith  Dr. J. S chw ob  and Dr. K. Meiri (SUNY  
Syracuse, New Y o rk ) using the  an tise rum  described  here has shown tha t 
GAP-43 can be de tec ted  in mature recep to r neurons in the  o lfa c to ry  
neuroep ithe lium , co-expressed w ith  o lfa c to ry  m arke r p ro te in  (unpub lished  
obse rva tions), sugges ting  tha t m atu re  ce lls  con tinue  to  syn thes ise  GAP- 
43. It shou ld  be noted tha t the re la tive  ages o f the  m ature  ce lls  
express ing GAP-43 (iden tified  by in  s itu  h yb rid isa tio n ) was no t 
addressed in the s tudy  o f Verhaagen e ta l. (1990).

In add ition , GAP-43 im m uno reac tiv ity  was de tec ted  in the granule  
cell layer a lthough  at a lower level th an  in the  g lom eru li. The  
neurop il was s ta ined wh ile  the g ranu le  ce ll bod ies were not. These  
ce lls  rece ive p ro jec tions from  the  con tra la te ra l an te rio r o lfa c to ry  
nucleus and recu rren t co lla te ra l fib re s  from  the  ips ila te ra l an te rio r  
o lfa c to ry  nucleus (Carpenter, 1978). The d is tr ib u tio n  o f GAP-43 is 
cons is ten t w ith  a p resynap tic  lo ca tion  in these a ffe ren t fib res. 
A lte rna tive ly , m itra l cell bod ies show ed h igh  levels o f GAP-43 mRNA by  
in  s itu  h yb rid isa tion  (De la M onte e ta l. , 1989) and axons from  these  
ce lls  pass th rough  the granule cell layer (Carpen te r, 1978).

It is no tew orthy  tha t the externa l p lex ifo rm  layer con ta ined  no

GAP-43. The m itra l cell dend rites w h ich  p ro jec t th rough  th is  layer to

the  g lom eru li con ta in  m ic ro tubu le -assoc ia ted  p ro te ins  cha ra c te ris tic  o f

im m ature neurons, suggesting  th a t these dend rite s  are m ain ta ined in a
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h igh  s ta te o f p la s tic ity  to  rece ive new  synapses from  the incom ing  
o lfa c to ry  nerve fib res  (V ie reck e t a/., 1989). Th is  con firm s th a t GAP- 
43 p ro te in  is a s tr ic t ly  axonal p ro te in  (G oslin  e ta L , 1988; G os lin  and  
Banker, 1990), ra the r than  s im p ly be ing  assoc ia ted  w ith  s ites o f ongo ing  
synap tic  p las tic ity .

4.3.2.2. Cerebellum

The b rig h t labe lling  in fib re  tra c ts  o f the  ce rebe lla r com m issu re  
is loca lised  to  the o livoce rebe lla r tra c t, w h ich  con ta ins  the incom ing  
c lim b ing  fib res . These small d iam e te r m ye lina ted  axons arise in the  
in fe rio r o liva ry  nuc leus and te rm ina te  in th e  ce rebe lla r cortex, 
con s titu tin g  one o f on ly  tw o  a ffe ren t p ro je c tio ns  to  the cerebe llum , the  
o the r be ing the  m ossy fib re  system  (Palay and Chan-Palay, 1974). 
C lim b ing  fib res  exe rt an exc ita to ry  a c tio n  on  the Purkin je ce lls, 
poss ib ly  by release o f the  neu ro transm itte r asparta te  (Ito, 1984). It 
is  be lieved tha t all neurons in the in fe r io r o liva ry  nuc leus send axons  
to  the  cerebe llum  (F lum erfe lt and H rycyshyn , 1985), and th a t th is  is the  
on ly  source o f c lim b ing  fib re s  (Ito, 1984). T h is  w ou ld  appa ren tly  make  
the  o livoce rebe lla r tra c t a su itab le  sys tem  fo r the s tudy  o f GAP-43 
syn thes is  and axonal tra nspo rt in the  a du lt CNS.

The p redom inan t neuronal e lem en ts  in the m o lecu la r layer o f the

cerebe llum  are the  para lle l fib re  axons a ris ing  from  the g ranu le  ce lls

o f the  granu le cell layer, w h ich  fo rm  en passa n t synapses on the

d end ritic  sp ines o f the  Purkin je ce ll d e n d rit ic  trees. E v idence has

accum u la ted  tha t the  exc ita to ry  neu ro transm itte r g lu tam ate  is re leased

a t these s ites (Ito, 1984). In rats, s ynap tic  va ricos itie s  o ccu r a t 2.5

p m  in te rva ls a long the  para lle l fib res , o ccupy ing  nearly 40%  o f the ir

leng th  (Palay and Chan-Palay, 1974). The  GAP-43 s ta in ing  pa tte rn  in the

m o lecu la r layer is cons is ten t w ith  a p resynap tic  loca tion  in these

varicos ities , bu t an extrasynap tic  lo ca tio n  in the  axon sha ft o f the

para lle l fib res  canno t be ru led out. Im m uno-e lec tron  m ic roscope  s tud ies
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are cu rren tly  underw ay in co llabo ra tio n  w ith  Dr. S. S tand ring  and Dr. A. 
Ken t (Guy’s Hosp ita l, London) to  de te rm ine  if GAP-43 is p resen t in the  
axo lem m a o f the  axon shaft, as has been show n fo r axons o f the  adu lt CST  
(Gorge ls e ta l. , 1989). The syn thes is  o f GAP-43 by g ranu le  ce lls  is not 
un ive rsa lly  accep ted . In s itu  h yb rid isa tio n  has show n GAP-43 mRNA to  be 
loca ted  in g ranu le  ce lls  in one s tu dy  (Rosen tha l e ta l. , 1987) wh ile  
o the rs have fa iled  to  dem onstra te  GAP-43 mRNA in g ranu le  ce ll bod ies (De 
la  M onte  e ta l. , 1989) and one s tu dy  revea led d iffuse  hyb rid isa tion  over 
the  m olecu lar layer o f human ce rebe llum  (Neve e ta l. , 1988), sugges ting  
th a t in h ib ito ry  in te rneu rons may syn thes ise  GAP-43, as d iscussed  below , 
o r th a t GAP-43 may be loca lly  syn thes ised  in the  para lle l fib res.

The GAP-43 v isua lised a round  the  basal surface  o f the  Purk in je  
cell som a and the  in itia l segm ents o f th e ir axons is cons is ten t w ith  a 
lo ca tion  in the  p resynap tic  te rm ina ls  o f baske t ce lls. These are  
in h ib ito ry  in te rneu rons loca ted in the  deepe r ha lf o f the  m o lecu la r 
layer, w h ich  are stim u la ted  by the  para lle l fib re s  and release gam m a- 
am inobu ty ric  ac id  a t axo -som atic  synapses on the  Purk in je  cell bod ies  
and at axo -axon ic plexuses, ca lled p inceau , on the in itia l segm en t o f 
the  Purkin je ce ll axons (Palay and Chan-Pa lay, 1974; Ito, 1984). In 
s itu  h yb rid isa tion  has shown th a t ce lls  loca ted  in the m o lecu la r layer 
ad jacen t to  the  Purkin je ce lls con ta ined  GAP-43 mRNA, cons is ten t w ith  
syn thes is in the  baske t ce lls (Rosen tha l e ta l. , 1987).

The s ta in ing  in the wh ite  m a tte r tra c ts  cou ld  be due to  the  
presence o f GAP-43 in Purkinje cell axons o r a ffe ren t fib re s  (m ossy  
fib re s  or c lim b ing  fib res). The b rig h t labe lling  in the o livoce rebe lla r  
tra c t suggests th a t a substan tia l p ro po rtio n  o f the c lim b ing  fib res  are  
GAP-43+ . S ta in ing  o f DSCT axons in the  sp ina l co rd  (see Section

4.3.2.3. be low ) suggests tha t at least one popu la tion  o f m ossy fib re  
a ffe ren ts  con ta ins  GAP-43. However, de ta iled  m app ing o f the o rig in  o f 
the  GAP-43 im m unoreactive  fib res in the  ce rebe lla r w h ite  m atte r was  
beyond the  scope o f th is  study.

134



4.3.2.3. Spinal Cord

These da ta  show  a more extens ive  d is tr ib u tio n  o f GAP-43 in the  
adu lt ra t sp ina l co rd  than  has p rev ious ly  been reported  (Gorge ls e ta l.,

1987). The d iffe rences are cons is ten t w ith  a g rea te r sens itiv ity  o f the  
antise rum  used as the  reg ions s ta ined  by these au tho rs (CST, superfic ia l 
lam inae o f the  dorsa l horn, and th e  dorsa l g ray com m issu re ) are a lso  
those  m ost b rig h tly  s ta ined in th is  s tudy . S ta in ing  o f the ven tra l 
tra c t o f the CST was not appa ren t in th e ir pub lished  m ic rog raph , desp ite  
show ing  b rig h t s ta in ing  in bo th  transve rse  and long itud ina l sec tions  
(F igure 4.5.). However, GAP-43 s ta in ing  o f th is  tra c t has been no ted  in 
a recen t s tudy o f neonata l sp ina l co rd  (F itzge ra ld  e ta l. , 1991).

In the  g ray m atter, s ta in ing  w as p redom inan t in the  supe rfic ia l 
lam inae w ith  a d im in ish ing  do rsoven tra l g rad ien t. Lam ina 10, 
su rround ing  the  cen tra l cana l, show ed g rea te r im m uno reac tiv ity  than  
ad jacen t g ray matter. Th is  d is tr ib u tio n  is cons is ten t w ith  a loca tion  
in  fine  ca lib re  p rim ary a ffe ren t fib res . The  te rm ina ls  o f p rim ary  
sensory neurons show  a lam inar d is tr ib u tio n  in the gray m atte r w ith  fine  
ca lib re  fib res (bo th  unm yelina ted and m ye lina ted ) d is tr ib u tin g  
p re fe ren tia lly  in the supe rfic ia l lam inae and  coarse ca lib re  m ye lina ted  
fib re s  te rm ina ting  more ven tra lly , a lth ough  th is  is no t an abso lu te  
d iv is ion  (G rant, 1985). In add itio n  the  tra c t o f L issauer and the  
fa sc icu lu s  in te rfa sc icu la ris , w h ich  con ta in  fine  ca lib re  prim ary  
a ffe ren t fib res (Chung e ta l. , 1979; G rant, 1985; A lva rez e ta l. , 1989), 
a lso  showed GAP-43 im m unoreac tiv ity .

It is poss ib le  tha t axonal ca lib re  is a de te rm inan t o f GAP-43  
express ion as Gorge ls e ta l. (1989) found  th a t on ly  small d iam ete r 
unm yelina ted and m ye lina ted axons in the  CST con ta ined  GAP-43. In te r

esting ly , the small d iam ete r m ye lina ted axons o f the  o livoce rebe lla r  
tra c t (c lim b ing  fib res ) a lso con ta ined  GAP-43 (see p rev ious Section).

GAP-43 express ion may be res tric te d  to  spec ific  popu la tions o f

small d iam ete r axons. A ffe ren t fib re s  exp ress ing  the neuropep tides
135



ca lc iton in  gene-re la ted pep tide  o r subs tance  P, te rm ina ting  p rin c ipa lly  
in  the  superfic ia l lam inae (A ron in  e ta l. , 1983; Tash iro  and Ruda, 1988; 
T raub  e ta l. , 1989), o rig ina te  from  cell bod ies  in the DRG w h ich  have  
been shown by in  s itu  hyb rid isa tion  to  con ta in  GAP-43 mRNA in normal 
adu lt rats (Verge e ta l. , 1989 ,1990). However, cell bod ies in the  DRG  
con ta in ing  som a tos ta tin  d id  no t show  s ig n if ic a n t GAP-43 mRNA (Verge et 
a!., 1990) and these a lso send p ro je c tio ns  to  the  supe rfic ia l lam inae  
(M izukawa e f a/., 1988). P rimary senso ry  neurons con ta in ing  these  
neuroac tive  m olecu les a lso innerva te  lam ina 10 and may a ccoun t fo r the  
GAP-43 s ta in ing  a round the  cen tra l cana l (M ille r and Seybo ld , 1987).

The dorsa l CST a lso  con tr ibu tes  fib re s  d ire c tly  to  the  media l po rtions  
o f the supe rfic ia l lam inae o f the dorsa l ho rns (Casale e ta l. , 1988) in 
a d is tr ibu tio n  th a t cou ld  a ccoun t fo r som e o f the  GAP-43 
im m uno reac tiv ity  in lam inae 3 and 4. In tense GAP-43 s ta in ing  was noted  
in  the  dorsa l CST and it is like ly these g ray m atte r p ro jec tions m igh t 
a lso  con ta in  de tec tab le  am ounts o f GAP-43.

A lte rna tive ly , the presence o f GAP-43 in the sp ina l g ray m atte r 
m igh t ind ica te  ongo ing  synap tic  reo rgan isa tion  pa rticu la rly  in the  
supe rfic ia l lam inae. In ju ry-induced reac tive  synap togenes is  in the  
cen tra l nervous system  is accom pan ied  by increased leve ls o f GAP-43  
(B enow itz  e ta l. , 1990) and GAP-43 s ta in ing  in the  cen tra l te rm ina ls  o f 
p rim ary  senso ry neurons in the supe rfic ia l lam inae o f the dorsa l horn  
has been show n to  increase a fte r dam age to  the  periphera l b ranch  o f 
these neurons (W oo lf e ta l., 1990). A lthough  synap to -neogenes is  occu rs  
in  these lam inae a fte r periphera l in ju ry  to  p rim ary  senso ry neurons in 
prim ates (K ny iha r-C s illik  e ta l., 1985), the re  is no ev idence  o f 
degenera tive  o r regenera tive  changes in the  dorsa l horn o f the normal 
sp ina l co rd  (K ny iha r-C s illik  e ta l., 1982).

Neuronal som a in the lam inae o f th e  g ray m atte r were no t sta ined

fo r GAP-43. The dorsa l nucleus (o r C la rke ’s co lum n ) was a lso unsta ined

bu t axonal p ro jec tions to  the dorsa l sp inoce rebe lla r tra c t (DSCT) from
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the  dorsal nuc leus were GAP-43+ . The DSCT cons is ts  o f the  a ffe ren t 
p ro jec tions  from  the  dorsa l nuc leus to  the  ce rebe llum  and ascends main ly  
in the do rso la te ra l fun icu lus, a lthough  re trog rade  tra c ing  and  
degene ra tion  s tud ies have dem ons tra ted  axons th roughou t the  lateral 
co lum ns (Zem lan e ta l., 1978; T racey, 1985). In add ition , the  
dorso la te ra l fun icu lus  con ta ins  o the r ascend ing  and descend ing  fib re  
tra c ts  (Lundbe rg  and Oscarsson, 1961; C la rk , 1983), p rim ary a ffe ren t 
fib re s  and p rop riosp ina l fib res  (C hung e ta l. , 1987), and in some  
ins tances a b ranch  o f the crossed dorsa l CST can be dem ons tra ted  in the  
dorso la te ra l fun icu lu s  by an te rog rade  tra c in g  (Casale e ta l. , 1988).

The dorso la te ra l fun icu lus showed in tense GAP-43 im m uno reac tiv ity  and  
th is  m igh t be due to  GAP-43 in axons o f the  DSCT o r CST o r in ca lc iton in  
gene-re la ted pep tide -con ta in ing  p rim ary  a ffe ren t fib re s  (as d iscussed  
above) (M cNeill e ta l. , 1988).

The CST was the on ly  iden tif ie d  popu la tion  o f axons in the  wh ite

m atte r s ta ined fo r GAP-43, due to  the  do rso la te ra l fun icu lu s  con ta in ing

a m ixed popu la tion  o f ascend ing  and  descend ing  axons as described . The

CST o rig ina tes  in the p rim ary som a tosenso ry  co rtex  in the ra t and

descends the  fu ll length o f the co rd  in the  ven tra l aspec t o f the dorsa l

fun icu lus  a fte r decussa tion  in the cauda l m edu lla  or in an uncrossed

b ranch  in the  ven tra l fun icu lus ad jacen t to  the m id line  (A rm and, 1982;

T racey, 1985). The axons te rm ina te  in all lam inae (Casale e ta l. , 1988)

and may a ccoun t fo r the GAP-43 s ta in ing  in the ven tra l horns o f the gray

m atter. Both  the  dorsa l and ven tra l CST show ed GAP-43 im m unoreac tiv ity ,

a lthough  the  ven tra l tra c t was b righ te r. A t the e lec tron  m ic roscope

level GAP-43 has been de tected  in the  adu lt dorsa l CST, loca ted  at the

in terna l face o f the axo lemma (G orge ls e t a!., 1989). In te resting ly ,

large d iam ete r axons (> 1 /im ) were no t s ta ined , sugges ting  tha t GAP-43 has

a role in the  m ature axon sha ft o f unm ye lina ted  and sm a lle r m ye lina ted

axons. S im ilar e lec tron  m ic roscope  da ta  w ou ld  be o f in te rest w ith

respect to  the loca tion  o f GAP-43 in the  ven tra l CST, bu t th is  was not
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exam ined in th is  s tudy and no o the r u itra s tru c tu ra l s tud ies have been  
repo rted  in the  lite ra ture , so it is no t poss ib le  to  corre la te  GAP-43 
express ion  w ith  axonal ca lib re  in th is  reg ion .

4.3.3. GAP-43 And Memory

GAP-43 has been im p lica ted  in the  changes o f synap tic  s truc tu re  
and func tio n  unde rly ing  m em ory fo rm a tio n  (Benow itz  and Routtenberg ,

1987; Neve e ta l. , 1987, 1988). GAP-43 has been show n to  be invo lved in 
regu la ting  the  e ffic ie n cy  o f synap tic  transm iss ion  (O estre iche r e t a i ,

1983; Dekker e ta l. , 1989b) and GAP-43 is a lso assoc ia ted  w ith  phases o f 
synap togenes is  in the  mammalian ne rvous system  du ring  deve lopm en t (Moya  
e ta l. , 1989; Verhaagen e ta l., 1989; E rzu rum lu  e ta l. , 1990) and a fte r  
dene rva tion  (B isby, 1988; Verhaagen e ta l. , 1988; Van der Zee e ta l. ,

1989; Benow itz e ta l., 1990). A lthough  the  degree o f GAP-43  
phospho ry la tion  has been shown to  be co rre la ted  w ith  the  pe rs is tence o f 
enhanced pos tsynap tic  responses in the  dorsa l h ippocam pus (LTP)

(Lov inger e ta l., 1985 ,1986), no causa l ro le  has ye t been estab lished  
fo r  GAP-43 in m em ory fo rm a tion . Indeed the  ev idence fo r such a ro le is 
c ircum stan tia l, be ing  based m ain ly upon the  d is tr ib u tio n  o f GAP-43 in 
’a ssoc ia tive ’ co rtica l areas and the h ippocam pus (Benow itz  and  
Routtenberg , 1987; N e ve e fa /., 1987, 1988; Benow itz  e t a!., 1988). The  
ev idence  presented here bo th  s treng thens  and weakens th is  a rgum en t by  
show ing  th a t GAP-43 is expressed in a reas invo lved  in assoc ia tion  and  
lea rn ing  and in axons fo r w h ich  no such fu n c tio n  has been p roposed .

4.3.3.1. O lfactory Bulb

W hile the GAP-43 v isua lised in the  g lom eru li o f the o lfa c to ry  bulb

is p robab ly  loca ted in new ly a rrived  axons, the  s ta in ing  in the granu le

cell layer may be associa ted w ith  synapses on the  granu le  cells.

G ranule ce lls have been suggested to  serve  an assoc ia tive  fu n c tio n  by

re lay ing in fo rm a tion  from  both  ips ila te ra l and con tra la te ra l an te rio r
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o lfa c to ry  nuc le i to  the  m itra l ce lls (Carpen te r, 1978).

4.3.3.2. Cerebellum

Synap tic  transm iss ion  at para lle l fib re  synapses w ith  the  Purkin je  
ce ll d end ritic  sp ines is know n to  unde rgo  long-te rm  m odu la tion .

Repetitive para lle l fib re  ac tiva tion  leads to  po ten tia tio n  o f 
transm iss ion , p robab ly  th rough  increased  neu ro transm itte r re lease  
(H irano, 1990a, b; C repel and Ja illa rd , 1991), whereas conve rgence  o f 
c lim b ing  fib re  and para lle l fib re  im pu lses upon the  same Purk in je  cell 
resu lts  in pe rs is ten tly  reduced transm iss ion  a t the  para lle l fib re  
synapses in a p rocess know n  as long -te rm  dep ress ion  (Ito, 1989). 
S tim u la tion  from  c lim b ing  fib res  (w h ich  are axons from  in fe rio r o live  
neurons) leads to  en try  o f Ca2+  ions in to  the  Purk in je cell dend rite s  
th rough  vo ltage  sens itive  Ca2+  channe ls  and desens itisa tion  o f g lu tam ate  
recep to rs  in the  d end ritic  spines, a t the  pos tsynap tic  s ide o f para lle l 
fib re -Purk in je  ce ll synapses (Ito, 1989). G lu tam ate is be lieved to  be  
the  neu ro transm itte r re leased from  para lle l fib re  va ricos itie s  (Ito ,

1984) and synap tic  transm iss ion  is thus reduced  a t the  para lle l fib re  
synapse and rem ains depressed fo r a t least 1 hour.

The resu lts presented here show  th a t GAP-43 is p resen t in bo th  the  
c lim b ing  fib re s  and para lle l fib res, sugges tin g  th a t GAP-43 may have a 
ro le  in m em ory fo rm a tion  in the ce rebe llum . A  p resynap tic  ro le fo r GAP- 
43 in increased g lu tam ate  release from  the  para lle l fib re s  (H irano,

1990a, b; C repel and Ja illa rd , 1991) is com pa tib le  w ith  the  p roposed  
presynap tic  ro le o f GAP-43 in h ippocam pa l LTP (L inden and Routtenberg ,

1989). It shou ld  be noted th a t increased p resynap tic  re lease o f 
g lu tam ate is a lso assoc ia ted w ith  h ippocam pa l LTP (Lynch e ta /., 1985). 
The role o f GAP-43 at the c lim b ing  fib re  synapse is cu rren tly  unknow n.

Furtherm ore , the cerebe llum  has been im p lica ted  in ’m o to r  
lea rn ing ’ (the fo rm a tion  and execu tion  o f the  m o to r ’p rog ram m es ’

necessary to  perfo rm  learned, sk illed  ta sks  and m ovem ents) (Ito, 1984).
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M oto r lea rn ing o f sk illed  a c roba tic  m ovem ents resu lted  in fo rm a tion  o f 
new synapses (synapto -neogenes is) in the  m o lecu la r layer, whereas  
repe titive  exe rc is ing  (non-learned lo com o to r a c tiv ity  on  a treadm ill)  
led to  ang iogenes is  instead (B lack e ta l. , 1990). It is poss ib le  tha t 
the  presence o f GAP-43 in para lle l fib re s  may p red ispose  these  
s tru c tu res  tow a rd  synap to -neogenes is . Some exam ples o f c lass ica l 
cond it io n in g  (in duc tio n  o f a phys io log ica l response to  a 
nonphys io log ica l s tim u lus) a lso invo lve  the  ce rebe llum  (Ito, 1984), 
a lthough  th is  is believed to  be m ed ia ted  by long-te rm  dep ress ion  (Ito,

1989).

4.3.3.3. Spinal Cord

The CST is invo lved in the  gene ra tion  o f sk illed  m ovem ents  
(Carpenter, 1978), a lthough lea rn ing  is be lieved to  o ccu r a t the  level 
o f the  ce rebe llum  (Ito, 1984). Fu rthe rm ore , the  ce lls  o f o rig in  o f the  
CST (in the  rat, co rtica l layer 5B o f the  p rim ary  som a tosensory  cortex, 
see T racey, 1985) are not those w h ich  show ed h igh levels o f GAP-43 mRNA  
by N orthern  b lo ttin g  or in  s itu  h yb rid isa tio n  (Neve e ta l. , 1987 ,1988), 
a lthough  these s tud ies were conduc ted  on  hum an tissue. Th is suggests  
th a t CST ce lls  d o  no t syn thes ise and tra n sp o rt la rge am oun ts  o f GAP-43, 
and the re fo re  the  grea te r pa rt o f the  GAP-43 p resen t in the  axons o f the  
CST is p robab ly  associa ted w ith  the  axo lem m a, as suggested  by Gorge ls et 
al. (1989). Th is , in tu rn , suggests th a t GAP-43 has an extrasynap tic  
ro le in the  fu n c tio n ing  o f some axons, unre la ted  to  m em ory sto rage or 
any o the r synap tic  events. L ikew ise, the  DSCT has no know n role in 
learn ing.

4.3.4. S ensitiv ity  Of Anti-GAP-43 Fusion Protein Antiserum

The d is tr ibu tio n  o f GAP-43 revea led in these s tud ies was

com patib le  w ith  the reported rad io im m unoassay, N o rthe rn  b lo t and in  s itu

hyb rid isa tion  data  (see Section 4.1.). In con tra s t, p rev ious
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im m unoh is tochem ica l s tud ies have no t revea led such an extens ive  
d is tr ibu tio n . Th is  cou ld  be due to  a) the  fixa tio n  and p rocess ing  o f 
the  tissue; b) the sens itiv ity  o f the an tise rum ; o r c) the  m ethod o f 
p rim ary  an tib od y  de tec tion .

The para fo rm a ldehyde-fixed  po lyes te r w ax m e thodo logy  used in these  
s tud ies  has the  advan tages tha t tissue  m o rpho logy  is well p reserved and  
lip id s  are extrac ted  from  the  tissue du ring  trea tm en t in g raded  
e thano ls . Th is  may well a llow  grea te r access o f an tibod ies  to  GAP-43  
w h ich  is loca ted  jus t ins ide the  lip id -r ich  p lasm a m em brane. For the  
com b ined  reasons o f m orpho log ica l and an tigen  p reserva tion , th is  was the  
m ethod o f cho ice , bu t s ta in ing  o f pa ra fo rm a ldehyde -fixed  fro zen  sec tions  
revea led the  same d is tr ib u tio n s  at s im ila r con cen tra tio ns  (da ta  no t 
shown). M oreover, McGuire e ta l., (1988) s ta ined pa ra ffin  wax sec tions  
o f cerebe llum  w ith  an tibod ies  aga ins t GAP-43, bu t d id  no t d e tec t GAP-43+ 
axons in the  w h ite  m atte r trac ts . T issue p rocess ing  w ou ld  appear no t to  
de te rm ine  the  d is tr ib u tio n  o f GAP-43 im m uno reac tiv ity , a lthough  in  s itu  
fixa tio n  o f tissue was found  to  be essen tia l.

P revious s tud ies have m os tly  u tilised  GAP-43 pu rified  by PAGE or

co lum n ch rom a tog raphy  w h ich  is no t h igh ly  im m unogen ic  in rabb its .

Indeed, we fa iled  to  ob ta in  usab le an tise rum  from  rabb its  inocu la ted

w ith  purified  pro te in . On ly Dr. K. Meiri (SUNY, Syracuse) was ab le  to

p rov ide  any po lyc lona l an tise rum  fo r use in com para tive  s tud ies  bu t th is

had to  be used a t much lower d ilu tio n  to  reveal s im ila r s ta in ing

pa tte rns (1 /100), whereas the  mouse m onoc lona l a n tib od y  p rov ided  by Dr.

D. Schreyer (S tan fo rd  Un ive rs ity) read ily  rep roduced  the  s ta in ing

pa tte rn  de tec ted  w ith  the  anti-GAP-43 fu s ion  p ro te in  antise rum . No

a ttem p t was made to  com pare ind ire c t im m uno fluo rescence  w ith  o the r

p rim ary an tib ody  de tec tion  m ethods. However, it is un like ly  th a t the

use o f ind ire c t im m uno fluo rescence  unde rlies  the  low  th resho ld  o f GAP-43

de tec tion  as bo th  the pe rox idase -an tipe rox idase  and av id in -b io tin

m ethods used by o the r inves tiga to rs  (G orge ls e ta l. , 1987; Verhaagen et
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a/., 1989) are m ore sens itive  due to  extra  am p lifica tio n  s teps and the  
a ffin ity  o f a v id in -b io tin  b ind ing .

Th is w ou ld  suggest tha t the  h igh titre  o f anti-GAP-43 an tibod ies  
resu lting  from  inocu la tion  o f G AP -43 /B -ga lac tos idase fu s ion  p ro te in  in 
rabb its  accoun ts  fo r the  sens itiv ity  o f GAP-43 de tec tion .

Furtherm ore , it was poss ib le  to  d is tin gu ish  be tween areas o f h igh  
and low  GAP-43 concen tra tion  w ith in  tissue  sec tions . A lthough  some  
areas appeared b rig h te r than o the rs  a t low  d ilu tions  (ie 1 /1 0,000) th is  
is a h igh ly  sub jec tive  and qua lita tive  ana lys is , espec ia lly  w hen coup led  
w ith  the va ria b ility  inheren t in p ho to g ra ph ic  p rocess ing . A  degree o f 
quan tifica tion  can be in troduced  by  us ing  the  an tise rum  a t d iffe ren t 
d ilu tio n s  (see F igure 4.3.). Loca lly  h ighe r concen tra tio ns  o f GAP-43, 
such  as o ccu r in the  new ly-a rriv ing o lfa c to ry  recep to r a ffe ren ts  to  the  
o lfa c to ry  bu lb , can be de tected  a t h ighe r d ilu tio n s  (ie 1 /20 ,000) than  
are requ ired to  v isua lise  GAP-43 in m ature  axons and neurop il in the  
cerebe llum  and the  sp ina l co rd  (ie 1 /10 ,000).
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C hapter Five

GAP-43 Expression A fte r C entra l Nervous System Injury
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5.1. Introduction

S. Ramon y Cajal noted in h is b oo k  ’Degenera tion and Regenera tion  
o f the Nervous System ’ (Eng lish tra ns la tio n  by R.M. May, 1928):

"P a tho log is ts cons ide r it an un im peachab le  dogm a th a t the re  is no  
regenera tion  o f the cen tra l paths, and  the re fo re  tha t the re  is no  
res to ra tion  o f the  normal phys io logy o f the  in te rrup ted  conduc to rs  in 
the  sp ina l co rd . A  vas t series o f ana tom ico -pa tho log ica l expe rim en ts  in 
animals, and an enorm ous num ber o f c lin ica l cases tha t have been  
m ethod ica lly  fo llow ed  by autopsy, serve  as a founda tio n  fo r th is  
doc trine , w h ich  is un iversa lly a ccep ted  today. Neverthe less, som e  
neuro log is ts , se tting  to  one s ide th e  incon tes tab le  (s ic ) d is tu rb in g  
fa c t tha t func tiona l damage is irrepa rab le , have made know n  h is to log ica l 
obse rva tions o f the partia l regene ra tion  o f neurones and nerve  
fib re s  ... (These investiga tions) have a lso  con firm ed  the o ld  concep t 
o f the essentia l im poss ib ility  o f regene ra tion , show ing  tha t, a fte r a 
m ore or less cons ide rab le  period o f p rog ress, the res to ra tion  is 
para lyzed, g iv ing  p lace to  a p rocess o f a trophy  and de fin itive  b reakdow n  
o f the nerve sp rou ts  ... The gene ra tive  ac ts  occu r on ly  in a small 
num ber o f fib re s  w h ich  are usually o f m ode ra te  and small d iam ete r. The  
immense m a jo rity  o f the conduc to rs  o f the  wh ite  matter, and espec ia lly  
those  o f large ca lib re , undergo degene ra tion  and a trophy  exc lus ive ly  ...

We may add th a t the sp rou ting  o f w h ich  we speak is more genera l and  
v igo rous in young  animals such as ca ts and  dogs a few  days o ld  than in 
adu lt a n im a ls ...

As is we ll known, the op tic  nerve is a cen tra l path, o rgan ised  
ana tom ica lly  like the wh ite  m atter o f the  co rd  ... (and) w ill react to  
traum a tic  v io lence, not like periphera l nerves, bu t like the  sp ina l 
co rd , tha t is, by small and fru s tra ted  regenera tive  acts ..."

Over ha lf a cen tu ry  has passed s ince  Cajal and h is con tem po ra ries
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made these obse rva tions , bu t our unde rs tand ing  o f the fa ilu re  o f adu lt 
m am malian CNS regenera tion has advanced  little  and the re  is s till no  
c lin ica l trea tm en t to  p rom ote res to ra tion  o f fu n c tio n  a fte r traum a tic  
CNS injury. The In troduc tion  to  th is  thes is  (Chap te r 1) de ta ils  the  
cu rren t s ta te o f CNS regenera tion research  and the reader is re fe rred  to  
th is  fo r a fu lle r d iscuss ion  o f the lite ra tu re . However, som e concep ts  
and de fin itions  bear repe tition  here. F irs tly , re g e n e ra tio n  re fers  
spec ifica lly  to  reg row th  o f in te rrup ted  axons and is d is tin c t from  
repara tive  p rocesses such as e longa tion  o f co lla te ra l b ranches from  
e ithe r dam aged o r un in ju red neurons.

Secondly, regenera tive  fa ilu re  cou ld  resu lt from  the inab ility  o f 
cen tra l neurons to  respond to  axo tom y (the  ’Inherent Incapac ity  
H ypo thes is ’) o r the e ffe c ts  o f env ironm en ta l fa c to rs  w h ich  lim it any  
regenera tive  response (the ’Neural E nv ironm en t H ypo thes is ’). The ’GAP 
Hypo thes is ’ sugges ts  tha t ce rta in  p ro te in s  are abso lu te ly  requ ired  fo r 
axonal g row th  and th a t such p ro te ins  m ay be inco rre c tly  regu la ted  a fte r 
CNS injury, due e ithe r to  ’inhe ren t’ o r ’e nv ironm en ta l’ fa c to rs .

Th ird ly , transp lan ta tion  s tud ies  us ing  PNS segm ents g ra fted  to  the  
CNS have show n th a t cen tra l neu rons can  regenera te when p rov ided  w ith  
the  co rrec t env ironm en t (in itia ted  b y  Te llo , Leoz, A rcua te  and Cajal, 
see Cajal, 1928, and conc lus ive ly  recap itu la ted  w ith  m odern tra c ing  
techn iques by Aguayo and co lleagues, see B ray e ta l., 1987). These  
resu lts  prove the  ’Inherent Incapac ity  H ypo thes is ’ to  be in co rre c t and  
dem onstra te  th a t the PNS p rov ides a fa vou rab le  env ironm en t fo r axonal 
g row th  from  cen tra l neurons. It is unc lea r w he the r the CNS does not 
p rov ide  the necessary s igna ls to  in itia te  a  regenera tive  response from  
the  neural soma, or does not sus ta in  d ire c ted  ou tg row th  o f axons.

Fourth ly, a lthough our unde rs tand ing  o f the chem ica l fa c to rs  tha t

lim it regenera tion in the CNS is fa r from  com p le te , the  ce llu la r

e lem ents cons titu ting  a physica l ba rr ie r to  e longa ting  axons have been

partia lly  de lineated. Reactive as trocy tes  them se lves may no t p reven t
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regenera tion  a fte r CNS in ju ry and m ay indeed supp ly  necessary  
neu ro troph ic  fa c to rs  to  su rv iv ing  neu rons (L indsay, 1986). Invasion o f 
f ib rob la s ts  on the o the r hand leads to  the  fo rm a tion  o f a fib rous  glia l- 
m esoderm al sca r and depos ition  o f a g lia  lim itans, e ithe r o f w h ich  may  
be im penetrab le  (Reier, 1986). Recent s tud ies  by Guth e ta l. (1985,

1986) have suggested  tha t CNS regene ra tion  may occu r a fte r sp ina l 
com press ion  les ions from  w h ich  fib ro b la s ts  are exc luded. However, these  
experim en ts d id  no t exc lude the po ss ib ility  th a t some axons may have  
been spared by the com press ion  p rocedu re , nor tha t the  axons v isua lised  
may have arisen from  co lla te ra l sp rou ting .

5.1.1. The Present Study

In co llabo ra tive  experim ents w ith  Prof. M. Berry, Dr. L. Rees and  
Dr. S. S tand ring  (UMDS, Guy’s Hosp ita l, London ), exp ress ion o f GAP-43 by  
re tina l gang lion  ce lls (RGCs) was exam ined by im m unocy tochem is try  a fte r 
transec tion  o f the o p tic  nerve. Desp ite  the  fa ilu re  o f regenera tion , 
axo tom y induced  express ion o f GAP-43 in RGCs, sugges ting  tha t these  
neurons are capab le  o f in itia ting  a regene ra tive  response.

In a second se t o f experim ents, w ith  the  expert ass is tance o f the  
departm en ta l animal surgeon D. G reen, the  m ode l o f sp ina l com press ion  
deve loped by Guth e ta l. (1985) to  e xc lude  fib ro b la s ts  was exam ined fo r  
e levated GAP-43 express ion in neurons. Results p resented in C hapte r 4 
show ed tha t the  sp ina l co rd  con ta ins  s ig n if ic a n t am ounts o f GAP-43 under 
normal c ircum stances, bu t tha t t itra tio n  o f the  anti-GAP-43 fus ion  
p ro te in  antise rum  a llow s h igh local con cen tra tio ns  o f GAP-43 to  be 
v isua lised in active ly  e longa ting  axons. A n tise rum  was the re fo re  used  
at a concen tra tion  w h ich  a llowed e leva ted  levels o f GAP-43 to  be 
d isce rned in axons pene tra ting  the les ion , show ing  tha t these axons are  
new ly sprou ted  and no t mere ly spared from  des tru c tion  du ring  trauma. It 
was no t poss ib le  to  determ ine w he the r these are regenera ting  axons or 
co lla te ra l sprouts .
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5.2. Results

5.2.1. O ptic Nerve Studies

5.2.1.1. GAP-43 In Non-Regenerating Retinal G anglion Cells

To exam ine the response o f RGCs to  axo tom y, sec tions o f re tina  and  
op tic  nerve were exam ined by doub le  im m uno fluo rescence  w ith  anti-GAP-43  
fu s ion  p ro te in  an tise rum  (d ilu ted  1 /10000 ) and m onoc lona l an tibod ies  
aga ins t m ye lin  bas ic p ro te in  (MBP) at severa l tim e po in ts  up to  15 days  
a fte r in trao rb ita l transec tion  o f the  o p tic  nerve and re -anastom osis o f 
the  severed ends. In con tro l an im a ls and in opera ted  an im a ls a t 2 days  
a fte r transec tion , GAP-43 was res tric ted  to  the p lex ifo rm  layers o f the  
re tina  and was absen t from  the axons o f the  RGCs in the nerve fib re  
layer and the head o f the  op tic  nerve, in c lud ing  the  unm yelina ted  
po rtio n  beh ind  the g lobe (lam ina c r ib ro s a )  (F igure 5.1.). No GAP-43 was  
de tec ted  in RGC axons o f unopera ted  o p tic  nerve, whereas a few  GAP-43+ 
axons were p resent a t the  retina l s ide  o f the  anas tom os is  2 days a fte r 
transec tion . By 5 days a fte r tra nse c tion  the  en tire  re tina l s tum p was  
packed w ith  GAP-43 + RGC axons w h ich  extended  to  the s ite  o f anastom osis  
and in some instances sp rou ts  appeared to  pene tra te  in to  the  d is ta l 
stum p. These GAP-43 + fib res  pers is ted  to  15 days a fte r transec tion , bu t 
gradua lly  became res tric ted  to  the re tina l s ide  o f the  anastom osis , as 
if the pene tran t sp rou ts  had degenera ted  (F igure 5.2.). The nerve fib re  
layer o f the  re tina and the  lam ina c r ib ro s a  were bo th  packed w ith  GAP- 
43 + axons at 15 days a fte r transec tion , con firm in g  the RGCs as the  
source o f the GAP-43 im m uno reac tiv ity  (F igure 5.1.).

The nature o f the GAP-43 im m uno reac tiv ity  was inves tiga ted  by  
W estern  b lo ttin g  o f o p tic  nerve 10 days a fte r transec tion  w ith o u t re 

anastom osis . A  s ing le  im m unoreac tive  band was found , w h ich  co-m ig ra ted  
w ith  purified  neonata l GAP-43 (F igure 5.3.).
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Figure 5.1.
Staining of retina and the head of the optic nerve with anti-GAP-43 

antiserum (a,b,d and e). Double labelling of the optic nerve head with a 
monoclonal antibody against MBP is also presented (c and f).

A,B and C. 2 days after transection, GAP-43 is restricted to the 
plexiform layers of the retina (a) and is absent from RGC axons in the 
nerve fibre layer (arrowheads) and the head of the optic nerve (b). MBP is
absent from the lamina cribrosa at the retinal tip of the optic nerve (c).

D,E, and F. 15 days after transection, GAP-43 can be seen in RGC
axons in the nerve fibre layer of the retina (arrowheads) and the lamina
cribrosa (e), which still contains no MBP (f).

Scale bars in a and b (refers also to c,d,e and f), 50 yum.
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Figure 5.2.

Double labelling of the site of optic nerve transection with 
anti-GAP-43 fusion protein antiserum diluted 1/10,000 (a,c,e,g and i) , 
and monoclonal antibodies against MBP (b,d,f,h and j). The retinal 
stump is to the left in all instances.

A and B. At 2 days after transection, brightly fluorescent 
erythrocytes mark the site of transection. A few severed axons are 
GAP-43+ on the retinal side of the anastomosis (arrowheads in a).

C and D. At 5 days after transection, GAP-43+ axons (c) 
accumulate in the retinal stump and a few appear to penetrate the 
degenerating myelin in the junctional zone. Site of transection is 
marked with a dashed line.

E,F,G and H. Although the myelin debris has been removed from the 
junctional zone (f and h), most of the GAP-43+ axons at 7 and 10 days 
after transection appear to be restricted to the retinal stump of the 
optic nerve (e and g), although a few still penetrate beyond the site of 
transection (marked with a dashed line).

I and J. At 15 days after transection, GAP-43+ axons are 
restricted to the retinal stump of the optic nerve and do not penetrate 
beyond the site of transection (marked with a dashed line).

Scale bar in a, 50 gm.
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Figure 5.3.

W e s te rn  b l o t s  o f  h o m o g e n is e d  r e t i n a l  s tu m p  o f  o p t i c  n e r v e  10 d a y s  

a f t e r  t r a n s e c t i o n  ( w i t h o u t  r e a n a s t o m o s i s )  a n d  p u r i f i e d  CNS G A P-43  

s t a i n e d  w i t h  a n t i - G A P - 4 3  f u s i o n  p r o t e i n  a n t i s e r u m  o r  p re - im m u n e  se ru m  

d i l u t e d  1 / 1 0 0 0 .  The RMM o f  s t a n d a r d  p r o t e i n s  a r e  m a rk e d  t o  t h e  r i g h t  

and  p r e s t a i n e d  f u m a r a s e  (RMM 4 8 . 5  k D )  i s  i n c l u d e d  as  a r e f e r e n c e  f o r  

t h e s e .

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

p r e p a r a t i o n s .  A n t i - G A P - 4 3  f u s i o n  p r o t e i n  a n t i s e r u m  o n l y  r e c o g n i s e d  

GAP-43 a n d  t h e r e  w e re  no  c r o s s - r e a c t i n g  p r o t e i n s  i n  t h e  o p t i c  n e r v e  

s tu m p .
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5.2.2. Spinal Cord Studies

Initial s tud ies  were undertaken to  rep lica te  the sp ina l co rd  
com press ion  m ode l o f Guth e ta l. (1985) to  p roduce  a les ion w h ich  
in te rrup ted  w h ite  m atte r axon trac ts , b u t d id  not a llow  in filtra tio n  o f 
connec tive  tissue elements, even tua lly  lead ing  to  sp ina l cord  
recons truc tion  and axonal g row th . U s ing  a 1 second  com press ion  time, it 
was found tha t com p le te  c losure  o f the  fo rcep s  p roduced  a to ta l and  
irreparab le  in te rrup tion  o f the sp ina l co rd  (gray and w h ite  matter), 
w h ich  d id  no t show  any s igns o f re con s tru c tio n  a lthough  the  m eninges  
rem ained in tac t. However, lim itin g  the  com press ion  to  a se t d is tance  
(1.5 mm) fo r 1 second  y ie lded h igh ly  va riab le  resu lts , from  neg lig ib le  
tissue damage to  a lm ost to ta l in te rrup tio n . These s tud ies a lso showed  
our in itia l assum ption , tha t co rd  d iam e te r w ou ld  be cons tan t am ongst 
an im a ls o f the same body we ight, to  be  inco rrec t.

Consequen tly , the com press ion  dev ice  described  in M ateria ls and

M ethods was des igned and con s tru c te d  w ith  the a id o f Dr. R. L indsay

(Sandoz Institu te , London). Th is enab led  the  co rd  d iam ete r to  be

measured to  w ith in  0.1 mm, p rio r to  com p ress ion  by a p rede te rm ined

percentage o f th is  d is tance . H is to log ica l dam age was found  to  be

re la ted to  the seve rity  o f the lesion, in a cco rdance  w ith  o the r m ode ls

o f sp ina l co rd  in ju ry (W ratha ll e ta l. , 1985). 50% com press ion  gave

m in im al s igns o f tissue d is rup tion , w h ile  com press ion  by 70% o f the cord

d iam ete r p roduced  resu lts s im ila r to  to ta l o cc lu s ion  (da ta  no t shown).

However, com press ion  by 60% o f the  co rd  w id th  y ie lded an in te rm ed ia te

les ion essen tia lly  as described by G u th  e ta l. (1985). (These au tho rs

c la im ed tha t the  in itia l phase o f axona l loss was fo llow ed  by

regenera tion o f the wh ite  m atte r tra c ts  bu t, w h ile  we observed loss o f

axons in wh ite  m atte r trac ts  ad jacen t to  the  lesion, no regene ra tion  o f

these pathways was ev iden t.) A cco rd in g ly , a 60% com press ion  fo r 1

second was adop ted  as a s tandard su rg ica l traum a and the subsequen t

s tud ies were all perfo rm ed on an im a ls rece iv ing  th is  trea tm en t. It
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shou ld  be noted th a t the lesion is un ila te ra l, in th a t the re  is m ovem ent 
o f on ly  one b lade o f the fo rceps. C on tro l an im a ls rece ived lam inectom y  
a t T5 only, w ith o u t inse rtion  o f the fo rceps .

Post-opera tive  degenera tive  changes and recons truc tion  o f the cord  
were  fo llow ed  in an im a ls sacrificed  1 hour, 24 hours, 48 hours, 4 days,

1 week, 2 weeks and 3 weeks a fte r surge ry , w ith  a t least 3 an im a ls at 
each time. Long -te rm  changes were a lso  observed in an im a ls m ain ta ined  
up to  12 weeks post-opera tive . C o rds  were  em bedded in po lyeste r wax and  
5 f jm  seria l ho rizon ta l sec tions w ere  cu t. A reas o f in te rest were  
iden tif ie d  by to lu id ine  b lue s ta in ing , and consecu tive  sec tions from  
these reg ions were sub jec ted  to  s ilve r s ta in ing  (fo r axons) and  
im m unos ta in ing  fo r GFAP (as a m arke r fo r  as trocytes), MBP (as a m arker 
fo r o ligodend rocy tes ), neu ro filam en t (as a m arke r fo r axons), Von  
W ille b rand ’s Facto r (as a m arker fo r endo the lia l ce lls) and GAP-43. 
Anti-GAP-43 fus ion  p ro te in  an tise rum  was used a t d ilu tio n  o f 1 /30 ,000 , 
w h ich  is be low  the  lim it fo r de tec ting  GAP-43 in the  normal adu lt ra t 
sp ina l cord .

5.2.2.1. Developm ent O f The Lesion

The deve lopm en t o f the les ion  was fo llow ed  by s ilve r s ta in ing  fo r

axons and by GFAP, MBP and neu ro filam en t im m unoh is tochem is try . A ll

these p rocedu res a llowed c lear d is tin c tio n  between w h ite  and g ray m atter

and iden tif ica tion  o f dam aged tissue. In a dd itio n , the  s ite  o f

com press ion  cou ld  o ften  be iden tif ie d  by re s tric tion  in the w id th  o f the

co rd  w h ich  pers is ted fo r several weeks. A t 1 hour post-opera tive , the

les ion was cha racte rised  by extens ive  haem orrhage and accum u la tion  o f

tigh tly -packed  e ry th rocytes , w h ich  appeared  da rk in s ilver s ta ined

m ateria l and fluo resced b righ tly  in im m unos ta ined  sec tions (F igure

5.4.). The les ion was res tric ted  to  the  co re  o f the spinal cord ,

a ffe c ting  the gray m atte r p redom inan tly . The wh ite  m atte r was large ly

undam aged, a lthough the tissue had a ’sp o n g y5 appearance (due to  the
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sepa ra tion  o f axon fasc ic les ) and reduc tio n  o f neu ro filam en t and s ilver 
s ta in ing  was ev iden t in tra c ts  ad jacen t to  the  lesion. There were no  
s igns o f reactive  g lios is  and m yelin was in ta c t in ad jacen t w h ite  and  
g ray matter, in c lud ing  the  separated axon fa sc ic les  m en tioned above.

A t 24 hours post-opera tive , the  les ion  had becom e pale in s ilver 
s ta ined  materia l, sugges ting  d ispe rs ion  o f e ry th rocy tes  and these ce lls  
w ere  found  to  be less dense ly packed in im m unosta ined  sec tions (F igure

5.5.). Th is revealed the  presence o f cav ities , w h ich  were filled  w ith  
the  d ispersed e ry th rocy tes  and a few  axon fa sc ic les  o f the  w h ite  matter, 
w h ich  appeared to  be m ye lina ted . D is rup tion  o f the  tissue was more  
appa ren t in the g ray m atter, w h ile  the  w h ite  m a tte r showed cons ide rab le  
s tru c tu ra l con tinu ity . Num erous re tra c tio n  buds were v is ib le  in the  
w h ite  m atte r a round the  les ion in s ilve r and neu ro filam en t s ta ined  
sec tions , in agreem ent w ith  Cajal (1928), and the  lateral fun icu li were  
b ila te ra lly  a ffec ted  by the  loss o f s ilve r and neu ro filam en t s ta in ing , 
sugges ting  axo tom y o f som e long fib re  tra c ts . However, o the r axons in 
the  w h ite  m atte r rem ained in tact. E xtens ive  a s tro cy tic  g lios is  was  
ev iden t a t the  m arg ins o f the lesion, e spec ia lly  in the  lateral fun icu li 
w here  large reactive  astrocy tes  cou ld  be seen extend ing  p rocesses  
d iagona lly  tow a rds the g lia  lim ita n s . Reactive  as trocy tes  cou ld  be seen  
in  ’spongy ’ reg ions o f the  lateral fun icu li w he re  axonal dam age had  
occu rred . However, the  d is tr ib u tio n  o f m ye lin  a round  the cav ities  
appeared normal, in c lud ing  the axons in the  ’spongy ’ w h ite  m atter.

A t 48 hours post-opera tive , the  les ion  appeared genera lly  s im ila r 
to  th a t seen at 24 hours. Reactive a s tro cy te s  had w ithd raw n  from  the  
’sp o ngy ’ reg ions o f the lateral fun icu li bu t the  m ye lin  remained in tact. 
Gray m atter had com p le te ly  degenera ted  w ith in  the cav ities, bu t 
rem a in ing  wh ite  m atte r cou ld  be iden tif ie d  by the p resence o f m ye lina ted  
axons. There was, however, cons ide rab le  loss o f axons in the wh ite  
m atte r and many re trac tion  buds were v is ib le .
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Figure 5.4.

1 hour after 60% spinal cord compression.

A. Full width view of a section impregnated with silver to reveal 
axons (xlO). Scale bar, 250 fim.

B. High power view of the same section (x25, asterisk marks 
equivalent position in both micrographs). Scale bar, 100 /xm.

Darkly stained erythrocytes reveal extensive haemorrhage 
predominantly in the gray matter (GM) but also in the white matter (WM) . 
The axons of the white matter appear to be mostly intact.

C and D. Double label with monoclonal antibody against MBP (c) 
and polyclonal antiserum to GFAP (d). Scale bar in c, 250 /xm.

Although brightly fluorescent erythrocytes can be seen, the glial 
response to trauma is minimal at 1 hour. Beyond the area of haemorrhage 
myelin distribution appears to be normal in white and gray matter and 
there is no evidence of astrocytic reaction.
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Figure 5.5.

24 and 48 hours after 60% spinal cord compression.

A. Full width view of a 24 hours post - operative section 
impregnated with silver to reveal axons (xlO). Scale bar, 250 fim.

B. High power view of the same section (x25, asterisk marks 
equivalent position in both micrographs). Scale bar, 100 /zm.

The structure of the cord is well preserved either side of the 
lesion site. Within the lesion, the gray matter (GM) has been destroyed 
and replaced by erythrocytes. The white matter (WM) is characterised by 
a reduction in axonal staining (silver impregnation) and the presence of 
numerous retraction buds (arrows in B). Many axons remain undamaged 
however, and pass through the lesion (arrowheads in B) . The dorsal 
funiculus is particularly well preserved (area marked by large arrows in 
A).

C and D. Double label at 48 hours post-operative with monoclonal 
antibody against MBP (c) and polyclonal antiserum to GFAP (d). Scale 
bar in c, 250 fim.

An intense gliosis is evident around the lesion with reactive 
astrocytes extending diagonally oriented processes towards the glia 

limitans at the meningeal surface of the cord. Adjacent white matter 
tracts remain myelinated, including the axons in the 'spongy' tissue 
within the ring of reactive astrocytes.

E. Adjacent section to C and D stained with RT97 monoclonal 
antibodies against neurofilament protein (48 hours post-operative). 
Although retraction buds can be seen containing the phosphorylated RT97 
epitope, some white matter axons are preserved intact adjacent to the 
lesion cavity. Scale as in C.
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Degenera tive changes con tinued  a t 4 and 7 days post-opera tive , 
w ith  the  cav ities  and ’spongy ’ w h ite  m a tte r becom ing  more de fined  
(F igure 5.6.). R e trac tion buds were appa ren t a t the m arg ins o f the  
cav ities , particu la rly  in the wh ite  m atte r. M ost o f the e ry th rocytes  
had d isappeared and the cav ities  w ere  now  fille d  w ith  larger round  
ce lls , w h ich  were trans lucen t in s ilve r s ta ined materia l and non- 
f luo rescen t in im m unosta ined sec tions . These m ost like ly co rrespond  to  
the  m ononuc lea r ce lls  obse rved by  Guth e ta l. (1985) in cav ities  
resu lting  from  sp ina l co rd  com press ion . Reactive as trocy tes  were  
occas iona lly  p resen t w ith in  the cav itie s  w h ich  were bounded by an  
in tense a s tro cy tic  g lios is , a lthough  the ad jacen t ’spongy ’ w h ite  m atte r 
rem ained free o f astrocytes. A xons  and m ye lin  were s till in ta c t in 
these reg ions, ex is ting  ins ide the r ing  o f reac tive  g lios is .

In te resting ly , the  processes o f the reac tive  as trocy tes  had becom e more  
long itud ina lly  a ligned by 7 days.

The exten t o f the les ion was h igh ly  variab le , com p ris ing  one or 
m ore cav ities. S ing le cav ities w ere in the  o rde r o f 1 mm long and w ide, 
bu t m ultip le  cav ity  les ions extended fo r as m uch as 10 mm. Notab ly, 
w h ite  and g ray m atte r were not d is rup ted  away from  the  v ic in ity  o f the  
cavities, excep t where wh ite  m a tte r tra c ts  were in te rrup ted  by tw o  
cav ities  and the  in te rven ing  segm ent con ta ined  many re trac tion  buds and  
m uch axonal debris .
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Figure 5.6.

7 days after 60% spinal cord compression.

A. 3/4 width view of a section impregnated with silver to reveal 
axons (lOx lens). Scale bar, 250 fim.

Gray matter (GM) cavities have become well defined and white 
matter (WM) contains axonal debris and retraction buds, although some 
axons appear to remain intact.

B and C. An adjacent section to A (from the same animal) double 
labelled with monoclonal antibody against MBP (b) and polyclonal 
antiserum to GFAP (c). Scale bar in b, 250 fim.

The cavity is bordered by normally-distributed myelin and densely 
packed reactive astrocytes in white and gray matter. Some myelinated 
axons persist inside the border of astrocytes. Note that the astrocytic 
processes have become predominantly longitudinal in orientation.
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A t 2 and 3 weeks post-opera tive , degene ra tive  changes appeared to  
have ceased and the re  was some ev idence  o f recons truc tion , a lthough less 
than  suggested by Guth e ta l. (1985). A s tro cy te s  began to  repopu la te  
the  areas o f ’spongy ’ w h ite  matter, so th a t by  3 weeks the  g ray m atter 
cav ities  were bounded by in tac t m ye lina ted  wh ite  m atte r tra c ts  o f the  
la tera l fun icu li con ta in ing  large num bers o f reactive  as trocy tes  (F igure

5.7.). The dorsa l and ventra l fu n icu li appeared to  cons is t la rge ly o f 
un in te rrup ted  axons, leaving para lle l cav itie s  in the g ray m atte r 
separated by s tr ip s  o f w h ite  m atter. Some axons pene tra ted  the ring  o f 
g lios is  and entered the cavity, w h ich  con ta ined  m ononuc lea r ce lls  
engo rged  w ith  axonal and myelin deb ris . S truc tu res resem b ling  g row th  
cones were seen ad jacen t to , and in  som e ins tances ins ide, the  
cavities. However, it was not poss ib le  to  d is tingu ish  unam biguous ly  
these s truc tu res  from  re trac tion  buds , w h ich  show  s im ila r m orpho logy to  
g row th  cones in the ligh t m ic roscope .

The les ion remained essen tia lly  s ta tic  a t la te r s tages w ith  rings  
o f in tense g lios is  pers is ting  a round one o r m ore cav ities  up to  12 weeks  
post-opera tive .

C on tro l an imals, wh ich  rece ived on ly  T5 lam inectom y, m ostly  showed  
no s igns o f h is to log ica l damage and  appeared qu ite  norm al in s ilver 
sta ined materia l and im m unosta ined sec tio ns  at all tim e po in ts . Both  
w h ite  and g ray m atte r remained in ta c t and the re  was no as tro cy tic  
reaction . In a few  cases, however, m o rpho log ica l dam aged was noticed  
w h ich  was assoc ia ted  w ith  loss o f axons and reactive  g lios is . Th is was  
p robab ly  due to  con ta c t o f the sc isso rs  w ith  the co rd  du ring  the  
lam inectom y.
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Figure 5.7.

3 weeks after 60% spinal cord compression.

A. Full width view of a section impregnated with silver to reveal 
axons (xlO) . Scale bar, 250 /xm.

B. High power view of the same section (x40 oil immersion phase 
contrast, asterisk marks equivalent position in both micrographs). 
Scale bar, 50 fim.

Gray matter (GM) cavities are bordered by normal-looking gray and 
white matter. Axons remaining in white matter (WM) tracts appear to be 
uninterrupted and span the lesion site. Two potential growth cones are 
visible at the gray matter boundary of one cavity (small arrows in b). 
Axons inside the cavity (large arrows) can be seen running along a 
tubular structure (arrowheads, possibly a capillary) made visible with 
phase contrast optics.

C. D and E. Adjacent sections to A (from the same animal).
C and D. Section double labelled with monoclonal antibody against 

MBP (c) and polyclonal antiserum to GFAP (d). Scale bar in c, 250 fim.
Myelin appears to be distributed normally around the cavities, 

which are bordered by a dense ring of reactive astrocytes.
E. Stain for axonal neurofilament protein (RT97 monoclonal 

antibody) showing that intact axons traverse the lesion site in the 
white matter, same scale as C.
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5.3.2.2- Expression Of GAP-43 A fte r 60% Spinal Cord Com pression

Previous s tud ies  have show n  th a t th e  levels o f GAP-43 in the  
normal adu lt sp ina l co rd  can be v isua lised  w ith  the anti-GAP-43 fus ion  
p ro te in  an tise rum  a t a concen tra tio n  o f 1 /10 ,000  and th a t s ta in ing  is 
los t by fu rthe r d ilu tio n  to  1 /20 ,000  (see C hap te r 4). There fo re , 
e levated exp ress ion  o f GAP-43 by regene ra ting  neurons w as m on ito red  by  
the  use o f the  an tise rum  at a d ilu tio n  o f 1 /30 ,000 . Tw o  changes were  
noted  in the  d is tr ib u tio n  o f GAP-43 a fte r sp ina l co rd  com press ion .

F irst, neurona l perikarya  in the g ra y  m a tte r ad jacen t to  the  cav ities  
became GAP-43 im m unoreactive  (and som e a lso expressed RT97 sta in ing ), 
and second ly , GAP-43 + axons w ere  v is ib le  around , and som etim es w ith in , 
the  les ion (F igure 5.8.).

GAP-43 was firs t apparen t a t 2 days a fte r su rge ry in neurona l som a  
in  the g ray  m atte r ad jacen t to  the  les ion  and  by 4 days pos t-ope ra tive  a 
regenera tive  response was ev iden t by the  express ion  o f GAP-43 in axons  
a round  the  cav ities . GAP-43 + cell bod ies  were res tric ted  to  the  gray  
m atte r w ith in  1 mm o f cav ities and in m any ins tances these a lso  
con ta ined  RT97 im m unoreactive  neu ro filam en t p ro te in , and the re fo re  
p robab ly  represen ted  neurons axo tom ised  by the phys ica l traum a o f the  
surge ry (G o lds te in  e ta l., 1987; Shaw  e ta l. , 1988; M ansour e ta l. ,

1989). These GAP-43 + perikarya becam e m ore num erous by 7 days pos t

operative , bu t then  began to  decrease in num ber and s ta in ing  in tens ity  
so  tha t they were no t de tected  a fte r 3 weeks.

GAP-43+ axons (con ta in ing  RT97+ im m uno reac tiv ity ) were p resen t in

the wh ite  and gray m atter at the m arg ins  o f the  cav ities, and cou ld  be

seen in w h ite  m atte r trac ts  several m illim e tres from  the  lesion. By 7

days post-opera tive , GAP-43 + axons cou ld  be seen en te ring  the  cav ities

and these increased in num ber up to  3 w eeks a fte r su rge ry (F igure 5.9.a,

b). However, m ost axons in the w h ite  m a tte r tra c ts  a t the edges o f the

cav ities  d id  no t con ta in  e levated leve ls o f GAP-43 and were the re fo re

p robab ly  spared from  axo tom y by the  phys ica l traum a o f the surge ry
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(F igure 5.9 .c, d). Th is  is cons is ten t w ith  the  neu ro filam en t and s ilver 
s ta in ing  data  p resented earlier, w h ich  dem ons tra ted  th a t w h ite  m atte r 
rem ained large ly in tac t. These GAP-43 + axons pers is ted ins ide the  
cav ities  and a t the ir edges up to  12 weeks pos t-opera tive , show ing  tha t 
these regenera tive  sp rou ts  surv ive  fo r cons ide rab le  pe riods o f time. 
However, bund les o f GAP-43 + axons cou ld  no t be traced  a round  o r th rough  
the  lesions, sugges ting  th a t success fu l regene ra tion  had no t o ccu rred  
and tha t the axons observed by Guth e ta l. (1985) to  be b rid g ing  the  
cav ities  had p robab ly  been spared from  axo tom y by the  surg ica l traum a  
(see D iscuss ion).

In the m a jo rity  o f con tro l an imals, e leva ted  GAP-43 was no t 
de tec ted  in neuronal cell bod ies or axons. However, e levated GAP-43 
leve ls were assoc ia ted w ith  those an im a ls  show ing  s igns o f m orpho log ica l 
damage. It is like ly  tha t these an im a ls had rece ived uncon tro lled  
sp ina l co rd  traum a du ring  lam inectom y, resu lting  in some axo tom y and  
subsequen t GAP-43 up-regu la tion .
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Figure 5.8.

GAP-43 expression (revealed with anti-GAP-43 fusion protein 
antiserum diluted 1/30,000) in neuronal perikarya and axons 1-2 weeks 
after 60% spinal cord compression.

A and B. Double labelling of two cell bodies in gray matter 
adjacent to a cavity 1 week post-operative with anti-GAP-43 antiserum 
(a) and RT97 monoclonal antibody (b) against neurofilament protein. 
Scale bar in a, 50 fim.

C and D. An axon in 'spongy' white matter (arrowheads) adjacent 
to a cavity at 1 week after surgery contains both GAP-43 (c) and RT97 
(d) immunoreactivities. Note the presence of GAP43+ club-like ending 
with filopodia (arrow), which may represent a growth cone. Scale bar in 
c, 50 /xm.

E and F. Axons and a cell body (arrowhead) expressing GAP-43 (e) 
in the gray matter 2 weeks post-operative. Note that the cell body also 
contains RT97+ neurofilaments. Scale bar in e, 50 fim.

G. Two GAP-43+ axons terminate at the boundary of a large cavity 
at 2 weeks after surgery. Scale bar, 50 fim.
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5.2.2.3. C haracte risation Of Axonal Substrates

Using the  presence o f e levated GAP-43 to  iden tify  e longa ting  
axons, an a ttem p t was made to  estab lish  the  subs tra tes fo r axonal 
ou tg row th  in the  adu lt CNS. Guth e ta l. (1985) p roposed tha t, in the  
absence o f g lia l-m esoderm a l scar fo rm a tion , long itud ina lly  o rien ted  
ependym al ce lls, a s tro cy tic  p rocesses o r cap illa ry  endo the lia  fo rm ed  the  
’spe c ific  ce llu la r te rra in  fo r g row th  o f axons in to  a sp ina l co rd  
le s ion ’. T o  address the ro le o f a s trocy tes  in axonal e longa tion , doub le  
labe lling  was perfo rm ed w ith  anti-GAP-43 fu s ion  p ro te in  an tise rum  
(d ilu ted  1 /30 ,000 ) and m onoclona l a n tib od ie s  aga ins t GFAP. Due to  the  
p rese rva tion  o f num erous axons and  the  extens ive  g lios is  a round  the  
les ion , ana lys is o f GAP-43 and GFAP s ta in ing  pa tte rns was on ly  feasib le  
w ith in  the cav ities. Here, m ost G AP -43+ axons cou ld  be c lea rly  seen in 
th e  absence o f a s tro cy tic  p rocesses (see F igure 5.9.e, f), a lthough  
som etim es GFAP+ p rocesses w ere  assoc ia ted  w ith  these g row ing  axons. 
Th is  does not, the re fo re , exc lude a pos itive  ro le fo r astrocy tes  in the  
gu idance  o f axon sprou ts , bu t s tro ng ly  sugges ts  tha t o ther ce llu la r  
e lem en ts can p rov ide  app rop ria te  subs tra tes .

In som e instances, axons w ith in  the  les ion cav ities  were seen to

be in appos ition  to  e longa ted tubu la r s tru c tu re s  (see F igures 5 .7 .b and

5.9 .f), p robab ly  co rrespond ing  to  the  new ly -fo rm ed cap illa ries w h ich

in filtra te  the  lesion s ite  (Guth e ta l., 1985). C ap illa ry  endo the lia

are know n to  p ro life ra te  and m ig ra te  in response to  CNS traum a (O rita  e t

a!., 1989) and a lso to  possess several adhes ion  m olecu les on the ir

su rface  (Pakaski e ta l., 1990; Unemori e ta l. , 1990). To  inves tiga te

th is  fu rthe r, doub le  labe lling was a ttem p ted  w ith  the  91E12 m onoc lona l

an tib ody  aga ins t GAP-43 (Goslin e ta l. , 1988) and po lyc lona l an tise rum

aga ins t V on  W illeb rand ’s fa c to r (fa c to r V lll-re la ted  an tigen ) w h ich  is a

m arke r fo r  endo the lia l ce lls (Sehested e ta l. , 1981). U n fo rtuna te ly ,

the  p ro tease trea tm en t requ ired to  v isua lise  Von  W illeb rand ’s fa c to r in

pa ra fo rm a ldehyde-fixed  po lyeste r w ax-em bedded  tissue was no t com pa tib le
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w ith  m ain tenance o f the 91E12 ep itope , so  doub le  labe lling  was not 
feas ib le  and it cou ld  no t be exc luded th a t the  tubu la r s tru c tu res  in 
assoc ia tion  w ith  GAP-43+ axons were com posed o f ependym al ce lls ra the r 
th a t ep ithe lia . However, the d is tr ib u tio n  o f Von W illeb rand ’s fa c to r  
revea led the nature o f vascu la r changes in the com pressed co rd  to  be 
cons is ten t w ith  a ro le  in d irec tiona l axona l gu idance  th rough  the  lesion  
(da ta  no t shown).

In normal unopera ted animals, the re  was a d is tin c tive  pa tte rn  o f 
s ta in ing  assoc ia ted w ith  the cap illa ry  endo the lia . G ray m atte r 
con ta ined  a large num ber o f appa ren tly  random ly-o rien ted  b lood  vessels, 
evidenced  by rings o f im m unoreac tiv ity . There were fewer cap illa ries in 
the  wh ite  m atte r bu t these were m ore long itud ina lly  o rien ted , a lthough  
it was d iff ic u lt to  fo llow  these vesse ls fo r any d is tance  ind ica ting  a 
som ewhat e rra tic  course th rough  the  tissue . By 24 hours post-opera tive , 
subs tan tia l changes were ev iden t in d ic a tin g  neovascu la risa tion  towards  
and in to  the les ioned area. In the g ra y  m atte r, cap illa ries had becom e  
m ore long itud ina lly  o rien ted  wh ile  the  w h ite  m atte r con ta ined  an  
increased num ber o f long itud ina l vesse ls . In add ition , large b ranch ing  
vesse ls were seen ob lique ly  pene tra ting  the  w h ite  m atter. T h is  trend  
con tinued  at 2, 4 and 7 days pos t-ope ra tive  when increas ing  num bers o f 
la rge long itud ina l cap illa ries cou ld  be seen trave rs ing  the  les ion site  
in  the ’spongy ’ w h ite  m atte r tra c ts  and  en te ring  the cav ities.
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Figure 5.9.

Expression of GAP-43 (revealed with anti-GAP-43 fusion protein 
antiserum diluted 1/30,000) by axons inside lesion cavities at 2 and 3 
weeks after 60% spinal cord compression.

A and B. Double labelling of a bundle of axons with anti-GAP-43 
antiserum (a) and RT97 monoclonal antibodies against neurofilament 
protein (b). All RT97+ axons in the cavity at 3 weeks after surgery are 
also GAP-43+.

C and D. Axons in a 3 weeks post-operative cavity (arrowheads) 
contain GAP-43 (c) and RT97 (d) immunoreactivities, while undamaged 
RT97+ axons in the 'spongy' white matter at the edge of the cavity 
(bottom half of field) do not contain GAP-43.

E and F. Double labelling of axons in a 2 weeks post-operative 
cavity with anti-GAP-43 antiserum (e) and monoclonal antibodies against 
GFAP (f). GAP-43+ axons (arrowheads in e) are mostly associated with 
GFAP- tubular structures (possibly capillaries, arrows in f), although a 
few astrocytic processes (arrowheads in f) appear to be co-localised 
with some axons.

Scale bar in a, 50 /zm.
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5.3. D iscussion

5.3.1. O ptic  Nerve Studies

5.3.1.1. GAP-43 Expression In N on-R egenerating Retinal G anglion Cells

Im m unoreactive  GAP-43 is e ssen tia lly  absen t from  RGC axons in the  
norm al re tina  and op tic  nerve. A t 2 days a fte r transec tion , no GAP-43 
cou ld  be v isua lised  in the nerve fib re  layer o f the re tina  and the  
lam ina c r ib ro sa  suggesting  th a t axona l tra n sp o rt o f GAP-43 by RGCs had  
no t increased a t th is  stage. However, GAP-43 cou ld  be de tec ted  a t the  
d is ta l tip s  o f these transec ted  axons in the  re tina l s tum p o f the  op tic  
nerve. Th is  cou ld  be due to  accum u la tio n  in the  severed axons o f GAP-43  
w h ich  is know n  to  be synthes ised and  an te rog rade ly  transpo rted  in small 
am oun ts in  the  RGCs o f normal an im a ls  (Skene and W illa rd , 1981b). The  
d ilu tio n  o f anti-GAP-43 fus ion  p ro te in  an tise rum  fo r im m unoh is tochem ica l 
s ta in ing  o f these small am ounts w as no t de te rm ined . It is su ffic ie n t to  
note  tha t the  d ilu tio n  used in th is  s tu d y  (1 / 1 0,000) was able to  
d isc rim ina te  between the levels o f GAP-43 in the  norm al adu lt op tic  
nerve and h ighe r levels induced b y  RGC axo tom y. From  5 days a fte r  
transec tion , GAP-43 cou ld  be v isua lised  th ro ughou t the  en tire  exten t o f 
the  RGC axons, from  the nerve fib re  layer in the  re tina  to  the  
anastom os is  site. In the absence o f a pe riphe ra l nerve g ra ft, GAP -43+ 
regenera tive  sprou ts , w h ich  at 5 days a fte r transec tion  extended  across  
the  anastom osis and in to  the d is ta l s tum p, subsequen tly  d isappeared and  
by 15 days a fte r transec tion  GAP-43 becam e res tric ted  to  the re tina l 
stum p. Th is is cons is ten t w ith  the degene ra tion  o f in itia lly  
regenera ting  axons a fte r o p tic  nerve sec tio n , as noted by Cajal (1928). 
Anas tom os is  o f a periphera l nerve segm ent, however, enab led  these GAP- 
43 + regenera tive  sp rou ts  to  pe rs is t and e longa te  beyond the s ite  o f 
transec tion  (da ta  no t shown).

The nature o f the GAP-43 im m uno reac tiv ity  expressed by adu lt RGCs
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w as inves tiga ted  in W estern b lo ts  o f p ro te ins  from  op tic  nerve a fte r 
tra nse c tion  w ith o u t anastom osis. O n ly GAP-43 was de tec ted  in these  
b lo ts  and the re  were no c ross -reac ting  p ro te in  bands.

It is unc lea r from  the lim ited tim e  cou rse  o f these s tud ies  how  
long  GAP-43 wou ld  rem ain e levated in the  transec ted  RGC axons. The  
regu la tion  o f GAP-43 by in trin s ic  and env ironm en ta l fa c to rs  is 
incom p le te ly  unde rs tood , bu t s tud ies  o f pe riphe ra l nerve (B isby, 1988) 
have shown th a t GAP-43 rem ains e leva ted  fo r over 100 days if 
regene ra tion  is im peded whereas leve ls re tu rn  to  con tro l va lues over 
th is  period if regenera tion  is a llow ed to  p roceed . Th is  sugges ts  tha t 
GAP-43 syn thes is  may be regu la ted  by a ta rge t-de rived  fa c to r(s ), 
a lthough  th is  does no t appear to  be NGF (Verge et a l., 1990).

It has been p roposed tha t neu rons o f the  CNS do  no t respond  to  
axo tom y by increased synthes is and axona l tra nspo rt o f GAP-43 and tha t 
th is  underlies the  fa ilu re  o f these ce lls  to  regenera te  success fu lly  
(Skene and W illa rd , 1981b; Skene, 1984). The resu lts p resen ted  here  
show  tha t GAP-43 becom es de tec tab le  by  im m unocy tochem ica l means w ith in  
5 days o f o p tic  nerve transec tion . The  fa ilu re  o f Skene and W illa rd  
(1981b) to  de tec t changes in axona lly -transpo rted  GAP-43 a fte r op tic  
nerve les ion may be due to  the nature  (c rush ) o r s ite  o f the  in ju ry  
(near the op tic  ch iasm ) be ing inadequa te  to  p rom ote  a som a tic  reaction  
from  the RGCs. Aguayo and co lleagues have suggested  th a t the  p rox im ity  
o f the  axo tom y site  to  the cell body  de te rm ines the ab ility  o f cen tra l 
neurons to  m oun t a regenera tive  response (R icha rdson  e f a/., 1984; Bray  
e ta /., 1987).

The e leva tion  o f GAP-43 in axo tom ised  RGCs shows th a t a t least 
som e CNS neurons are capable o f re spond ing  to  traum a tic  in ju ry  by  
recap itu la ting  deve lopm en ta l events necessary fo r axon extens ion . Th is  
suggests th a t bo th  the ’GAP H ypo thes is ’ and the ’Inherent Incapac ity  
H ypo thes is ’ are inadequate to  exp la in  the  fa ilu re  o f regene ra tion  in

these neurons, and fu rthe r supports  the  ’Neural E nv ironm en t H ypo thes is ’.
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It seems, the re fo re , th a t ce rta in  e lem en ts o f the  adu lt CNS are  
un favourab le  fo r axonal e longa tion , lead ing  to  the degene ra tion  o f GAP- 
43 + axon sp rou ts  a fte r o p tic  nerve transec tion , whereas e lem ents in the  
PNS g ra ft a llow  the  RGCs to  regenera te  axons beyond the  transec tion  site  
(So and Aguayo, 1985; Berry e ta l., 1988b). U p -regu la tion  o f GAP-43 
a fte r RGC axo tom y seems to  be an in tr in s ic  response, bu t the  success of 
regene ra tion  is de te rm ined  by e x tr in s ic  fa c to rs .

The in tr in s ic  ab ility  o f d iffe re n t popu la tion s  o f neurons to  up- 
regu la te  syn thes is and transpo rt o f GAP-43 may vary, and th is  may 
exp la in  the incons is ten t capac ity  o f axo tom ised  cen tra l neurons to  
regenera te  in to  periphe ra l nerve g ra fts  (F riedm an and Aguayo, 1985; Bray  
e ta L , 1987). A lte rna tive ly , popu la tions  w ith  h ighe r ’basa l’ leve ls o f 
GAP-43 may show  grea te r regenera tive  p ropens ity , such as the  m itra l 
ce lls  o f the o lfa c to ry  bu lb  (F riedm an and Aguayo, 1985; Rosentha l e f 
aL, 1987) and neurons o f C la rke ’s co lum n  in the  sp ina l g ray m atte r 
(R icha rdson  e f a/., 1984; th is  Thesis , C hap te r 4). It is in te res ting  in 
th is  regard th a t GAP-43 s ta in ing  is inc reased  in the  cen tra l te rm ina ls  
o f p rim ary senso ry neurons in the supe rfic ia l lam inae o f the  sp ina l g ray  
m atte r a fte r dam age to  the periphera l b ranches  o f these neurons (W oo lf 
e ta l. , 1990), a m an ipu la tion  w h ich  a lso  increases the  regenera tive  
p ropens ity  o f these cen tra l axons (R icha rdson  and Verge, 1986).

5.3.2. Spinal Cord Studies

5.3.2.1. Re-expression Of GAP-43 A fte r 60% Spinal Cord C om pression

As d iscussed in Chapte r 4, the anti-GAP-43 fu s ion  p ro te in

antise rum  can be used to  d is tingu ish  a reas o f lo ca lly  h igh  GAP-43

concen tra tion  by d ilu tio n  beyond the d e te c tio n  lim its  o f the levels

w h ich  exist in the  normal adu lt CNS. The  d ilu tio n  used here (1 /30 ,000 )

d id  not y ie ld  any GAP-43 im m unosta in ing  in norm al sp ina l co rd  sec tions

(unopera ted  an im a ls) o r in the m a jo rity  o f lam inec tom y-on ly  con tro l
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sec tions . However, supranorm a l leve ls o f GAP-43 were de tec ted  2-4 days  
a fte r 60% spinal co rd  com press ion  and th is  was assum ed to  rep resen t up- 
regu la tion  o f GAP-43 syn thes is and axonal tra nspo rt a fte r axo tom y, as 
has been reported  fo r axo tom ised neu rons in the  m am malian PNS and  
in fram am m alian  CNS (Skene and W illa rd , 1981a, b; Verhaagen e ta l. ,  
1986). Th is is in agreem ent w ith  the  up -regu la tion  o f GAP-43 in 
axo tom ised RGCs, w h ich  occu rred  between 2 and 5 days a fte r o p tic  nerve  
transec tion .

Furtherm ore , GAP-43 was obse rved  bo th  in neuronal perika rya  and

axons. A lthough  GAP-43 mRNA is inc reased  in neuronal ce ll bod ies a fte r

axo tom y in the PNS (Basi e ta l. , 1987; Verge e ta l. , 1990), th is  is the

firs t repo rt o f GAP-43 p ro te in  a ccum u la ting  in the  som a o f e ithe r

cen tra l o r periphera l neurons. T h is  accum u la tion  may be due to  axo tom y

c lose  to  the cell body, w h ich  is fo llow ed  by up -regu la tion  o f GAP-43

syn thes is  in the  absence o f a ta rge t fo r axonal transpo rt, and may

pe rs is t un til a ’c ritica l le ng th ’ o f axon is ava ilab le  fo r transpo rt

away from  the soma. GAP-43 + pe rika rya  were on ly  found  im m ed ia te ly

ad jacen t to  lesion cav ities, cons is ten t w ith  th is  no tion  o f p roximal

axo tom y. In add ition , many o f these som a con ta ined  the phospho ry la ted

neu ro filam en t ep itope recogn ised b y  the  RT97 m onoc lona l an tibody ,

con firm in g  the neuronal iden tity  o f these cell bod ies  and ind ica ting

recen t axotom y. Neuro filam en t p ho spho ry la tio n  is usua lly res tric ted  to

axons, bu t axo tom y leads to  the tra ns ien t d e tec tio n  o f phospho ry la ted

ep itopes (in c lud ing  th a t recogn ised  by RT97) in perika rya  o f periphera l

(S h a w e ta l., 1988) and spinal co rd  neurons (G o lds te in  e ta l. , 1987;

M ansour e ta l., 1989). It has a lso been sugges ted  th a t accum u la tion  o f

phospho ry la ted  neuro filam ent ep itopes is p ropo rtiona l to  the  p rox im ity

o f axo tom y to  the cell body (G o ldste in  e t a!., 1987). Both  GAP-43 and

RT97 im m unoreac tiv ity  d im in ished in ce ll bod ies  by 3 weeks a fte r

surgery, suggesting  th a t these neurons had e ithe r d ied or success fu lly

regenera ted axons, cons is ten t w ith  p rev ious s tud ies o f neu ro filam ent
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GAP-43+ axon sp rou ts  were fre quen tly  seen in the  v ic in ity  o f the  
les ion  and were occas iona lly  obse rved  to  c ircum nav iga te  the  cav ities  in 
th e  re la tive ly undam aged ’spongy ’ w h ite  m a tte r trac ts . However, m ost o f 
th e  axons in these tra c ts  d id  no t con ta in  e levated levels o f GAP-43 and  
were  p robab ly  spared from  axo tom y. T h is  is in acco rdance  w ith  the  
ana tom ica l da ta  de rived  from  s ilve r and neu ro filam en t s ta ined sec tions  
w h ich  showed tha t m uch o f the w h ite  m a tte r rem ained in tac t, a lthough  
the re  was som e loss o f axons. GAP-43 + axons were a lso found  w ith in  the  
cav ities , and these increased in num ber up to  3 weeks, sugges ting  tha t 
som e axons were able to  regenera te  th ro ugh  the su rround ing  g lio tic  
tissue. These axons pers is ted ins ide  and  a round the  cav ities  up to  12 
w eeks a fte r surgery, bu t d id  no t inc rease  fu rth e r in num ber o r appear to  
e longa te  past o r th rough  the cav ities . These obse rva tions are d iscussed  
be low  in te rm s o f sp ina l co rd  regene ra tion  in the  com press ion  model.

5.3.2.2. Spinal Cord Regeneration

The repo rt o f Guth e ta l. (1985) w as the  firs t to  ind ica te

s ig n if ica n t g row th  o f cen tra l axons a fte r sp ina l co rd  in jury, w ith ou t

pha rm aco log ica l in te rven tion  o r pe riphe ra l nerve g ra fting . T h is  was

based on m orpho log ica l obse rva tions us ing  conven tiona l h is to log ica l

s ta ins to  iden tify  va rious tissue e lem en ts . The axons v isua lised  in the

les ion at 2 and 3 weeks pos t-opera tive  were  assum ed to  rep resen t new

g row th , poss ib ly  by regenera tion o f seve red  axons. Our s tudy  o f th is

m ode l was unde rtaken  in itia lly  to  de te rm ine  by im m unoh is tochem ica l means

the  ce llu la r e lem ents w ith  wh ich  these sp rou tin g  axons were associa ted .

It was found th a t the severity o f th e  les ion  was a c rit ica l fa c to r

de te rm in ing  the tissue damage and  any subsequen t re cons tru c tio n  o f the

sp ina l cord . Spec ifica lly , com press ion  in excess o f 70% p roduced  to ta l

and irrevers ib le  des tru c tion  o f w h ite  and  g ray m atter. 60% com press ion

was found  to  p roduce  cav ity  fo rm a tion  in  the  gray m atte r and loss o f
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some wh ite  m a tte r axons. A lthough  th is  seemed to  rep lica te  the model o f 
Guth e ta l. (1985), an obv ious p rob lem  was tha t such a ’sub -to ta l’ 
les ion spared large num bers o f w h ite  m a tte r axons from  axotom y, w h ich  
cou ld  no t be d is tingu ished  from  po ten tia lly  regenera ting  axons by the  
h is to log ica l and im m unochem ica l s ta in s  ava ilab le . Consequen tly , GAP-43 
was se lected as a su itab le  m arker fo r new ly sp rou ting  axons fo r the  
reasons d iscussed in Chapter 3 (see Section  3.1. fo r re ferences), 
lead ing  to  the  s tud ies reported  here.

It is c lea r from  the s ilve r and neu ro filam en t s ta in ing  o f sec tions  
a t various tim es a fte r surgery, and from  the  d is tr ib u tio n  o f G AP -43+ 
axons, tha t regenera tive  sp rou ting  in the  sp ina l co rd  com press ion  model 
is less subs tan tia l than p rev ious ly  th o u g h t (Guth e ta l. , 1985) and is 
p robab ly  abo rtive  in nature (see Cajal, 1928). It seems like ly  tha t the  
long itud ina l nerve fib res  observed by  G uth e ta l. (1985) to  be c ross ing  
the  les ion had in fa c t been spared from  axo tom y by the  surg ica l trauma.

Data p resented here show  th a t w h ite  m a tte r tra c ts  pers is ted  from  1 hour 
post-opera tive  until 3 weeks, and th a t the  dorsa l and ven tra l fun icu li 
separated g ray m atte r cav ities, fo rm ing  the  appa ren t ’b rid ge s ’ described  
by Guth e t al. (1985). M ost axons in  these  w h ite  m atte r tra c ts  d id  not 
show  e levated GAP-43 levels, sugges ting  th a t they were not sp rou ting  and  
had indeed been spared from  axo tom y.

Spinal co rd  neurons were show n, however, to  be capab le  o f m oun ting

a regenera tive response to  axo tom y by the  appearance o f GAP-43 in both

neuronal som a and axons. Th is  response  seems to  have been abo rtive  by

the  apparen t fa ilu re  o f axons to  e longa te  a round  o r th rough  the cav ities

th a t fo rm ed. A lthough  it is poss ib le  th a t GAP-43 may have been down-

regu la ted in those axons w h ich  c rossed  the  les ion site, cons ide rab le

experim enta l ev idence suggests th a t GAP-43 pers is ts in the sha fts  o f

e longa ting  axon until regenera tion is com p le te  and con ta c t has been made

w ith  ta rge t ce lls (Verhaagen e ta l. , 1986; Ba izer and F ishman, 1987;

B isby, 1988; Meiri e ta l., 1988; Savage e ta l. , 1990). The inab ility  to
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tra ce  GAP-43 + axons th rough  the  les ion  s ite  a t any tim e po in t suggests  
th a t regene ra tion  had no t o ccu rred . Th is  fu rth e r suggests th a t desp ite  
th e  regenera tive  reac tion  to  axo tom y, the  env ironm en t o f the CNS is no t 
conduc ive  to  axonal e longa tion  even in the  absence o f g lia l-m esoderm a l 
sca rrin g .

A lthough  it was no t poss ib le  to  reach a de fin itive  conc lus ion , 
som e p rog ress was made tow a rds id en tify in g  the ce llu la r subs tra tes  fo r 
axonal e longa tion  a fte r sp ina l co rd  com press ion . M orpho log ica l 
obse rva tions  suggested tha t, in m any cases, GAP-43 + axons in the  
cav ities  were assoc ia ted  w ith  cap illa ry  endo the lia  invo lved in the  
neovascu la risa tion  o f the  lesion s ite . N eovascu la risa tion  is know n  to  
o ccu r in m ode ls o f CNS in ju ry in c lud ing  sp ina l co rd  com press ion  (Guth et 
ai., 1985; O r ita e fa /. , 1989; Sh igem atsu e ta l. , 1989; Gelderd , 1990) 
and regene ra ting  axons have been show n  to  assoc ia te  w ith  cap illa rie s  in 
co llagen  im p lan ts  p laced in sp ina l co rd  les ions (Ge lderd , 1990). 
Im m unoh is tochem ica l id en tif ica tio n  o f endo the lia l ce lls  pa rtia lly  
con firm ed  th is  sugges tion  by show ing  th a t cap illa ries in w h ite  and gray  
m atte r a round the les ion becom e m ore  long itu d in a lly  o rien ted  and  
penetra te  the  cav ities, a lthough doub le  labe lling  w ith  GAP-43 was not 
poss ib le  fo r techn ica l reasons.

M oreover, successfu l doub le  labe lling  experim en ts  w ith  GAP-43 and  
GFAP show ed th a t e longa ting  axons were  o ften  no t in assoc ia tion  w ith  
as tro cy tic  processes. As the ro le o f a s tro cy te s  in the fa ilu re  o f 
recove ry  from  CNS in ju ry  is cu rren tly  unknow n  (see Section  1.2.4.4.), it 
is s ig n ifica n t tha t astrocy te  surfaces d id  no t appear to  p rom ote  axonal 
ou tg row th  in  vivo, in con tra s t to  the ir neu ritogen ic  p roperties in  v itro  
(L indsay, 1979, 1986; N o b le e ta i., 1984; Neugebauer e ta l. , 1988).

However, reactive  astrocy tes do  no t seem  to  fo rm  a to ta lly  im pene trab le  
barrie r to  axons as the GAP-43 + sp rou ts  ins ide  the cav ities  m ust have  
g row n  th rough  the bo rde r o f g lio tic  tissue.
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5-3-2.3. C ritic ism s Of The C om pression Model

The lack o f agreem ent be tween th is  s tudy  and tha t o f Guth e ta l.

(1985) inv ites c r it ic ism  o f the com press ion  model o f sp ina l co rd  trauma. 
Th is  model was chosen fo r the p rope rty  o f exc lud ing  connec tive  tissue  
e lem ents from  the  dam aged CNS and fo r the  reported  ab ility  to  susta in  
axonal regenera tion . One major d raw back  o f the model is the  large  
va riab ility  in the  les ion p roduced b y  com press ive  injury, even w ith  the  
prec is ion -tim ed ’pe rcen tage ’ com p ress ion  em p loyed here. A lthough  60%  
com press ion  inev itab ly  y ie lded cav ity  fo rm a tio n  w ith in  the co rd , the  
num ber and size o f the cav ities bo th  va ried  so tha t les ions ranged from  
1 to  10 mm in length . One can on ly  assum e th a t the m anua lly-tim ed  
com press ion  in flic ted  by Guth e ta l. (1985) w ith  hand held fo rceps  was  
inhe ren tly  even m ore variab le. T he ir obse rva tio n  o f axonal g row th  
th rough  the  les ion was based on com pa rison  o f h is to log ica lly  s ta ined  
sec tions from  an im a ls sacrificed  a t inc reas ing  tim es a fte r surgery. In 
v iew  o f the variab le  nature o f the les ion  and  in the absence o f 
co rrobo ra tin g  im m unoh is tochem ica l da ta , th is  conc lus ion  no longe r seems  
tenab le .

Secondly, any model o f axonal regene ra tion  shou ld  idea lly  
guarantee tha t a de fined  popu la tion  o f neu rons are axo tom ised and o ffe r  
a means o f tra c ing  the reg row th  o f th e ir axons. U n fo rtuna te ly , the  
com press ion  model sa tis fies ne ithe r o f these  crite ria . T ransec tion  
m ode ls are more com m on ly  used, b u t these  pe rm it invas ion  o f fib rob la s ts  
and axotom ised neurons show  lim ited  regene ra tion  in the absence o f PNS 
transp lan ts . GAP-43 may be useful in eva lua ting  the regenera tive  
response o f cen tra l neurons a fte r transec tion .

Th ird ly , no good surg ica l con tro l e x is ts  fo r th is  lesion.

Lam inectom y only, w ith ou t inse rtion  o f the  fo rceps , was chosen  to

d iffe ren tia te  between the e ffec ts  o f phys ica l in ju ry  (com press ion ) and

reduced b lood flow  (wh ich  has been show n  to  dec line  a long the entire

length  o f the sp ina l co rd  a fte r lam inectom y, Ande rson  e ta l., 1978). In
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m ost ins tances th is  resu lted in no h is to log ica l dam age to  the  sp ina l 
co rd  and no de tec tab le  e leva tion  o f GAP-43, bu t in a few  cases bo th  
tissue dam age and e levated GAP-43 were noted . Th is  is m ost like ly  due  
to  acc iden ta l com press ion  o f the co rd  du ring  the  lam inec tom y procedure . 
Th is  may pa rtia lly  exp la in  the  va ria b ility  in the  m orpho logy o f the  
com pressed  cords.

5.3.3. C onclud ing Remarks

The s tud ies reported  in th is  C hap te r u tilised  the  anti-GAP-43  
fu s ion  p ro te in  antise rum  to  show  the  response o f CNS neurons to  
tra um a tic  lesions. The op tic  nerve p ro v ided  a d isc re te  popu la tion  o f 
neurons w h ich  cou ld  be to ta lly  axo tom ised . GAP-43 was found  to  be up- 
regu la ted  by the RGCs and cou ld  be v isua lised  th roughou t the  RGC axons  
rega rd less o f the  success o f regene ra tion . Th is  suggests the ’axo tom y  
s ig n a l5 is co rre c tly  transduced  in to  a regene ra tive  response in these  
cells, a t least w ith  respect to  GAP-43 syn thes is  and transpo rt. It 
w ou ld  seem  tha t the env ironm en t in  the  dam aged CNS res tric ts  the  
ou tg row th  o f axons lead ing to  abo rtive  regene ra tion , a lthough  it canno t 
be exc luded th a t some o the r e lem en t o f th e  regenera tive  ’m ach ine ry5 is 
regu la ted by Schwann ce lls  a llow ing  regene ra tion  in to  g ra fted  periphera l 
nerves.

GAP-43 express ion was a lso inves tiga ted  in a model o f sp ina l co rd

com press ion . W hile it is o f in te res t th a t e leva ted  GAP-43 was noted

bo th  in neuronal som a and axons, these resu lts  m ust be in te rp re ted  w ith

cau tion . F irst, up-regu la tion  o f GAP-43 syn thes is  on ly  dem ons tra tes  a

regenera tive  response by axo tom ised neurons, ra the r than the success o f

axonal regenera tion , as show n in the o p tic  nerve stud ies. A lso  GAP-43 +

sprou ts  m igh t arise by regenera tion fo llow in g  axo tom y or by co lla te ra l

sp rou ting  from  undam aged neurons. S econd ly , it shou ld  be no ted  th a t the

source  o f these GAP-43 + sp rou ts  was no t de te rm ined  and those  cou ld  have

o rig ina ted  from  fib re  tra c ts  o f the wh ite  m a tte r o r from  in tr in s ic
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in te rneu rons loca ted  in the gray m atte r. It is tem p ting  to  specu la te  
th a t the  GAP-43 + perikarya  in the g ray  m atte r ad jacen t to  the  cav ities  
may have been the o rig in  o f some o f these sprou ts .
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C hapter Six

GAP-43 In M acroglia l C ells O f The C entral Nervous System
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6 .1 . In tro d u c t io n

O ligodend rocy tes  and as trocy tes , w h ich  com prise  the  m acrog lia l 
ce lls  o f the CNS, are bo th  derived  from  the  neural tube  (Purves &

L ich tm an , 1985). The iden tif ica tion  o f in te rm ed ia te  s tages has proved  
d iff ic u lt and con tro ve rs ia l (rev iewed by M ille r e ta l. , 1989) and the  
p rec ise  lineage re la tionsh ip  be tween these  tw o  cell types is no t yet 
fu lly  unde rs tood . The deve lopm en t o f in  v itro  te chn iques fo r cu ltu ring  
and pu rify ing  m acrog lia l cells, and th e  p roduc tio n  o f an tibod ies  to  
m olecu les w h ich  are expressed by one  o r bo th  o f the  m acrog lia l c lasses  
have p rov ided  oppo rtun itie s  to  s tu dy  th is  re la tionsh ip .

6 .1 .1 . S tu d ie s  In  V it ro

GFAP is a ce ll-spec ific  m arke r fo r a s tro cy te s  in the  CNS (B ignam i 
e ta l. , 1972), a lthough  g lia l ce lls  in the  PNS a lso express an 
im m uno log ica lly  re la ted p ro te in  (Jessen e ta l. , 1984). In cu ltu re , tw o  
d is tin c t m orpho log ica l fo rm s can be iden tif ie d  am ongs t astrocy tes  
b ind ing  anti-GFAP an tibod ies  (W ilk in  e ta l. ,  1983). These tw o  types o f 
astrocy te  can a lso  be d is tingu ished  im m uno log ica lly  by the  exp ress ion  of 
surface  gang lios ides and have been nam ed acco rd in g  to  the  des igna tion  o f 
Raff e ta l. (1983a). F la t ep ithe lio id  a s tro cy te s  are te rm ed type-1 and  
do  no t b ind  the m onoc lona l an tib od ie s  A2B5 and LB^, w h ile  p rocess

bearing ste lla te  astrocy tes  express the  su rface  gang lios ides b ind ing  
A2B5 and LB-j and are des igna ted type-2 (R a ff e ta l. , 1983a; C u rtis  e t 
al., 1988).

O ligodend rocy tes  are the m ye lina ting  ce lls  o f the  CNS and have  
been shown to  syn thes ise  myelin lip ids  and  p ro te ins  in cu ltu re , even in 
th e  absence o f axons (Sarlieve e ta l. , 1983; D ubo is -D a lcq  e ta l. , 1986). 
Furtherm ore , m atu ring  o ligodend rocy tes  in cu ltu re  express GC, CNP and  
MBP sequen tia lly  in a defined deve lopm en ta l p rog ress ion  (Hardy and  
Reynolds, 1991).

O f pa rticu la r note are the obse rva tio ns  o f Raff and co lleagues who
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have shown in cu ltu re  th a t o ligodend ro cy te s  and s te lla te  type-2  
as trocy tes  arise from  a com m on p rogen ito r cell (Raff e ta l., 1983b,

1984). Ep ithe lio id  type-1 as trocy tes  appear to  be derived  from  ano ther, 
as ye t un iden tified , p recu rso r ce ll. B ipo ten tia l o lig odend ro cy te /type -2  
as trocy te  (0 -2A ) p rogen ito rs  d iffe re n tia te  in to  o ligodend rocy te s  in 
serum -free m edium  bu t deve lop  in to  type-2  as trocy tes  in the presence o f 
10% FCS (Raff e ta l. , 1983b; Tem p le  and Raff, 1985). 0 -2A  p rogen ito rs  
express surface  gang lios ides b in d in g  A2B5 and LB-j, w h ich  are m ain ta ined  
as they  deve lop  in to  type-2 as trocy tes . These gang lios ides are los t 
however as the  0 -2A  p rogen ito rs  d iffe re n tia te  in to  o ligodend rocy tes  and  
acqu ire  GC (Ra ff e ta l. , 1983b; Levi e ta l. , 1987).

The iso la tion  o f b ipo ten tia l 0 -2 A  p rogen ito rs  in d issoc ia ted  cell

cu ltu res  (M cC arthy and DeVellis, 1980) and  s ing le -ce ll m ic rocu ltu res

(Temple and Raff, 1985) has a llow ed d is se c tio n  o f the fa c to rs  th a t

regu la te  the ir in  v itro  d iffe re n tia tio n  in to  o lig odend ro cy te s  or type-2

astrocytes. S ing le 0 -2A  p rogen ito rs  m a in ta ined  in serum -free m edium

deve lop  in to  o ligodend rocy tes , sugges ting  th a t th is  is the  de fau lt

pa thw ay fo r d iffe ren tia tio n  (Tem ple  and Raff, 1985). However, 0 -2A

p rogen ito rs  are m ito tic  and th e ir ce ll cyc le  is d riven  by p la te le t-

de rived  g row th  fa c to r (PDGF) w h ich  de lays  d iffe re n tia tio n  in to

o ligodend rocy tes  (Raff e ta l. , 1988; Nob le  e ta l. , 1988). Raff p roposes

th a t PDGF-responsiveness is regu la ted  b y  an in te rna l ’c lo c k ’ w h ich

’coun ts ’ the num ber o f d iv is ions  p rio r to  o lig odend ro cy te

d iffe ren tia tion , poss ib ly  by lim iting  m ito tic  d ilu tio n  o f an

un iden tified  m olecu le (Raff e ta l. , 1985; H a rt e ta l. , 1989b).

D iffe ren tia tion  in to  type-2 astrocy tes  requ ires  extrace llu la r s igna ls

e ithe r p roduced by o the r cell types in m ixed g lia l cu ltu res, o r p resen t

in FCS (Temple and Raff, 1985). These s igna ls  w ou ld  appear to  be

c ilia ry  neu ro troph ic  fa c to r (Hughes e ta l. , 1988) and a nond iffu s ib le

com ponen t associa ted w ith  the  ex trace llu la r m a trix  (rev iewed by L illien

and Raff, 1990). The re levance o f these in  v itro  obse rva tions  depends
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c rit ica lly  on the iden tif ica tion  o f the 0 -2 A  p rogen ito rs  and the ir  
descendan ts  in  vivo.

6.1.2. S tudies In  V ivo

Many o f the  an tibod ies  used to  de fine  g lia  in cu ltu re  can a lso be  
used to  iden tify  these ce lls  in tissue  sec tio ns  from  deve lop ing  and  
adu lt bra in.

It has been show n in our la bo ra to ry  th a t 0 -2A  p rogen ito rs  can  
d iffe ren tia te  in to  o ligodend rocy tes  in  v ivo . 0 -2A  p rogen ito rs  can be  
v isua lised  in fro zen  tissue sec tions w ith  the  LB-j m onoc lona l an tib ody  
(C urtis  e ta l. , 1988), w h ich  can be used to  show  the  m ig ra tion  o f these  
ce lls  from  the germ ina l layers fo llow ed  by the  sequen tia l exp ress ion o f 
the  o ligodend rocy te -spec ific  m arke rs GC, CNP and MBP (Curtis  e ta l.,

1988; Reynolds and W ilk in , 1988; H a rdy and  Reynolds, 1991; Reynolds and  
W ilk in , 1991). LB-j b ind ing  is los t as the  im m ature  o ligodend rocy te s  
acqu ire  GC, a lthough  som e ce lls  can  be doub le  labe lled .

A s trocy tes  can be read ily de tec ted  by the  p resence o f GFAP

(B ignam i e ta l. , 1972) bu t the dem ons tra tion  o f tw o  d is tin c t a s tro cy tic

types has p roved  m ore d ifficu lt. In m ixed g lia l cu ltu res , 0 -2A

p rogen ito rs  and type-2 astrocy tes  can be d is tin gu ished  on the  basis o f

m orpho logy and the ir express ion o f su rface  gang lios ide (s ) b ind ing  the

m onoclona l an tibod ies  A2B5 and LB-j (R a ff e ta l. , 1983b; Levi e ta l. ,

1987) bu t the id en tif ica tion  o f type-2  a s tro cy te s  in tissue sec tions  has

proved  p rob lem atic . A2B5 b inds an unspec ified  ep itope  on several

gang lios ide  spec ies w h ich  is a lso  p resen t on neurona l su rfaces

(E isenbarth  e ta l. , 1979; Fredman e ta l. , 1984) but, on the  basis o f

co labe lling  w ith  GFAP, M ille r and Raff (1984) have suggested  th a t type-2

astrocy tes co rrespond  to  the fib rous  a s tro cy te s  found  in w h ite  matter,

w h ile  type-1 as trocy tes  represen t the coun te rpa rt o f the  p ro top lasm ic

astrocy tes  loca ted  m ain ly in grey m atte r. These au tho rs  have recen tly

questioned the re liab ility  o f A2B5 as a m a rke r o f type-2  as trocy tes  in
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tissue  sec tions  (see M ille r e ta l. , 1989) and the re fo re  the  exis tence o f 
type-2  as trocy tes  has been ca lled  in to  doub t.

The poss ib ility  th a t type-2 as tro cy te s  do  no t ex is t in  vivo  is 
suppo rted  by resu lts from  our labo ra to ry  us ing  LB^. The b ind ing  o f th is  
m onoc lona l an tib ody  is spec ific  fo r gang lio s ide  GD3 and can be de tec ted  
on  0 -2A  p rogen ito rs  in c ryos ta t sec tio ns  o f neonata l b ra in  bu t canno t be  
co loca lised  to  ce lls  express ing GFAP in such  sec tions  (C u rtis  e ta l.,

1988; Hardy and Reynolds, 1991). W h ile  it is poss ib le  th a t a s trocy tes  
express GD3 be low  the  level o f d e te c tio n  o f fluo re scen t lig h t 
im m unoh is tochem is try , o r th a t they  cease to  exp ress GD3 be fo re  they  
acqu ire  GFAP, these da ta  sugges t th a t s igna ls  spec ify in g  the a s tro cy tic  
pathw ay fo r 0 -2A  d iffe ren tia tio n  in  v itro  m ay be m iss ing  from  the  
deve lop ing  ra t b ra in .

If th is  is co rrec t, d iffe re n tia tio n  o f 0 -2 A  p rogen ito rs  in to  
o ligodend rocy te s  is the  de fau lt pa thw ay in  v ivo  as well as in  v itro , and  
the re fo re  type-2 astrocy tes in  v itro  m ay be m isd ire c ted  o ligodend rocy tes  
resu lting  from  the presence o f FCS in the  tissue  cu ltu re  medium . 
O ligodend rocy tes  have indeed been show n  to  exp ress GFAP trans ien tly  
du ring  deve lopm en t (Choi and K im , 1984). It had been hoped th a t p ro te in  
m arkers o f type-2 astrocy tes  w ou ld  help reso lve  th is  issue.

6.1.3. The Present Study

GAP-43 was in itia lly  cons ide red  to  be res tric ted  to  neurons (see  
Section  1.1.2.1.) bu t exam ina tion  o f a s tro cy te s  in m ixed g lia l cu ltu res  
from  ra t co rtex by 2-D gel e le c tropho res is  and im m unob lo tting  o f PKC- 
phospho ry la ted  m em brane p ro te ins  and by  im m uno fluo rescence  revea led the  
presence o f GAP-43 (V itk o v i^ e ta l. , 1988). Im m unocy tochem ica l and  
W estern  b lo ttin g  s tud ies w ith  anti-GAP-43 fu s ion  p ro te in  an tise ra  were  
undertaken to  con firm  th a t GAP-43 is indeed  p resen t in astrocy tes  and to  
dete rm ine if it is res tric ted  to  pa rticu la r types  o f a s trocy te  o r 
astrocy tes from  d iffe re n t reg ions.
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Mixed g lia l cu ltu res from  co rtex , ce rebe llum  and op tic  nerve all 
con ta ined  GAP-43 + astrocytes, sugges tin g  th a t GAP-43 exp ress ion  is not 
de te rm ined  by the  area o f the CNS from  w h ich  g lia  are cu ltu red .

However, GAP-43 was p redom inan tly  assoc ia ted  w ith  s te lla te  astrocy tes  
and cou ld  be co loca lised  w ith  LB^, sugges tin g  tha t GAP-43 m igh t be a 
m arker fo r the  type-2 astrocy te  lineage. T o  ve rify  th is , 0 -2A  
p rogen ito rs  (pu rified  by R. Hardy in ou r labo ra to ry ) w ere m a in ta ined in 
m edium  con ta in ing  10% FCS. Im m unocy tochem is try  and W este rn  b lo ttin g  
show ed tha t 0 -2A  p rogen ito rs  exp ressed GAP-43 and tha t th is  was reta ined  
as these ce lls  d iffe ren tia ted  in to  type -2  astrocy tes . In con tra s t, GAP- 
43 was lost from  0 -2A  p rogen ito rs  m a in ta ined  in the  absence o f serum  as 
th e y  began to  acqu ire  GC. Thus GAP-43 has the  same d is tr ib u tio n  as LB-j 
in  CNS m acrog lia l ce lls  and the ir 0 -2 A  p rogen ito rs  in  v itro .

Im m unoh is tochem ica l s tud ies  w e re  then  pe rfo rm ed in an a ttem p t to  
loca lise  GAP-43 in 0 -2A  p rogen ito rs  and th e ir descendan ts  in  vivo. 0 -2A  
p rogen ito rs  and imm ature o lig odend rocy te s  con ta ined  GAP-43, b u t mature  
o ligodend rocy tes  express ing CNP o r MBP d id  not. However, GAP-43 d id  not 
co loca lise  w ith  GFAP+ astrocy tes in  tissue  sec tions o f d eve lop ing  or 
adu lt bra in . Furtherm ore , in duc tio n  o f reac tive  g lios is  in the adu lt 
CNS d id  no t induce  GAP-43 in as trocy tes . These resu lts  suppo rt the  
con ten tion  tha t 0 -2A  p rogen ito rs  d iffe re n tia te  in to  o ligodend rocy te s  
cons titu tive ly  in  v ivo  and tha t type-2  as tro cy te s  in  v itro  are tissue  
cu ltu re  a rte fac ts , o r a t least d iffe r p heno typ ica lly  in  vivo.

These resu lts  fo rm ed the basis o f a paper w h ich  has been accep ted  
fo r pub lica tion  (C u rtis  e ta l ., 1991).

During the  course o f these s tud ie s  tw o  repo rts  were pub lished

w h ich  described  GAP-43 in cu ltu red  o lig odend ro cy te s  (da Cunha and

V itkov i^ , 1990; Delou lme e ta l., 1990), a lth ough  th is  was no t con firm ed

by cha racte risa tion  o f these ce lls using conven tiona l m arke rs o f

o ligodend rocy te  m atu ra tion  (CNP o r MBP) and no s ta in ing  o f tissue

sec tions was perfo rm ed . Th is d isagrees w ith  my resu lts  and the causes
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o f th is  d isagreem ent are d iscussed .

6 .2 . R esu lts

6 .2 .1 . G AP -43 In  M ixed  G lia l C u ltu re s

The exp ress ion  o f GAP-43 by  CNS m acrog lia l ce lls  was in itia lly

exam ined by im m unocy tochem is try  o f m ixed g lia l cu ltu res  from  neonata l

co rtica l hem ispheres, cerebe llum  and  o p tic  nerve. GAP-43 was found

m ain ly in s te lla te  astrocy tes  and b ip o la r ce lls , and o ccas iona lly  in

fla t astrocytes. Double labe lling  o f these ce lls  w ith  the  LB-j

m onoclona l a n tib od y  to  iden tify  b ip o la r 0 -2 A  p rogen ito rs  and s te lla te

type-2 as trocy tes  (Curtis  e ta l., 1988) show ed  th a t bo th  ce ll types

expressed GAP-43 (see F igure 6 .1 .). Some fla t a s trocy tes  w h ich  were  
hob

GAP-43 + d id^b ind the  LB-j m onoc lona l a n tib od y  (w h ich  is spec ific  fo r  
gang lios ide  G q 3 ), suggesting  th a t these  were type-1 astrocytes.

To  inves tiga te  fu rthe r the  ce ll s p e c ific ity  o f GAP-43 expression, 
a m od ifica tion  (Hardy and Reynolds, 1991) o f the  shak ing  p rocedu re  o f 
M cC arthy and DeVellis (1980) w as u tilised  to  separate en riched  
popu la tions o f type-1 astrocytes, type-2  as trocy tes , o ligodend rocy tes  
and 0 -2A  p rogen ito rs . These w ere  sub jec ted  to  im m unocy tochem is try  and  
W estern  b lo ttin g  w ith  the anti-GAP-43 an tise rum .

6 .2 .2 . G AP -43 Is  E xp re ssed  B y Q -2A  P ro g e n ito rs  In  V it ro  
Figure 6.2. show s tha t 0 -2A  p rogen ito rs , iso la ted  by o rb ita l

shak ing  and pu rified  by com p lem en t-m ed ia ted  cy to lys is , were  
im m unoreactive  fo r GAP-43 and gang lio s ide  GD3. In add ition , some small 
p rocess-bearing  ce lls  were im m uno reac tive  fo r GAP-43 bu t no t gang lios ide  
G d 3 - These ce lls  may represen t the  ’p re -p ro gen ito r ’ ce lls  w h ich  are  
iso la ted w ith  the 0 -2A  p rogen ito rs  in these  cu ltu res  (H ardy and  
Reynolds, 1991). As ye t the re  is no  spe c ific  m o lecu la r m arker to  
iden tify  these ’p re -p rogen ito r’ ce lls.
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Figure 6.1.

Double labelling of mixed glial cultures from different CNS 
regions with anti-GAP-43 fusion protein antiserum diluted 1/1000 (a,c 
and e) and LB^ monoclonal antibodies against ganglioside (b,d and

f).

A and B. Optic nerve culture 2 days in vitro. GAP-43 is
restricted to G ^ ^  immature type-2 astrocytes.

G and D. Cerebellar culture 4 days in vitro. GAP-43 is
restricted to Gpg+ type-2 astrocytes. Note the variety of morphologies 
displayed by these cells.

E and F. Cortical culture 7 days in vitro. GAP-43 is expressed 
by Gp3 + type-2 astrocytes (some of which have assumed a more flattened 
morphology) and by G^g- epithelioid cells which may be type-1 astrocytes 
(arrows).

Scale bar in a, 30 /xm.
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Figure 6.2
0-2A progenitor cells 1 DAI, stained with anti-GAP-43 

antiserum (a) and LB-̂  monoclonal antibody (b) . GAP-43 
stains many membranous extensions (small arrowheads). Note 
small process-bearing cells, which contain GAP-43 but not 
ganglioside GD3 (large arrowheads).

Scale bar in a, 50 /im.
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Figure 6.3.

Western blots of membranes prepared from enriched cultures of 0-2A 
progenitors and type-2 astrocytes (0-2A progenitors 5DAI, maintained in 
medium containing 10% FCS) stained with anti-GAP-43 fusion protein 
antiserum or pre-immune serum diluted 1/1000. The RMM of standard 
marker proteins and the position of GAP-43 are marked to the right.

Pre-immune serum did not bind any membrane proteins from these 
cells. Only GAP-43 was recognised by the anti-GAP-43 fusion protein 
antiserum and there w’ere no cross-reacting proteins.
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W estern  b lo ttin g  o f p ro te ins  from  m em branes o f fresh ly  iso la ted O- 
2A  p rogen ito rs  con firm ed  the p resence  o f m em brane-bound  GAP-43 (F igure

6 .3 . ).

6.2.3. GAP-43 Is Down-Regulated During Oligodendrocyte Differentiation 
In Vitro

0 -2A  p rogen ito rs  trans fe rred  to  serum -free  m edium  (a fte r 1 day in 
m edium  con ta in ing  10% FCS) have been show n  in para lle l s tud ies (Hardy  
and Reynolds, 1991) to  d iffe re n tia te  in to  o lig odend rocy te s  over a period  
o f 5-6 days, sequen tia lly  exp ress ing  the  o lig odend rocy te -spec ific  
m arkers GC, CNP, MBP. Double labe llin g  w ith  an tib od ie s  aga ins t GAP-43 
and GC o r MBP showed th a t o lig odend ro cy te  m atu ra tion  was accom pan ied  by  
dow n -regu la tion  o f GAP-43 (F igure 6.4.a, b, c, d).

GAP-43 was los t as these ce lls  becam e inc reas ing ly  m u ltipo la r and  
began to  synthes ise GC, the ea rlie s t o lig odend ro cy te -spe c ific  marker.

The less d iffe ren tia ted  ce lls possessed few e r p rocesses and were still 
s trong ly  im m unoreactive  fo r GAP-43 w hereas the  G C + ce lls  had a more  
m ore m ature m orpho logy and con ta ined  m uch less GAP-43. The ce lls  w h ich  
were s trong ly  s ta ined fo r GAP-43 a t th is  s tage were a lso pos itive  fo r  
gang lios ide  GD3 (da ta  no t shown). It has p rev ious ly  been show n th a t GD3 
is assoc ia ted  w ith  an early s tage o f o ligodend rocy te  d iffe ren tia tio n  
(Levi e t a/., 1987) and in th is  s tudy  it w as fo und  th a t th is  was lost 
a long w ith  GAP-43 as the ce lls acqu ired  GC.

A t a la te r stage in cu ltu re  th e  m ore m ature  o ligodend rocy tes  
synthes ised MBP bu t none o f these  ce lls  con ta ined  GAP-43. W estern  b lo t 
ana lys is o f the m em branes o f m a tu ring  o lig odend ro cy te s  was no t poss ib le  
due to  the  con tinued  presence o f GAP-43 + 0 -2 A  p rogen ito rs  a t later 
stages in these serum -free cu ltu res.
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F i g u re  6 . 4 .

A , B , C and D. 0-2A progenitors were maintained in serum-free 
medium and double labelled with anti-GAP-43 fusion protein antiserum 
diluted 1/1000 (a and c) and monoclonal antibodies against the 
oligodendrocyte developmental markers GC (b) or MBP (d).

A and B. At 4 DAI, an immature oligodendrocyte expresses GC (b) 
but not GAP-43 (small arrow) while an adjacent cell is GAP-43+ (a) but 
contains no GC (large arrow). 3 cells can be seen which are strongly 
GAP-43+ and are beginning to express GG (arrowheads).

G and D. At 5 DAI, some mature oligodendrocytes can be seen 
expressing MBP (d) and in one instance elaborating an area of velate 
membrane. These cells contain no GAP-43 (c), but two GAP-43+ 0-2A 
progenitors can be seen in this field.

E and F. Double labelling of type-2 astrocytes (0-2A progenitors 
14 DAI, maintained in medium containing 10% FCS) with anti-GAP-43 fusion 
protein antiserum diluted 1/1000 (e) and monoclonal antibodies against 
GFAP (f). These cells displayed a variety of morphologies ranging from 
a highly process-bearing form to a flat, polygonal shape, as illustrated 
in this field.

Scale bar in a, 50 /im.
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6.2.4. GAP-43 is Expressed By Type-2 Astrocytes In Vitro
0 -2A  p rogen ito rs  m ain ta ined in m ed ium  con ta in ing  10% FCS  

d iffe ren tia ted  in to  type-2 astrocy tes , exp ress ing  GFAP and gang lios ide  
GD3 - These ce lls  a lso expressed GAP-43 a t all tim e  po in ts  exam ined (up  
to  14 DAI, F igure 6.4.e, f). Typ ica l s te lla te  m orpho log ies  p redom ina ted  
bu t some type-2 astrocytes were m ore  po lygona l, cons is ten t w ith  the  
con tac t-m ed ia ted  shape change sugges ted  by p rev ious s tud ies  from  our 
labo ra to ry  (W ilk in  e ta l., 1983; Johns tone  e ta l. , 1986).

W estern b lo ttin g  o f p ro te ins  from  m em branes iso la ted  from  cu ltu res  
enriched  in type-2 astrocy tes con firm ed  the  presence o f m em brane-bound  
GAP-43 (F igure 6.3.).

6.2.5. GAP-43 Is Down-Regulated During Oligodendrocyte Differentiation 
In Vivo

The loss o f GAP-43 du ring  o lig odend ro cy te  d iffe re n tia tio n  was a lso  
observed in  vivo  a t a s im ila r p o in t in  m a tu ra tion  (F igure 6.5.). A t 1 
day o f age GAP-43 im m uno reac tiv ity  was w idesp read  th roughou t the  co rtex  
(B enow itz  e f a/., 1988; McGuire e ta l. , 1988) but, in c ryos ta t sec tions  
from  co rpus  ca llosum , GAP-43 cou ld  be seen in the  cell bod ies  o f 0 -2A  
p rogen ito rs  sta ined fo r GDg gang lio s ide  ly ing  am ongs t the  s trong ly  GAP- 
434- deve lop ing  neurop il. A t 5 days o f age GAP-43 was p resen t in the  
num erous GC-sta ined o ligodend rocy te s  w h ich  had begun to  d iffe ren tia te  in 
row s between fasc ic les  o f e longa ting  axons. P revious e lec tron  
m ic ro scop ic  s tud ies have shown th a t row s o f in te rfa sc icu la r  
o ligodend rocy tes  are jo ined by t ig h t ju n c tio n s  and are no t in te rposed  by  
neurona l o r a s trocy tic  processes (Peters e ta l. , 1976; Massa and  
M ugnain i, 1982). There fo re  the GAP-43 loca ted  be tween the  nucle i is 
m ost like ly in the m em branes o f th e  im m atu re  o ligodend rocy tes .

In o lder animals, GAP-43 was no t appa ren t in mature

o ligodend rocy tes  (iden tified  by the ir exp ress ion  o f the m ye lin  p ro te ins

CNP o r MBP) in the  g ranu le cell layer o f the  den ta te  gyrus and the
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F i g u re  6 . 5 .

5 fim sections from developing rat brain double labelled with 
antibodies against GAP-43 (a,c,e and g) and the oligodendrocyte 
developmental markers ganglioside G^ 3  (b), GC (d), CNP (f) or MBP (h).

A and B. The cell bodies of 0-2A progenitors in the cingulum of 1 
day rat (identified by the presence of ganglioside G^) contain less 
GAP-43 than the surrounding neuropil, but are clearly above the 
background nuclear staining. Frozen section, anti-GAP-43 fusion protein 
antiserum diluted 1/5000, ganglioside Gp^ monoclonal antibody.

G and D. The membranes of interfascicular oligodendrocytes 
(labelled with GC) contain GAP-43 in the 4 day rat corpus callosum. 
Frozen section, anti-GAP-43 fusion protein antiserum diluted 1/5000, GC 
monoclonal antibody.

E and F. At 20 days the molecular layer (MOL) of the dentate 
gyrus is stained for GAP-43 while a CNP+ oligodendrocyte (arrowhead) at 
the inner edge of the granule cell layer (GR) contains no GAP-43. 
Polyester wax-embedded section, 91E12 monoclonal antibody against GAP- 
43, polyclonal antiserum against CNP.

G and H. At the same age (20 days) the pyramidal cell layer of 
the hippocampus contains an MBP+ oligodendrocyte which does not contain 
GAP-43. Polyester wax-embedded section, monoclonal antibody against 
MBP, anti-GAP-43 fusion protein antiserum diluted 1/10,000.

Scale bar in a, 50 fim.
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pyram ida l cell layer o f the h ippocam pus, w h ich  are know n to  d isp lay  
m in im al GAP-43 im m uno reac tiv ity  (O estre iche r and G ispen, 1986; Benow itz  
e ta l. , 1988; McGuire e ta l. , 1988). In adu lt w h ite  m atte r tra c ts  the  
on ly  GAP-43 s ta in ing  was res tric ted  to  subse ts  o f axons, wh ile  
astrocy tes  and o ligodend rocy tes  rem a ined un labe lled  (see F igure 6.6.).

6.2.6. Astrocytes In Vivo Do Not Express GAP-43
As there  are cu rren tly  no spe c ific  m arke rs  to  iden tify  type-2  

astrocy tes  in  vivo, the anti-GAP-43 an tise rum  was used on sec tions o f 
bo th  norm al and les ioned adu lt ra t ce rebe llum  to  see if GAP-43 
im m uno reac tiv ity  cou ld  be co lo ca lised  w ith  GFAP+ astrocytes. In com m on  
w ith  p rev ious im m unoh is tochem ica l s tud ies  o f adu lt ra t cen tra l nervous  
system  at the  ligh t and e lec tron  m ic ro scope  leve ls (O estre iche r and  
G ispen, 1986; O estre iche r e ta l. , 1988; B enow itz  e ta l. , 1988; McGuire  
e ta l. , 1988; Gorge ls e ta l., 1989) the re  was no ev idence  fo r an  
a s tro cy tic  loca liza tion  o f GAP-43.

F igure 6.6. shows w h ite  and g ray m a tte r as trocy tes  and Bergm an  
g lia  in fo rm a ldehyde -fixed  ce rebe lla r sec tions , iden tif ie d  by the  
presence o f GFAP. None o f these a s tro cy te s  show ed im m uno reac tiv ity  fo r  
GAP-43 in the normal cerebe llum , desp ite  s ta in ing  o f neurona l e lem ents  
in  the  m o lecu la r layer and the w h ite  m a tte r trac ts . S im ilarly, reactive  
as trocy tes  in les ions caused by ka in ic  ac id  in jec tion  to  the cerebe llum  
d id  no t show  GAP-43 im m uno reac tiv ity  desp ite  extens ive  dam age to  the  
granu le  ce ll layer, a lthough GAP-43 + axons in the  w h ite  m atte r and  
te rm ina ls  in the m olecu lar layer rem ained in tac t. F resh ly frozen  
tissue, sec tioned  and fixed on the  s lide  w ith  a c id :a lcoho l has been  
repo rted  to  show  se lec tive ly increased s ta in ing  o f GFAP in w h ite  m atte r 
astrocy tes  (Shehab e ta l., 1990). GAP-43 cou ld  no t be v isua lised in  
astrocy tes  revealed by th is  m ethod (da ta no t shown).
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F i g u re  6 . 6 .

5/zm polyester wax sections of adult rat cerebellum double-labelled 
with anti-GAP-43 fusion protein antiserum diluted 1/10,000 (a,c) and 
monoclonal antibodies against GFAP (b,d).

A and B. In unlesioned tissue, GAP-43 (a) stains axons in the 
white matter (WM), some neuronal processes in the granule cell layer 
(GR) and parallel fibre terminals in the molecular layer (MOL). Bergman 
glia and Purkinje cell dendrites in the molecular layer remain 
unstained, while some labelling can be seen around the Purkinje cell 
bodies (P). GFAP+ astrocyte cell bodies and processes (b) contain no 
GAP-43 immunoreactivity (arrowheads).

C and D. 21 days after injection of kainic acid, the granule cell 
layer (GR) at the top of the section has been destroyed, leaving a rim 
of highly GFAP immunoreactive astrocytes (d). Reactive astrocytes can 
also be seen in the white matter. GAP-43 staining (c) persists in white 
matter axons and the molecular layer, but neither the rim of astrocytes 
nor those in the white matter (arrowheads) show GAP-43 immunoreactivity. 
Note also the absence of Purkinje cell bodies, indicating the death of 
these cells.

Scale bar in d, 50 /zm.





6.3. Discussion
These da ta  show  tha t 0 -2A  p rogen ito rs  express GAP-43 bo th  in vivo  

and in  v itro  and th a t th is  is los t as the  ce lls  d iffe ren tia te  in to  
o ligodend rocy tes . Type-2 as trocy tes  in  v itro  con tinue  to  express GAP-43 
up to  14 DAI, the  longes t period s tud ied , b u t GFAP+ astrocy tes  cou ld  not 
be de tec ted  in sec tions o f deve lop ing , a du lt o r dam aged bra in . T h is  is 
rem in iscen t o f the  gang lios ide  G p 3 w h ich  is a lso a m arke r o f 0 -2A  
p rogen ito rs  tha t is los t by o lig odend ro cy te s  as they d iffe ren tia te  bu t 
re ta ined by type-2 astrocy te  in  v itro . G ang lio s ide  GD3 is not 
de tec tab le  on as trocy tes  in  v ivo  (C u rtis  e ta l. ,  1988; LeV ine and  
Goldm an, 1988).

6.3.1. Oligodendrocyte Differentiation
0 -2A  p rogen ito rs  can d iffe ren tia te  in cu ltu re  in to  type-2  

astrocy tes  o r o ligodend rocy tes  respec tive ly  in the  presence o r absence  
o f FCS (Raff e ta l., 1983b, 1984; Tem p le  and  Raff 1985). In de fined , 
serum -free m edium  the 0 -2A  p rogen ito rs  unde rgo  a series o f m a tu ra tion  
s teps as they d iffe ren tia te  in to  o lig odend rocy te s , sequen tia lly  
express ing  the m arke rs G p3 , GC, CNP, MBP (Dubo is-D a lcq  e ta l. , 1986; 
Hardy and Reynolds, 1991). GAP-43 was lo s t by  these ce lls  as they  began  
to  acqu ire  GC, the earlies t m arker o f im m atu re  o ligodend rocy tes . None  
o f the  m ature o ligodend rocy tes , as assessed by the exp ress ion  o f MBP, 
co-expressed GAP-43. Th is is in co n tra s t to  the  find ings  o f da  Cunha  
and V itko v i^  (1990) and Delou lm e e ta l. (1990) w ho  p roposed  th a t GAP-43  
is expressed cons titu tive ly  by o lig odend ro cy te s  In v itro .

Deloulme e ta l. (1990) perfo rm ed b io chem ica l s tud ies on GAP-43

from  seconda ry  cu ltu res  derived  from  m ixed g lia l p rim aries by

d iffe ren tia l adhesion . However, it is the  expe rience  in our labo ra to ry

tha t d iffe ren tia l adhesion  y ie lds a m ixed popu la tion  o f 0 -2A

progen ito rs , type-2 astrocytes, o lig odend ro cy te s  and m ic rog lia  (Hardy

and Reynolds, 1991, R. Reynolds persona l com m un ica tio n ) and th a t the
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p ropo rtio n  o f type-2 astrocy tes  increases w ith  the  du ra tion  o f the  
p rim ary  cu ltu re , due to  fa c to r(s ) p resen t in  FCS p rom o ting  
d iffe re n tia tio n  o f 0 -2A  p rogen ito rs  in to  type-2  as trocy tes  (Ra ff e ta l.,

1983b, 1984). De lou lm e e ta l. (1990) m a in ta ined  th e ir m ixed glia l 
cu ltu res  fo r 18-20 days before  subcu ltu ring , du ring  w h ich  tim e a 
subs tan tia l p ropo rtio n  o f the  0 -2A  p ro gen ito rs  are like ly to  have  
d iffe ren tia ted  in to  type-2 as trocy tes  no t o ligodend rocy te s . The  
iso la ted  ce lls  were assum ed to  be pu rified  o ligodend rocy te s  as they were  
m ain ta ined in supp lem en ted W aym ou th ’s MD 705 /1  m ed ium  to  se lec t aga ins t 
astrocy tes , how ever no ev idence was p resen ted  to  show  th a t the  seconda ry  
cu ltu res  had been dep le ted  o f as trocy tes , fo r ins tance  by the  use o f 
GFAP im m unocytochem is try . Indeed, th e ir pub lished  pho tog raph  o f a 
’p u rified  o lig odend ro cy te ’ looks rem a rkab ly  like a type-2 astrocy te  
(com pare  F igure 3d o f Deloulme e ta L , 1990, w ith  F igure 6.4.e th is  
C hap te r) and no doub le  labe ling w ith  any o ligodend rocy te  m arke r was used  
to  con firm  the  p roposed  iden tity  o f th e ir iso la ted  cells. The au tho rs  
note  th a t ’m orpho log ica l d iffe re n tia tio n ’ o f o ligodend rocy te s  was  
accom pan ied  by loss o f GAP-43, in acco rdance  w ith  the im m unocytochem ica l 
da ta  p resented here. Furtherm ore , as F igu re  6 .4 .c dem onstra tes , GAP-43+ 
0 -2A  p rogen ito rs  pe rs is t in these se rum -free  seconda ry  cu ltu res  
(poss ib ly  by p ro life ra tion  o f ’p re -p ro gen ito r ’ ce lls, w h ich  are iso la ted  
a long  w ith  the 0 -2A  p rogen ito rs , H ardy and  Reynolds, 1991). It is 
poss ib le  tha t the  GAP-43 p ro te in  and m RNA iso la ted  from  these secondary  
cu ltu res  by Delou lm e e ta l. (1990) is de rived  from  con tam ina ting  0 -2A  
p rogen ito rs  and type-2 astrocytes ra the r than  the  o ligodend rocy te  
popu la tion .

The conc lus ions  o f da Cunha and V itk o v i^  (1990) were based on GAP-

43 im m unosta in ing  o f 0 -2A  p rogen ito rs  m a in ta ined  in cu ltu re  medium

con ta in ing  0.5% FCS and cos ta ined  on ly  w ith  GC to  dem onstra te

p rog ress ion  a long the o ligodend rocy te  lineage. O ligodend rocy tes

cu ltu red  in up to  1% FCS can in itia te  d iffe re n tia tio n  w ith  the extens ion
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o f processes and the synthes is o f o lig odend ro cy te  m arkers in c lud ing  GC  
and MBP (Dubo is-Da lcq e ta l., 1986), how eve r they do  no t appear to  be 
fu lly  d iffe ren tia ted  w ith  long M BP+ p rocesses o r e labo ra te  M BP+ sheets  
between these p rocesses (see F igure 1h in D ubo is-Da lcq e ta l. , 1986).

W ith  spec ific  regard to  the GAP-43 +  o lig odend ro cy te s  docum en ted  by da  
Cunha and V itk o v i^  (1990), the ce lls  w e re  no t show n to  be mature by the  
use o f MBP s ta in ing  and appeared from  th e ir pub lished  pho tog raphs to  be  
o f an imm ature shape, un like the  m atu re  o ligodend rocy te s  in ou r serum - 
free  cu ltu res w h ich  con ta ined  MBP and dem ons tra ted  a m ore d iffe ren tia ted  
fo rm , w ith  the  p resence o f ve la te  M BP+ s tru c tu re s  resem bling  fla ttened  
m embranes.

In v ivo  s ta in ing  w ith  the sam e m arke rs o f o ligodend rocy te  
m atu ra tion  revea led a s im ila r dec line  in  GAP-43 exp ress ion  to  tha t 
dem onstra ted  by the s tud ies o f 0 -2 A  p recu rso rs  m ain ta ined in de fined  
m edium . Th is  lends suppo rt to  the  con te n tio n  th a t cu ltu rin g  0 -2A  
p rogen ito rs  in m ed ium  con ta in ing  0 .5%  FCS p reven ts the ir normal 
m atu ra tion  in to  o ligodend rocy tes . In con tra s t to  de fined m edium  in 
w h ich  all the  com ponen ts  are ca ta logued , FCS con ta ins  a w ide  spec trum  o f 
unknow n fa c to rs  w h ich  may vary be tw een m anu fac tu re rs  and indeed ba tches  
o f serum . These m olecu les may no t be endogenous to  the  deve lop ing  
roden t cen tra l nervous system  due e ithe r to  the  bov ine  o rig in  o f the  
serum  o r the  ac tio n  o f the B lood B ra in  Barrie r, w h ich  p reven ts free  
d iffu s ion  o f m olecu les from  the c ircu la tio n  in to  cen tra l neural tissue  
and m ain ta ins the  d iffe rences be tween p lasm a and the cereb rosp ina l flu id  
(Fensterm acher, 1985). Any one o f these ’fo re ig n ’ fa c to rs  cou ld  a ffe c t 
0 -2A  p rogen ito rs  and p reven t d iffe re n tia tio n  in to  the  in  v itro  
coun te rpa rts  o f mature o ligodend rocy tes .

6.3.2. Role of GAP-43 in Oligodendrocyte Motility
0 -2A  p rogen ito rs  cu ltu red  from  o p tic  nerve have been show n to  be

m otile  in  v itro  and have been suggested  to  popu la te  the deve lop ing  op tic
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nerve by m ig ra tion  from  the ir germ ina l zone, p robab ly  in the  base o f the  
p reop tic  recess above the op tic  ch iasm  (Small e ta L , 1987). T h is  is 
supported  b y  the  absence in the  deve lop ing  op tic  nerve o f the  ’pre- 
p rogen ito r ’ p recu rso r ce lls o f 0 -2A  p rogen ito rs , w h ich  have been  
iso la ted from  ra t ce reb ra l w h ite  m a tte r d u ring  deve lopm en t (G rinspan et 
a l., 1990). M ig ra tion  o f 0 -2A  p rogen ito rs  has a lso been suggested  by  
the  appa ren t m ovem ent o f these ce lls  from  the  area a round  the  fou rth  
ven tric le  in to  the  deve lop ing  fo lia  d u rin g  ce rebe lla r m a tu ra tion  (Curtis  
e ta l. , 1988) and from  the  reg ion o f th e  th ird  ven tric le  th rough  the  
co rpus ca llosum  (Hardy and Reynolds, 1991). In con tras t, 
o ligodend rocy te s  are no t m otile  in  v itro  (Small e ta l. , 1987) and in  
v ivo  are f irm ly  ancho red  to  axons b y  th e ir  m ye lin  sheaths.

In neurons, GAP-43 is assoc ia ted  w ith  the  p lasma m em brane and is 
pa rticu la rly  en riched  in the g row th  cone  (Meiri e ta l. , 1986; Skene e t 
al., 1986) where it in te racts  w ith  bo th  th e  p lasmalem ma and a sub 

m em brane cy toske le ton  fra c tion  co n ta in in g  fod rin , a -actin in , ta lin  and  
ac tin  (Moss e ta l. , 1990; Meiri and G ordon-W eeks, 1990). Iso la ted  
g row th  cones d is lodged  from  the ir sub s tra te  in cu ltu re  leave beh ind  
pa tches o f m em brane and assoc ia ted  sub-m em brane cy toske le ton , w h ich  
rep resen t adhes ion  plaques, and a lso  con ta in  im m unoreac tive  GAP-43, 
lead ing to  the  sugges tion  tha t GAP-43 is loca lised  a t s ites o f subs tra te  
adhesion  (Meiri e ta l. , 1988; Meiri and G ordon-W eeks, 1990). A c tiva tion  
o f recep to rs  by subs tra te -bound  ligands  may m od ify  the  fu n c tio n  o f GAP- 
43 to  link the p lasma m em brane to  the  cy toske le ton , thus s tab ilis ing  the  
adhesion  p laques and genera ting an an cho r fo r the subsequen t m o tility  o f 
the  cell o r g row th  cone (Bray, 1987; T u rne r and Flier, 1989). In 0 -2A  
p rogen ito rs  GAP-43 is a lso assoc ia ted  w ith  the  p lasma m em brane where it 
deco ra tes a large va rie ty  o f m em brane  ex tens ions . GAP-43 may regu la te  
m em brane-substra te  in te ractions in these  ce lls  and con tr ib u te  to  the ir 
m otility . The dow n-regu la tion  o f GAP-43 in m atu ring  o ligodend rocy tes

may underlie  the  cessa tion  o f m o tility , w h ich  is co in c id en t w ith  the
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fina l m ito tic  d iv is io n  and the s ta rt o f o ligodend rocy te  d iffe ren tia tion .

6.3.3. Role of GAP-43 in Oligodendrocyte Differentiation
One fa c to r know n to  have a s ig n if ic a n t ro le  in 0 -2A  p rogen ito r  

d iffe ren tia tio n  is PDGF, w h ich  is syn thes ised  by type-1 astrocy tes  
du ring  the pe riod  o f g liogenes is in the  o p tic  nerve and d rives the  
d iv is io n  o f the  0 -2A  p rogen ito rs  (N ob le  e ta L , 1988; Raff e ta l. , 1988; 
R ichardson e t a l., 1988). PDGF a lso  p rom o tes  the  in  v itro  m o tility  o f 
the  0 -2A  p rogen ito rs  (Nob le  e ta l. , 1988). A  ’deve lopm en ta l c lo c k ’ in  
the  0 -2A  p rogen ito rs  coun ts  the  num ber o f d iv is ions  and causes the  cells  
to  d rop  ou t o f the  m ito tic  cyc le  and d iffe re n tia te  in to  o ligodend rocy te s  
in the  absence o f FCS (Raff e t al., 1985). T h is  is coo rd ina ted  w ith  the  
loss o f m o tility  in the  new ly-fo rm ed o lig odend rocy te s  and the  
d isappearance o f GAP-43 from  these ce lls . The tim ing  o f the  
’deve lopm en ta l c lo c k ’ has been pos tu la ted  to  be due to  the  lim iting  
d ilu tio n  by success ive  cell d iv is io ns  o f a m o lecu le  c rit ica l fo r PDGF- 
respons iveness (Ra ff e ta l. , 1988, Hart e ta l. ,  1989b).

A lthough  m ature o ligodend rocy te s  lose recep to rs  fo r PDGF, recen tly  
d iffe ren tia ted  o ligodend rocy tes  s till e xp ress these recep to rs  (H a rt e t 
al., 1989a). The PDGF-receptor a c tiva tes  a range o f in trace llu la r  
signa ls, in c lud ing  in tr in s ic  ty ros ine  k inase a c tiv ity  and e leva tions in 
bo th  cyc lic  AMP and in trace llu la r ca lc ium  ions (Ca2 + ). N ew ly-fo rm ed  
o ligodend rocy tes  show  a robus t e le va tion  in cy to so lic  Ca2 + , cons is ten t 
w ith  ac tiva tion  o f the  inos ito l phospho lip id  pa thw ay in response to  
PDGF-receptor ac tiva tion  (Berridge and Irv ine, 1984; Hart e ta l.,

1989b). Neither the  PDGF-receptor nor one  o f the  early in trace llu la r  
s igna ls w ou ld  the re fo re  appear to  be the  regu la to ry  e lem en t in the  
responsiveness o f 0 -2A  p rogen ito rs  to  PDGF.

A lthough  specu la tive , the loss o f GAP-43 co in c id en t w ith  PDGF- 
dependen t cessa tion  o f m o tility  and cell d iv is io n  p rio r to

o ligodend rocy te  d iffe ren tia tio n  sugges ts  som e in te res ting  poss ib ilities .
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First, the GAP-43 gene may be regu la ted  b y  the  same PDGF-activated  
second  m essenger system  w h ich  d rives  m itos is  and re tards  
d iffe ren tia tion , in w h ich  case loss o f m o tility  w ou ld  be inc iden ta l to  
the  d iffe ren tia tio n  p rocess. Secondly , GAP-43 may be the  m iss ing  
regu la to ry  e lem ent con tro llin g  PDGF-responsiveness, e ithe r by lim iting  
d ilu tio n  o r by  acu te  dow n -regu la tion  o f the  gene. GAP-43 is 
d is tr ibu ted  ins ide  the  membrane, in the  v ic in ity  o f recep to r-ac tiva ted  
events, and is b io chem ica lly  w e ll-su ited  to  the  regu la tion  o f 
in trace llu la r s igna ls , a t least those  gene ra ted  by the  inos ito l 
phospho lip id  pathway. GAP-43 is an endogenous subs tra te  fo r p ro te in  
k inase C and show s Ca2 + -s tim u la ted  d isso c ia tio n  from  ca lm odu lin  (Chan e t 
a i., 1986; Skene, 1989). GAP-43 cou ld  be the  ’sw itc h ’ regu la ting  the  
loss o f ce llu la r responses to  PDGF-generated second  m essenger systems. 
Finally, o f course, the re  may be no causa l lin k  between GAP-43 and the  
PDGF response.

6.3.4. Type-2 Astrocyte Differentiation
D iffe ren tia tion  in to  o lig odend rocy te s  appears to  be the  de fau lt

pa thw ay fo r 0 -2A  p rogen ito rs , as show n  in s ing le  cell m ic rocu ltu re  in

the  absence o f serum  (Temple and Raff, 1985). PDGF released from  type-1

as trocy tes  fu n c tio n s  to  m ain ta in  a m ito tic  popu la tion  o f 0 -2A

p rogen ito rs  w h ich  can m ig ra te  and g ive rise  to  o ligodend rocy te s  where

they  are requ ired, as d iscussed above. The  o the r b ranch  o f the  0 -2A

lineage g ives rise to  type-2 as trocy tes  in  v itro  bu t the  d iffe ren tia tio n

o f type-2 astrocy tes  is m uch more com p lex  and has been recen tly  rev iewed

(L illien and Raff, 1990). So lub le CNTF re leased by type-1 as trocy tes

causes trans ien t exp ress ion o f the  a s tro cy te  m arker GFAP in deve lop ing

0 -2A  p rogen ito rs , fo llow ed  by d iffe re n tia tio n  in to  o ligodend rocy tes

(Hughes e ta l. , 1988). Further m a trix -bound  fa c to rs  are requ ired a) to

p reven t o ligodend rocy te  d iffe re n tia tio n  and b) to  induce pe rm anen t type-

2 astrocyte  d iffe ren tia tion . One o f these fa c to rs  appears to  be bas ic
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FGF (e ithe r subs tra te -bound  o r in so lu tion ) w h ich  can inh ib it 
d iffe re n tia tio n  a long  the o ligodend rocy te  pathway. C u ltu res con ta in ing  
endo the lia l ce lls  p roduce  an ex trace llu la r m a trix  su itab le  fo r type-2  
astrocy te  d iffe ren tia tion , and th is  ce ll type  m ay be the  source o f the  
bas ic  FGF-like ac tiv ity . Rem ain ing fa c to rs  have ye t to  be iden tified , 
bu t they appear to  be s tr ic t ly  m a trix -bound  m o lecu les w h ich  are no t 
p roduced  by neurons, o ligodend rocy te s  o r type-1 astrocytes.

The iden tif ica tion  o f type-2  as tro cy te s  in  vivo  has p roved h igh ly

con trove rs ia l in recen t years. In itia lly  th e  m onoc lona l an tib ody  A2B5

(E isenbarth  e t a/., 1979) was used as a m arke r in  v ivo  as it b inds

se lec tive ly  to  0 -2A  p rogen ito rs  and type-2 as trocy tes  in m ixed glia l

cu ltu res  (M ille r and Raff, 1984; M ille r e ta l. , 1985). U n fo rtuna te ly ,

the  use o f A2B5 in s tud ies o f neura l tissue  sec tio ns  is lim ited  by the

fa c t th a t it recogn ises several gang lio s ide  spec ies w ith  a t least one

s ia lic  ac id  res idue (Fredm an e ta !., 1984) som e o f w h ich  are p resen t on

neurons as we ll as ce lls  o f the  0 -2 A  lineage. Consequen tly , the  resu lts

ob ta ined  w ith  th is  an tib ody  in  v ivo  have been ques tioned  by the  o rig ina l

au tho rs  (M ille r e ta l. , 1989). A no the r m onoc lona l an tibody , w h ich  is

m onospec ific  fo r the  gang lios ide  G p 3 , has been used to  iden tify  0 -2A

p rogen ito rs  and type-2 as trocy tes  in  v itro  and a lso labe ls m ig ra ting  O-

2A  p rogen ito rs  in tissue sec tions (C u rtis  e ta l. , 1988). Th is  an tib ody

has no t revea led the  presence o f any type -2  as trocy tes  in sec tions from

op tic  nerve, cerebe llum , fo reb ra in  o r any o the r cen tra l nervous system

reg ion  s tud ied  (Curtis , Reynolds and W ilk in , unpub lished  obse rva tions),

con firm ing  the  un re liab ility  o f the  A2B5 an tibody . In add itio n

ce rebe lla r type-2 astrocy tes in  v itro  show ed a neuron -like  uptake o f the

neu ro transm itte r gam m a-am inobu tyric  ac id  w h ich  can be inh ib ited  by c/s-

1 ,3 -am inocyc lohexane (Johnstone  e ta l. , 1986) bu t th is  cou ld  no t be

de tec ted  in s lices o f deve lop ing  ra t ce rebe llum  o f the  same age.

Instead astrocy tes in s lices and fre sh ly  d issoc ia ted  p repara tions from  8

day cerebe llum  showed B -a lan ine-sensitive gam m a-am inobu ty ric  ac id  uptake
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w h ich  is cha ra c te ris tic  o f type-1 as tro cy te s  in  v itro  (Cohen e ta l.,

1980; G.P. W ilk in  unpub lished obse rva tions ). These resu lts  ind ica te  the  
poss ib ility  th a t type-2 astrocy tes in  v itro  are d iffe re n t from  the  
astrocy tes  th a t are found in the  deve lop ing  and adu lt b ra in . V iewed  
conserva tive ly , th is  can be seen ju s t as the  abe rran t exp ress ion by  
type-2 astrocy tes  in cu ltu re  o f a few  m o lecu la r p roperties , such as 
gang lios ide  GD3 and GAP-43 exp ress ion  and c/'s-1,3-am i nocyc lohexane-  
sens itive  gam m a-am inobu tyric  ac id  uptake . The m ore extrem e v iew  is tha t 
type-2  astrocy tes  are an a rte fac t o f tissue  cu ltu re  th a t do  no t ex is t in  
vivo.

Recently, a study, using the  c la ss ica l te chn iques o f 3 H -thym id ine  
and e lec tron  m ic roscopy  to  id e n tify  new ly -d iffe ren tia ted  ce lls  (Skoff,

1990), dem onstra ted  tha t the re  is no  a s trog liogenes is  in the o p tic  nerve  
a fte r the appearance o f o lig odend rocy te s  in the firs t and second  
postna ta l weeks. Th is  is in c o n flic t w ith  the  s tud ies o f Raff and  
co lleagues using the  A2B5 a n tib od y  w h ich  sugges t th a t type-2 astrocy tes  
are genera ted a fte r o ligodend rocy tes , s ta rtin g  in the  second postna ta l 
week (rev iewed by M ille r e t a/., 1989). It is agreed th a t type-1 
astrocy tes  firs t appear a t late em b ryon ic  s tages (E16 in the  ra t) and  
deve lop  p rena ta lly  and in the  firs t pos tna ta l week (M ille r e t a l., 1989;

S ko ff, 1990). In the lig h t o f these fin d in g s  it seems un like ly  tha t the  
type-2  as trocy tes  tha t we recogn ise  in tissue  cu ltu re  ac tua lly  exis t in  
vivo. U ndoub ted ly  tw o  types o f a s tro cy te  can be d isce rned  in  vivo  by  
va rious lig h t and e lec tron  m ic roscope  te chn iques  (rev iewed in M ille r et 
a l., 1989) bu t these do no t con fo rm  to  th e  tissue cu ltu re  des igna tion  o f 
type-1 and type-2 astrocytes.

The fa ilu re  o f a sensitive  an tib od y  aga ins t GAP-43 to  iden tify

astrocy tes  in tissue sec tions w h ils t read ily  labe lling  type-2 astrocy tes

in cu ltu re  lends suppo rt to  the fo rego ing  a rgum en t tha t these ce lls  are

a rte fac ts  a ris ing  from  m isd irec ted  d iffe re n tia tio n  o f 0 -2A  p rogen ito rs ,

w h ich  cons titu tive ly  becom e o lig odend rocy te s  in  v itro  (Temple and Raff,
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1985; M ille r e ta l. , 1989) and p robab ly  a lso  in  vivo  (H ardy and  
Reynolds, 1991; Reynolds and W ilk in  1991). P revious s tud ies have  
ind ica ted  th a t o ligodend rocy tes  m ay tra ns ien tly  express GFAP du ring  
deve lopm en t bo th  in  vivo  (Cho i and Kim , 1984) and in  v itro  (Ogawa e t 
a l. , 1985) and it is show n here th a t o ligodend ro cy te s  express GAP-43 at 
an early s tage in  the ir deve lopm en t. T he re fo re  the  G FA P + , GAP-43 + , 
gang lios ide  Gq 3 + pheno type seen in neona ta l m ixed g lia l cu ltu res may  
rep resen t an im m ature  o ligodend rocy te  p reven ted  from  unde rgo ing  te rm ina l 
d iffe ren tia tio n  by fa c to r(s ) p resen t in  FCS o r p roduced  by o the r ce ll 
types in  v itro .

6.3.5. GAP-43 In Type-1 Astrocytes
Previous inves tiga tions have fa iled  to  agree on the  exp ress ion  o f 

GAP-43 by type-1 astrocy tes  in  v itro . In itia l s tud ies by V itko v i^  
suggested  th a t type-1 astrocy tes show  GAP-43 im m uno reac tiv ity  b u t th a t 
th is  g radua lly  d isappears from  the  ce lls  b y  10 days in  v itro  (V itko v i^  
e ta l. , 1988; da  Cunha and V itk o v i4  1990). However, my in te rp re ta tion  
o f the  evidence p resented  in these pub lica tio n s  was th a t GAP-43 appeared  
to  be assoc ia ted w ith  deb ris  (poss ib ly  axona l) on the  surface  o f the  
type-1 astrocy tes  ra the r than be ing  in the  p lasm a m em branes o f these  
ce lls. Phagocytos is o f th is  deb ris  cou ld  a ccoun t fo r the  d isappearance  
o f the  GAP-43. Indeed, Deloulme e ta l. (1990) show ed tha t GAP-43  
p ro te in  and mRNA were absen t from  type-1 as trocy tes  using W estern  and  
Northe rn  b lo ttin g  techn iques, a lthough  it w as unc lea r how  these  
astrocy tes  were pu rified  in th is  s tudy.

In experim en ts w ith  the anti-GAP-43 fu s ion  p ro te in  an tise rum , some

ep ithe lio id  as trocy tes  in m ixed g lia l cu ltu res  showed GAP-43

im m uno reac tiv ity  a t all tim e po in ts  s tud ied  and, fu rthe rm ore , th is  was

assoc ia ted  w ith  bo th  the astrocyte  p lasma m em brane and su rface -bound

debris . L ive s ta in ing  o f m ixed glia l cu ltu res , w h ich  d id  no t a llow

access o f anti-GAP-43 an tibod ies  to  the  in te r io r o f the  cells, revealed
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the  presence im m unoreactive  deb ris  w h ich  cou ld  a lso be v isua lised on the  
surface  o f the  ce lls  by phase con tra s t m ic ro scopy  and th is  GAP-43+ 
deb ris  was found  to  d isappear w ith in  10 days in  v itro  (da ta  no t shown). 
However, pe rm eab ilisa tion  o f para lle l cu ltu res  d id  reveal the  presence  
o f GAP-43 in ep ithe lio id  ce lls w h ich  were gang lios ide  Gq 3 -, suggesting  
they were type-1 astrocy tes (see F igure  6.1 .e, f).

C onsequen tly , enriched type-1 a s tro c y te /f ib ro b la s t cu ltu res  were  
prepared from  the  m ono layer rem a in ing  a fte r rem oval o f 0 -2A  p rogen ito rs  
by ove rn igh t shak ing  and used fo r im m unos ta in ing  and W estern  b lo ttin g  
(da ta  no t shown). W h ile  m ost o f th e  f la t ce lls  were GAP-43-, som e were  
found  to  be GAP-43 im m unoreac tive  to  g rea te r o r lesser degrees o f 
in tens ity , and th is  was assoc ia ted  w ith  a s ing le  band in W estern  b lo ts  
th a t co -m ig ra ted  w ith  purified  CNS GAP-43. However, GAP-43 + 0 -2A  
p rogen ito rs  and type-2 astrocy tes w e re  a lso  found  in these cu ltu res  
( iden tified  by the  presence o f gang lio s ide  GD3), p robab ly  due to  the  
pers is tence o f ’p re -p rogen ito r’ ce lls  in these  m ono layers (R. Reynolds, 
personal com m un ica tion ).

W hile these s tud ies suggest th a t a small popu la tion  o f type-1

astrocy tes  express GAP-43 to  va ry ing  degrees, several experim enta l and

theo re tica l fa c to rs  s tand in the w ay o f a de fin it ive  conc lus ion .

Forem ost is the  absence o f a spe c ific  m arke r fo r type-1 astrocytes.

These ce lls are ope ra tiona lly  de fined  as f la t as trocytes, exp ress ing

GFAP bu t no t gang lios ide  GD3. T rip le  labe lling  te chn iques w ou ld  be

requ ired to  show  the  presence o f GAP-43 + /g a ng lio s id e  GD 3+ /G F A P +

astrocy tes in e ithe r m ixed glia l o r type-1 as trocy te  en riched  cu ltu res,

a lthough  such techn iques have been re cen tly  u tilised  in the  s tudy  o f

g lia l ce lls (A rm strong  e ta l., 1990; Vaysse and Goldm an, 1990).

Secondly, ’p re -p rogen ito r’ ce lls con tinue  to  be p resen t in type-1

a s tro c y te /fib ro b la s t cu ltu res a fte r o ve rn ig h t shaking , a lthough

experim ents are cu rren tly  in p rog ress to  iso la te  these ce lls  by a

fu rthe r d iffe ren tia l adhesion step (R. Reyno lds, persona l
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com m un ica tion ). These ce lls  are capab le  o f g iv ing  rise to  the type-2  
astrocy tes  con tam ina ting  these type-1 a s tro c y te /f ib ro b la s t cu ltu res. 
Th ird ly , type-2 astrocy tes in  v itro  a re know n  to  unde rgo  a shape change  
from  the  fam ilia r ste lla te  m o rpho logy  to  a fla tte ned  fo rm , poss ib ly  
induced  by con ta c t w ith  o the r ce lls  (W ilk in  e ta l. , 1983; Johns tone  e t 
a/., 1986), and th is  renders m o rpho logy  an unre liab le  in d ica to r o f 
’a s trocy te  typ e ’.

C onsequen tly , in the  doub le  labe lling  s tud ies  perfo rm ed ,

G FA P + /G A P -43+ fla t astrocy tes  cou ld  rep resen t type-2 as trocy tes  tha t 
have changed shape wh ile  gang lio s ide  GD0 -/G A P -43+  fla t ce lls  m igh t be  
fib ro b la s ts  ra the r than  type-1 astrocy tes . Iso la tion  o f m ono layers  
devo id  o f ’p re -p rogen ito r’ cells, o r th e  use o f tr ip le  labe lling  
techn iques, w ou ld  a llow  fu rthe r de lin ea tio n  o f th e  cell s pe c ific ity  o f 
GAP-43 express ion.
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C h a p te r  S even

G AP -43  In G lia l C e lls  O f T h e  P e r ip h e ra l N e rv o u s  S ys tem

214



7.1. Introduction
There are several types o f g lia l ce lls  in the  PNS w h ich  all derive  

from  the neural crest. The m ost num erous and w ide ly  s tud ied  c lass o f 
periphera l g lia, and the main sub jec t o f th is  Chapter, is the Schwann  
ce lls  associa ted w ith  axons in periphe ra l nerve trunks . In add ition , 
sa te llite  ce lls  su rround  neuronal ce ll bod ie s  in au tonom ic  and sensory  
gang lia , and en te ric  g lia  perfo rm  the  sam e ro le  in the  gang lia  o f the  
in tes tina l nervous system , wh ile  spec ia lised  g lia l ce lls  are p resen t a t 
nerve te rm ina ls  in the  periphery.

7.1.1. Molecular Phenotypes Of Schwann Cells
Schwann ce lls  can e ithe r p ro v ide  m ye lin  m em brane insu la tion  fo r  

axons (co rre spond ing  func tio na lly  to  o lig odend ro cy te s  in the  CNS) or 
enshea th  unm yelina ted axons in m em brane -bound  troughs  w ith in  the ir 
cytop lasm . These pheno types are regu la ted  b y  axonal con ta c t (Lemke and  
Chao, 1988; B runden  e ta l. , 1990; Jessen e ta l. , 1987a, 1990; M irsky e t 
a l ,  1990). Im m ature Schwann ce lls  a t la te em b ryon ic  stages (E16 to  
b irth ) express the  p ro te in  m arkers S100, GFAP, v im entin , Ng-CAM , N-CAM, 
lam in in , the  cell surface  p ro te in  A5E3 and  the  recep to r fo r nerve g row th  
fa c to r (NGFr) (Jessen e ta L , 1984; M artin i and Schachner, 1986; M irsky  
and Jessen, 1991).

Some Schwann ce lls  in c on ta c t w ith  axons are induced  to  express

the  major m ye lin  p ro te ins Pg, m yelin  bas ic  p ro te in  (MBP), m yelin-

assoc ia ted  g lycop ro te in  and becom e m atu re  m ye lin -fo rm ing  Schwann cells

(Lemke and Chao, 1988; B runden e ta l. , 1990; M irsky and Jessen, 1991).

It appears th a t axon d iam ete r is the  main de te rm inan t o f d iffe ren tia tio n

a long  the m ye lina tion  pathway and p rim a rily  axons o f g rea te r than  1 /urn

d iam e te r are capab le  o f such induc tio n , b u t the  nature o f the  axon-

assoc ia ted  s igna l is unknown (Friede, 1972; G riffin  e ta l. , 1988).

Subsequent to  the  induc tion  o f m ye lin  p ro te ins , the early Schwann cell

m arke rs N-CAM, Ng-CAM, GFAP, A5E3 and NGFr are dow n-regu la ted  by the
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m ye lin -fo rm ing  Schwann ce lls (M artin i and Schachner, 1986; Jessen et 
a/., 1987b, 1990), w h ich  con tinue  to  exp ress S100, lam in in and v im entin .

Those ce lls  no t induced to  fo rm  m ye lin  con tinue  to  express all the  
early  Schwann cell m arkers bu t do  no t syn thes ise  s ign ifican t am oun ts  o f 
m yelin  pro te ins. Thus it w ou ld  appear th a t the  non -m ye lin -fo rm ing  
Schwann cell pheno type is expressed b y  de fau lt in the  absence o f axons  
and tha t up-regu la tion  o f myelin p ro te in s  and dow n-regu la tion  o f N-CAM, 
GFAP, A5E3 and NGFr are coo rd in a te ly  regu la ted  by axonal c on ta c t and  
th a t th is  p rocess is reve rs ib le  (see be low ).

7.1.2. Schwann Cell Phenotypes A re A cu te ly  Regulated By Axons

Removal o f axonal con ta c t b y  e ith e r su rg ica l dene rva tion  o f nerves  
in  v ivo  o r by d issoc ia tion  o f nerves in  v itro  leads to  loss o f the  major 
m yelin  p ro te ins and up-regu la tion  o f Ng-CAM , N-CAM, A5E3 and NGFr by  
p rev ious ly  m ye lin -fo rm ing  Schwann ce lls  (N ieke and Schachner, 1985; 
Tan iuch i e ta i. , 1986, 1988; Lemke and Chao, 1988; T rapp  e ta i. , 1988; 
Jessen e ta i., 1990). A no the r consequence  is the  p roduc tio n  o f NGF by  
Schwann cells, a lthough  th is  is regu la ted  in pa rt by m acrophages  
(Heumann e ta i. , 1989). In the  case o f GFAP the re  is som e d isagreem ent 
ove r the e ffec ts  o f axonal dep riva tion  (M okuno  e ta i. , 1989; Neuberger 
and Cornb rooks , 1989; Condo re lli e ta i. ,  1990; Jessen e ta i. , 1990; see 
D iscuss ion  fo r deta ils).

The ded iffe ren tia tion  o f m ye lin -fo rm ing  Schwann ce lls  in the  
absence o f axons is fu lly  revers ib le . If axons  are a llowed to  
repopu la te  denerva ted  nerves, som e S chw ann  ce lls  are induced  to  become  
m ye lin -fo rm ing  and unde rgo  the same change  in phenotype as du ring  
deve lopm en t (N ieke and Schachner, 1985, Jessen e ta i. , 1987a, Gupta et 
a i ,  1988, M artin i and Schachner, 1988, N eube rge r and C o rnb rooks , 1989). 
S im ilarly , Schwann ce lls  co -cu ltu red  w ith  axons In v itro  are capab le  o f 
m yelina tion , and dow n-regu la te  p ro te ins  cha ra c te r is tic  o f non -m ye lin 

fo rm ing  Schwann ce lls  (E ld ridge e ta i. , 1987; Se ilhe im er e ta i. , 1989).
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In trace llu la r c yc lic  AMP has been suggested  to  m edia te the  axonal 
s igna ls  spec ify ing  d iffe ren tia tio n  a long  the  m ye lina tion  pa thway (Sobue  
e ta l. , 1986). E leva tion  o f c yc lic  AMP by a dd it io n  o f cho le ra  to x in  o r  
fo rsko lin , o r a dd it io n  o f cyc lic  AMP ana logues, to  Schwann ce lls  in 
cu ltu re  induces express ion  o f m ye lin  p ro te in s  Pg and MBP and suppresses  
the  express ion o f GFAP, A5E3 N-CAM and NGFr (Lemke and Chao, 1988; 
M okuno e ta l., 1988; M organ e ta l. , 1991).

7.1.3. GAP-43 In Schwann Cells

GAP-43 was f irs t de tec ted  in Schw ann ce lls  by  T e tz la ff e t al.

(1989) in im m unosta ined sec tions o f regene ra ting  fac ia l and sc ia tic  
nerves. It was conc luded  th a t the  S chw ann  ce lls  had taken  up GAP-43 from  
e longa ting  axons by an unknow n m echan ism . GAP-43 was a lso dem onstra ted  
in  Schwann ce lls  o f d issoc ia ted  do rsa l ro o t gang lia  by W oo lf e t al.

(1990) , a lthough  the  im m unosta in ing  w as o f ve ry  low  in tens ity  and the re  
ex is ted  the  fo rm a l poss ib ility  o f up take  from  axons o f the  p rim ary  
senso ry  neurons p resen t in the  cu ltu res.

In con tras t, som e s tud ies by o the r g roups  have fa iled  to

dem onstra te  the  presence o f GAP-43 in S chw ann  cells. Meiri e t al.

(1988) fa iled  to  d e tec t im m unoreac tive  GAP-43 in pu rified  Schwann cell

cu ltu res or in the  g lia l com ponen t o f s ym pa the tic  gang lion  cu ltu res.

Im m unoh is tochem is try  o f crushed pe riphe ra l nerve on ly  revea led GAP-43 in

regenera ting  axons, iden tified  by the  p resence  o f neu ro filam en t p ro te in ,

w h ile  con tro l nerves showed no im m uno reac tiv ity  (Verhaagen e ta l. ,

1986). To  my know ledge , the re  have been no pub lished repo rts  show ing

GAP-43 express ion in Schwann ce lls  by m e tabo lic  labe lling , N o rthern

b lo ttin g  or in  s itu  hyb rid isa tion . A lthough  no ev idence o r m e thodo logy

was presented, Basi e ta l. (1987) repo rted  th a t no mRNA fo r GAP-43 cou ld

be de tec ted  in d is ta l s tum ps o f transec ted  periphe ra l nerve, however

GAP-43 mRNA has been fa in tly  de tec ted  in som e Northern  b lo ts  o f such

tissue (M. B isby, personal com m un ica tion ).
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7.1.4. The Present Study

In the  s tud ies  on sc ia tic  nerve g ra fts  to  transec ted  o p tic  nerve  
(C hap te r 5) it w as observed tha t ce lls  in th e  periphera l nerve sta ined  
w ith  an tibod ies  aga ins t GAP-43 p rio r to  the  a rriva l o f regenera ting  
re tina l gang lion  ce ll axons and th a t these ce lls  increased in num ber 
w ith  time. These ce lls  were sp ind le  shaped and exis ted in co lum ns a long  
the  axis o f the  g ra fted  segment, and som e appeared to  m ig ra te  ou t in to  
the  junc tiona l zone between the  o p tic  and sc ia tic  nerves. There fo re  it 
was conc luded  on the  g rounds o f m o rpho log y  and loca tion  tha t the re  were  
Schwann ce lls  in the  g ra fted  m ateria l th a t expressed GAP-43.

In con jun c tio n  w ith  m arkers o f bo th  m ye lina ting  and non -m ye lin 

fo rm ing  Schw ann cells, the anti-GAP-43 fu s ion  p ro te in  an tise rum  was used  
to  dem onstra te  the  express ion o f GAP-43 in the  normal sc ia tic  nerve and  
a fte r e ithe r c rush  o r transec tion  a t m id -th ig h  level. W h ile  transec tion  
denerva tes the  nerve perm anently , th e  c rushed  nerve is ab le  to  suppo rt 
regenera tion  o f sensory and m o to r axons in to  the  d is ta l po rtion  
(Verhaagen e ta l . , 1986, Hall, 1989; Faw ce tt and Keynes, 1990). Th is  
a llow ed Schwann ce lls  to  be s tud ied  in the  absence o f an axonal sou rce  
o f GAP-43 and to  eva luate the tem pora l changes in GAP-43 exp ress ion  
du ring  dene rva tion  and re inne rva tion  in o rd e r to  estab lish  the  
pheno typ ic  seg rega tion  o f the p ro te in . The  cerv ica l sym pa the tic  tru nk  
w h ich  is 99% unm yelina ted (Aguayo e ta l. , 1976) was a lso exam ined to  
add ress the  nature o f the S chwann ce lls  exp ress ing  GAP-43. In add ition , 
Schwann ce lls  cu ltu red  in the  absence o f axons were s tud ied  to  fu rthe r  
exc lude the  poss ib ility  o f uptake o f neurona l GAP-43.

7.2. Results

7.2.1. GAP-43 In Normal S cia tic  Nerve

The exp ress ion o f GAP-43 in norm al periphe ra l nerve tissue was

in itia lly  exam ined in the sc ia tic  nerve. T h is  was chosen because o f its
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large size, ease o f d issection , and the  p resence o f bo th  m ye lina ted and  
unm yelina ted fib res . In transve rse  fro zen  sec tions , GAP-43 cou ld  be 
v isua lised  in spa rse ly sca tte red  ce lls  (see F igure 7.1.). N euro filam en t 
p ro te in  had a d iffe re n t s ta in ing  pa tte rn , as v isua lised  w ith  the  RT97 
m onoclona l an tibody , be ing even ly d is tr ib u te d  th roughou t the  nerve as 
d iscre te  spo ts  rep resen ting  large d iam e te r axons. C lose exam ina tion  o f 
sec tions doub le  labe lled fo r GAP-43 and neu ro filam en t revea led th a t the  
GAP-43 + ce lls  d id  no t su rround  these  large ca lib re  axons.

N on -m ye lin -fo rm ing  Schw ann ce lls , labe lled  w ith  GFAP, were a lso  
sparse ly d is tr ibu te d  in transve rse  sec tio ns  and doub le  s ta in ing  w ith  
GAP-43 revea led extensive co -labe lling  in these s truc tu res . However, a 
few  GFAP+ ce lls  d id  not s ta in  fo r GAP-43. The co -d is tr ib u tio n  o f GAP-43 
and GFAP suggests  tha t GAP-43 is p resen t in m ost non -m ye lin -fo rm ing  
Schwann cells. S100 and v im en tin  bo th  show ed a w ide r d is tr ib u tio n  than  
GAP-43, labe lling  the  entire  popu la tion  o f S chwann ce lls  in c lud ing  those  
m ye lina ting  the  RT97+ large d iam e te r axons.

GAP-43 was a lso seen in G FAP+ non -m ye lin -fo rm ing  Schwann ce lls  in 
long itud ina l sec tions (F igure 7.2.). H oweve r the  ub iqu itous  
d is tr ib u tio n  o f MBP d id  no t a llow  the  p resence o f GAP-43 in m ye lin 

fo rm ing  Schwann ce lls to  be assessed. Consequen tly , teased nerves were  
prepared in o rde r to  exam ine the exp ress ion  o f GAP-43 in ind iv idua l 
Schwann cell cab les (F igure 7.3.). The  na tu re  o f the  GAP-43- 
im m unoreac tive  Schwann ce lls w as de te rm ined  by phase con tra s t 
m icroscopy , to  reveal the presence o f m ye lin , and by doub le  labe lling  
w ith  an tibod ies  aga ins t GFAP o r MBP. GAP-43 was c lea rly  p resen t in 
GFAP+ non -m ye lin -fo rm ing  Schwann ce lls , bu t was exc luded  from  m ye lin 

fo rm ing  Schwann cells.
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Figure 7.1.

Transverse sections of normal sciatic nerve double labelled with 
anti-GAP-43 fusion protein antiserum diluted 1/5000 (a,c,e,g) and 
monoclonal antibodies against neurofilament (b) , GFAP (d), S100 (f) or 
vimentin (h).

A and B. RT97+ axons show a more extensive distribution than 
GAP-43. While neurofilament appears as evenly distributed dots 
(corresponding to large diameter axons) GAP-43 is more sparse and 
sometimes form rings (arrowhead in a). These rings do not surround the 
neurofilament+ axons (arrowhead in b) .

C and D. GAP-43 and GFAP have an almost identical distribution, 
but a few GFAP+ cells do not stain for GAP-43 (arrowheads).

E,F,G and H. S100 (f) and vimentin (h) are more extensively 
distributed than GAP-43 (e,g), labelling the entire population of 
Schwann cells, including those surrounding the large diameter axons.

Scale bar in a, 50 fim.
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F i gure  7 . 2 .
L o n g i t u d i n a l  s e c t i o n s  o f  normal s c i a t i c  n e r v e  d o u b le  

l a b e l l e d  w i t h  a n t i b o d i e s  a g a i n s t  GAP-43 ( a  and d )  and MBP
( b )  or  GFAP ( e ) .  The c o r r e s p o n d i n g  p h a s e  c o n t r a s t  im a g e s  
a r e  a l s o  p r e s e n t e d  (c  and f ) .

GAP-43 ( d )  c o - l o c a l i s e s  w i t h  GFAP ( e )  i n  n o n - m y e l i n -  
f o r m i n g  Schwann c e l l s ,  b u t  t h e  e x t e n s i v e  d i s t r i b u t i o n  o f  
m y e l i n  r e n d e r s  t h e  i d e n t i f i c a t i o n  o f  t h e s e  c e l l s  i m p o s s i b l e  
i n  t h e  p h a se  c o n t r a s t  and M B P -s ta in ed  im ages  ( b , c  and f ) .

S c a l e  bar  i n  a ,  50 //m.
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Figure 7.3.

Teased preparations of normal sciatic nerve double labelled with 
anti-GAP-43 fusion protein antiserum diluted 1/5000 (a,d,g and i) and 
monoclonal antibodies against MBP (b and h) or GFAP (e and j). Phase 
contrast images are also presented in some instances (c and f).

A,B and C. G and H. Non-myelin-forming Schwann cells 
(arrowheads) contain GAP-43 (a and g) but do not stain for MBP (b and 
h). In the absence of a corresponding phase contrast image, micrograph 
of the GAP-43 staining (g) has been overexposed to show the position of 
MBP+ myelin-forming Schwann cells. Only the cell marked with arrowheads 
is GAP-43+.

D,E and F. I and J. Non-myelin-forming Schwann cells stained for 
both GAP-43 (d and i) and GFAP (e and j). Arrowheads (in d,e and f) 
mark the position of the cable of non-myelin-forming Schwann cells 
adjacent to several myelin-forming Schwann cells visible under phase 
contrast (f). Myelin-forming Schwann cells which are not stained for 
GAP-43 or GFAP can also be seen in micrograph of GAP-43 (i) which has 
been slightly overexposed in the absence of a corresponding phase 
contrast image.

Scale bar in a, 50 /urn.
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7.2.2. GAP-43 In Cervical Sym pathetic Trunk

To ve rify  the express ion o f GAP-43 by non -m ye lin -fo rm ing  Schwann  
cells, teased p repara tions were m ade from  the  sym pa the tic  tru n k  o f the  
supe rio r ce rv ica l gang lion  w h ich  is 99% unm ye lina ted  (Aguayo e ta l.,

1976). F igure 7.4. shows th a t nearly  a ll Schwann ce lls  in these  
p repara tions were doub le  labe lled fo r bo th  GAP-43 and GFAP, bu t tha t 
GAP-43 was no t p resen t in those  few  ce lls  exp ress ing  MBP. T h is  con firm s  
th a t GAP-43 is res tric ted  to  non -m ye lin -fo rm ing  Schwann ce lls  in the  
norm al PNS. W estern  b lo ts  o f hom ogen ised  ce rv ica l sym pa the tic  trunk  
con firm ed  the  presence o f GAP-43 (F igure 7.5.).

However, these experim en ts d id  no t exc lude  the  poss ib ility  tha t 
GAP-43 is p resen t in unm yelina ted axons ra the r than  the non -m ye lin 

fo rm ing  Schwann ce lls  them se lves. There fo re , Schwann ce lls  were  
exam ined in the  absence o f axons, bo th  in d issoc ia ted  cell cu ltu re  and  
in ch ron ica lly  denerva ted nerve segm en ts in  vivo.

7.2.3. GAP-43 In C ultured Schwann Cells

To exam ine ind iv idua l S chw ann ce lls  dep rived  o f axons, d issoc ia ted  
cell cu ltu res  (prepared from  sc ia tic  nerves o f new born  rats by H.J.S. 
S tewart, U n ive rs ity  College, London ) were  doub le  labe lled w ith  anti-GAP- 
43 fus ion  p ro te in  antise rum  and th e  S chw ann cell m arke rs S100 and NGFr. 
Some Schwann ce lls were in tense ly  GAP-43 + wh ile  o the rs  d id  no t s ta in  at 
all. F ib rob las ts  rem a in ing in these cu ltu res  were no t sta ined. GAP-43 
had the  same ce llu la r d is tr ib u tio n  as NGFr, be ing  p resen t in shee t-like  
m em branous extensions. These s tru c tu re s  d id  no t con ta in  S100, w h ich  
appeared res tric ted  to  the  cy top lasm  o f the  Schwann cell bod ies.

W estern  b lo ttin g  o f p ro te ins from  m em branes o f cu ltu red  Schwann  
ce lls  con firm ed  the presence o f m em brane-bound  GAP-43 (F igure 7.5.).
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Figure 7.4.

Teased preparations of cervical sympathetic trunk double labelled 
with anti-GAP-43 fusion protein antiserum diluted 1/5000 (a,d,g and i) 
and monoclonal antibodies against MBP (b and e) or GFAP (h and j). 
Phase contrast images are also presented in some instances (c and f).

A,B and C. D,E and F. Sympathetic trunk consists almost entirely 
of non-myelin-forming Schwann cells which contain GAP-43 (a and d) but 
do not stain for MBP (b and e). The few myelin-forming Schwann cells in 
this nerve do not contain GAP-43 (arrowheads). Scale bar in a, 50 jim.

G and H. I and J. Non-myelin-forming Schwann cells contain both 
GAP-43 (g and i) and GFAP (h and j). Scale bar in g, 50 /xm.
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Figure 7.5.

W e s t e r n  b l o t s  o f  p u r i f i e d  m em branes  f r o m  c u l t u r e d  Schw ann  c e l l s  

(SCHWANN MEMB.) a n d  w h o le  t i s s u e  h o m o g e n a te s  o f  c e r v i c a l  s y m p a t h e t i c  

t r u n k  (C S T) o r  d e n e r v a t e d  d i s t a l  s tu m p  o f  s c i a t i c  n e r v e  4 w ee ks  a f t e r  

t r a n s e c t i o n  ( D IS T A L  STUMP) s t a i n e d  w i t h  a n t i - G A P - 4 3  f u s i o n  p r o t e i n  

a n t i s e r u m  o r  p r e - im m u n e  s e ru m  d i l u t e d  1 / 1 0 0 0 .  The  RMM o f  s t a n d a r d  

m a rk e r  p r o t e i n s  and  t h e  p o s i t i o n  o f  GAP-43 a r e  m a rke d  t o  t h e  r i g h t .

O n ly  GAP-43 was r e c o g n i s e d  b y  a n t i - G A P - 4 3  f u s i o n  p r o t e i n  a n t i s e r u m  

a nd  t h e r e  w e re  no  c r o s s - r e a c t i n g  p r o t e i n s .  P re - im m u n e  se ru m  d i d  n o t  

r e c o g n i s e  a n y  p r o t e i n s  i n  t h e s e  p r e p a r a t i o n s .
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Figure 7.6.

Cultured Schwann cells double labelled with either anti-GAP-43 
fusion protein antiserum diluted 1/1000 and monoclonal antibodies 
against NGFr (a and b) or 91E12 monoclonal antibody against GAP-43 and 
polyclonal antiserum against S100 (c,d,e and f).

A and B. C and D. GAP-43 (a and c) is variable in the membranes 
of Schwann cells containing NGFr (b) and S100 (d). Some cells do not 
contain GAP-43 immunoreactivity (arrowheads) while others are brightly 
stained. Both GAP-43 and NGFr label velate membrane extensions which 
are not labelled by S100 (arrows). Scale bars in a and c, 50 /zm.

E and F. Higher magnification micrograph showing a large number 
of S100+ Schwann cells (f) which show variable staining for GAP-43. 
Note the presence of several GAP-43+ membrane extensions (arrowheads in 
e). Scale bar in e, 50 fim.
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7.2.4. GAP-43 In C hron ica lly  D enervated S c ia tic  Nerve

Scia tic  nerves were su rg ica lly  dene rva ted  by transec tion , as 
described  in M ateria ls and M ethods, and  re inne rva tion  was p reven ted  by  
de fle c tin g  the  prox im al s tum ps in to  ad jacen t m usc le  b locks. The absence  
o f axons in d is ta l segm ents was con firm ed  by RT97 im m unoh is tochem is try  
up to  8 weeks a fte r dene rva tion  (F igure  7 .7 .) and  tissue from  these  
an im a ls was used to  assess the  exp ress ion  o f GAP-43 by Schwann ce lls in 
doub le  labe lling  experim ents.

GAP-43 was p resen t in a m ino rity  o f Schwann ce lls  up to  2 weeks  
a fte r transec tion , as show n in teased p repa ra tions  o f d is ta l segm ents  
s ta ined  fo r GAP-43 and v im en tin  (F igure 7.8.). By 4 weeks however, 
nearly all Schwann ce lls  appeared GAP-43 + in teased nerves and  
essen tia lly  the  en tire  popu la tion  were  im m uno reac tive  a t 8 weeks. Th is  
was con firm ed  in frozen  sec tions (F igure  7.9 .) w h ich  showed th a t GAP-43 
was res tric ted  to  a small popu la tion  o f ce lls  w h ich  were a lso GFAP+ up  
to  2 weeks a fte r transec tion , w h ile  a t 4 and 8 weeks, GAP-43 was  
w idesp read  th roughou t the  dene rva ted  segm ents . A t these la te r tim e  
po in ts  the d is tr ib u tio n  o f GAP-43 exceeded th a t o f GFAP and m any GAP-43+ 
Schwann ce lls  were no t im m unoreac tive  fo r GFAP.

W estern b lo ttin g  co firm ed  the  p resence  o f GAP-43 in d is ta l segm ent 
hom ogen ised 4 weeks a fte r dene rva tion  (F igure 7.5.). The absence o f 
axons in th is  tissue was con firm ed  by p rio r rem oval o f a 3 mm po rtio n  o f 
the  p ro x im a l end o f the d is ta l segm ent, w h ich  was teased apa rt and  
sta ined w ith  the  RT97 m onoclona l a n tib o d y  aga ins t neu ro filam en t p ro te in  
(da ta  no t shown).
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F igure 1 . 7 .

S e c t i o n s  o f  t r a n s e c t e d  ( a , b  and c )  and crushed  ( d , e  and 
f )  s c i a t i c  nerve  s t a i n e d  w i th  the  monoclonal a n t ib o d y  RT97 to  
dem onstrate  the  p r e se n c e  o f  axons ( s e e  M a t e r i a l s  and Methods) .

A , B and C. Axons are  a b s e n t  from th e  d i s t a l  stump o f  
t r a n s e c t e d  s c i a t i c  n e r v e s  up t o  8 weeks a f t e r  axotomy.

D,E and F. A f t e r  s c i a t i c  c r u s h ,  o n l y  axon  d e b r i s  i s  
p r e s e n t  a t  3 days ( d ) ,  but r e g e n e r a t i n g  axons are  v i s i b l e  a t  1 
and 2 weeks (e  and f ) .

S c a le  bar i n  a ,  50 /urn.
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Figure 7.8.

Teased preparations from denervated distal segments of sciatic 
nerve double labelled with anti-GAP-43 fusion protein antiserum diluted 
1/5000 (a,c,e,g and i) and monoclonal antibodies against vimentin 
(b ,d ,f,h and j).

A,B. C,D. E,F. Up to 2 weeks, only a minority of Schwann cells 
visualised with vimentin (b,d and f) also contain GAP-43 (a,c and e).

G,H. At 4 weeks, nearly all Schwann cells contain GAP-43 (g) . 
However, a few cells visualised with vimentin (h) do not stain for GAP- 
43 (arrowheads). A blood vessel, which is not labelled by antibodies 
against either GAP-43 or vimentin, can be seen running diagonally across 
the Schwann cell bundle.

I,J. At 8 weeks, essentially all the Schwann cells visualised 
with vimentin (j) also contain GAP-43 (i).

Scale bar in a, 50 fim.
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Figure 7.9.

Longitudinal sections of denervated distal segments of sciatic 
nerve double labelled with anti-GAP-43 fusion protein antiserum diluted 
1/5000 (a,c,e and i) and monoclonal antibodies against GFAP (b,d,f and 
j). Adjacent sections are shown at the 4 week time point, stained with 
anti-GAP-43 antiserum (g) and polyclonal antiserum against GFAP (h).

A,B. C,D . E ,F . bp to 2 weeks after transection, GAP-43 (a,c and 
e) is expressed by a minority of Schwann cells, which also express GFAP 
(b,d and f).

G,H. At 4 weeks, the majority of Schwann cells in the denervated 
stump contain GAP-43 (g), while GFAP labels very few cells in an 
adjacent section (h).

I,J. At 8 weeks, most or all Schwann cells are GAP-43+ (i) but 
only a few also stain for GFAP (j).

Scale bar in a, 50 /zm.
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7.2.5. GAP-43 Expression During R einnervation Of Crushed S cia tic  Nerve

The regenera tion  o f axons a fte r c rush ing  o f the sc ia tic  nerve was

fo llow ed  by RT97 im m unoh is tochem is try . A lthough  RT97+ regenera ting  
axons cou ld  be seen by 1 week (F igure 7 .7.), GAP-43 im m uno reac tiv ity  was  
unexpec ted ly  res tric ted  to  GFAP+ non -m ye lin -fo rm ing  Schwann ce lls  in 
sec tions  (F igure 7 .10.) and cou ld  no t be seen in the regene ra ting  axons.

S ta in ing o f teased tissue d is ta l to  th e  les ion s ite  (F igure 7 .11.) 
revea led th a t the  num ber o f GAP-43 + S chw ann ce lls  d id  no t increase as 
had been found  in the  transec ted  nerves. GAP-43 was res tric ted  to  a 
m ino rity  o f the  v im en tin +  Schwann ce lls  a t all surv iva l tim es (up to  30 
days).

7.2.6. GAP-43 Is Not Expressed By M acrophages

The in te rm ed ia te  filam en t p ro te in  v im en tin  is a m o lecu la r m arker  
fo r several cell types in add ition  to  S chw ann  cells, in c lud ing  the  
m acrophages w h ich  invade periphera l nerve tissue a fte r dam age. To  
exc lude  the  poss ib ility  th a t GAP-43 in Jesioned sc ia tic  nerve is due to  
in vad ing  m acrophages, these ce lls  were v isua lised  w ith  the ED^ m ono 

c lona l an tibody  (D ijks tra  e ta l., 1985) in fro zen  sec tions doub le  
labe lled  w ith  anti-GAP-43 antise rum . M acrophages d id  no t con ta in  
im m unoreac tive  GAP-43 and the  ED^ s ta in ing  pa tte rn  was com p lem en ta ry  to  
th a t o f GAP-43 (F igure 7.12.).

7.2.7. GAP-43 Is Expressed By E nte ric  G lial Cells

Glial ce lls o f the  en te ric  nervous system , w h ich  bear som e  
an tigen ic  s im ila rities  to  non -m ye lin -fo rm ing  Schwann ce lls  (Jessen and  
M irsky, 1984), were exam ined in po lyes te r wax em bedded sec tions  o f 
stom ach , small in tes tine  (ileum ) and large in tes tine  (co lon). G lial 
ce lls  o f the gang lia  o f the  m yen te ric  and subm ucosa l p lexuses were  
im m unoreactive  fo r GAP-43 in sec tions doub le  labe lled fo r GAP-43 and  
S100 o r GFAP (F igure 7.14.).
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Figure 7.10.

Longitudinal sections of sciatic nerve distal to crush injury 
double labelled with anti-GAP-43 fusion protein antiserum diluted 1/5000 
(a,c,e and g) and monoclonal antibodies against GFAP (b,d,f and h).

At all times up to 30 days, GAP-43 and GFAP show the same 
distribution. GAP-43+ regenerating axons are not visible despite the 
ingrowth of RT97+ axons as early as 1 week after axotoray (see Figure 
7.7.).

Scale bar in a, 50 /zm.
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Figure 7.11.

Teased preparations from distal segments of crushed sciatic nerve 

double labelled with anti-GAP-43 fusion protein antiserum diluted 1/5000 

(a,d,g and j) and monoclonal antibodies against vimentin (b,e,h, and k) . 

Corresponding phase contrast images are also presented (c,f,i and 1).

A,B and C. D,E and F. At 3 and 7 days after crushing, single 
GAP-43+ (a and d) non-myelin-forming Schwann cell cables are visible 

(arrowheads) in the bundles of phase bright myelin-forming Schwann cells 
(c and f) . However, phase dark non-myelin-forming Schwann cells can be 

seen which do not stain for GAP-43.

G,H and I. At 14 days, myelin debris has been removed (i) but 

only a few Schwann cell cables contain GAP-43 (g).

J,K and L. At 30 days, regenerating axons have initiated myelin 

formation in some Schwann cells (arrows) which are thus phase bright (1) 
but do not contain GAP-43 (j). At this stage, it is still a minority of 
Schwann cells that are GAP-43+ (arrowheads)

Scale bars, 50 /xm.
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F ig u r e  7 . 1 2 .
L o n g i t u d i n a l  s e c t i o n s  o f  s c i a t i c  n e r v e  7 d a y s  a f t e r  

t r a n s e c t i o n  (a  and b) and 3 d a y s  a f t e r  c r u s h i n g  ( c  and d)  
d ou b le  l a b e l l e d  w i t h  a n t i b o d i e s  a g a i n s t  GAP-43 (a  and c )  and 
th e  macrophage marker ED  ̂ (b and d ) .

S c a l e  bar i n  a ,  50 f i m .
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Figure 7.13.

This figure is composed of 3 panels, referring to 1) stomach, 2) 

ileum and 3) colon. Each panel contains a reference section stained 

with toluidine blue (scale bar in 1, 51 mm ), a section double labelled 

with anti-GAP-43 fusion protein antiserum diluted 1/5000 (a) and 

monoclonal antibodies against GFAP (b) (scale bar in al, 50 ^m) and a 

high power view of a section double labelled with monoclonal antibodies 

against GAP-43 (c) and polyclonal antiserum against S100 (d) (scale bar 

in cl, 50 /zm). The different layers of the intestinal wall are labelled 

in the reference section of stomach (M, mucosa; S, submucosa; C, inner 

circular muscle layer of m. externa; L, outer longitudinal muscle layer 

of m. externa) and these layers are also marked in micrograph b of each 

panel.

Neuronal cell bodies in ganglia of the myenteric plexus (located 
between the circular and longitudinal muscle layers) are unlabelled by 

antibodies against GAP-43, while the glial cells surrounding them are 

positive for GAP-43 (a and c), GFAP (b) and S100 (d) in all three 

regions. Likewise, enteric glia of the submucosal ganglia are also 

S100+ and GAP-43+ (arrowheads in c3 and d3).

GAP-43 also stains axons and their accompanying Schwann cells 
ramifying through the muscle layers and mucosa.





7 .3 . D is c u s s io n

7 .3 .1 . G AP -43 E xp re s s io n  B y  N o n -M ye lin -F o rm in g  S chw ann  C e lls

In the  norm al sc ia tic  nerve bo th  non -m ye lin -fo rm ing  and m ye lin 

fo rm ing  Schwann ce lls  are p resent, w h ich  can be d is tingu ished  
im m unocy tochem ica lly  by the  exp ress ion  o f d is tin c t sets o f p ro te ins  
(M irsky and Jessen, 1991). Using GFAP to  m ark the  non -m ye lin -fo rm ing  
Schwann ce lls  (Jessen e ta l. , 1984) or MBP to  dem ons tra te  the  presence  
o f m yelin , doub le  labe lling  expe rim en ts  revea led GAP-43 to  be expressed  
exc lus ive ly  by non -m ye lin -fo rm ing  S chw ann  cells. In teased nerve  
prepara tions, GAP-43 can be c lea rly  seen to  label on ly  those  ce lls  
express ing GFAP and to  be exc luded  from  cab les o f M BP+ Schwann cells. 
Consequently , the cerv ica l sym pa the tic  tru n k  was exam ined. Th is  nerve  
has been show n to  cons is t m ain ly o f unm ye lina ted  fib re s  (app rox im a te ly  
99%, Aguayo e ta l. , 1976). GAP-43 was w idesp read  in the  non-m ye lin - 
fo rm ing  Schwann ce lls  in these p repa ra tions  bu t was no t p resen t in  the  
few  Schwann ce lls  exp ress ing MBP.

Thus GAP-43 appears to  jo in  the  g row ing  lis t o f p ro te in  m arke rs  
fo r non -m ye lin -fo rm ing  Schwann ce lls , in c lud in g  GFAP, N-CAM, Ng-CAM and  
NGFr. These p ro te ins  are expressed ea rly  in deve lopm en t by all S chwann  
ce lls  and are subsequen tly  dow n -regu la ted  by those  ce lls  induced  to  
m yelina te large d iam ete r axons (N ieke and Schachner, 1985; Jessen e t 
a/., 1987b, 1990; M irsky and Jessen, 1991). C o llabo ra tive  s tud ies w ith

K.R. Jessen, R. M irsky and H.J.S. S tewart (U n ive rs ity  Co llege, London )  
have show n tha t GAP-43 is p resen t in Schw ann ce lls  derived  from  sc ia tic  
nerve at em b ryon ic  days 15 and 16, p rio r to  the  induc tio n  o f m ye lina tion  
(m anuscrip t in p repara tion ). Th is  sugges ts  th a t GAP-43 is expressed  
cons titu tive ly  by Schwann ce lls  and is dow n -regu la ted  in m ye lin -fo rm ing  
Schwann ce lls by axonal con tac t.
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7.3.2. GAP-43 Expression By Schwann Cells In The Absence Of Axons

To exc lude the  poss ib ility  th a t GAP-43 in the  m em branes o f 
unm yelina ted axons was respons ib le  fo r the  s ta in ing  in the  normal 
sc ia tic  nerve and to  te s t the  con ten tio n  th a t GAP-43 express ion  by  
Schwann ce lls is regu la ted by axonal con ta c t, im m unocy tochem ica l s tud ies  
were  perfo rm ed on Schwann ce lls  dep rived  o f axons e ithe r by dene rva tion  
in  v ivo  o r by d issoc ia tion  o f nerves in  v itro . P rev ious s tud ies  have  
show n tha t lip ids  and p ro te ins  cha ra c te r is tic  o f m ye lina ting  Schwann  
ce lls  are regu la ted  by axon con ta c t and th a t S chwann ce lls

rap id ly  revert to  a non -m ye lin -fo rm ing  pheno type  w hen con ta c t is lost 
(M irsky  e ta l. , 1980; Lem ke and Chao, 1988; rev iewed by M irsky and  
Jessen, 1991).

Some cu ltu red  Schwann ce lls , id en tif ie d  by the  exp ress ion  o f 
e ithe r S100 or NGFr, w ere  pos itive  fo r GAP-43. T h is  sugges ts  th a t non

m ye lin -fo rm ing  Schwann ce lls con ta in  GAP-43 in the  absence o f axons, bu t 
does no t exc lude the  poss ib ility  o f GAP-43 up take from  axons p rio r to  
d issoc ia tio n  in  v itro . However a fte r s c ia tic  nerve dene rva tion  in  vivo, 
GAP-43 was p resen t in a m ino rity  o f S chw ann ce lls  up to  2 weeks bu t 
labe lled  nearly a ll S chwann ce lls in the  d is ta l segm en t a t 4 and 8 
weeks. Th is  shows th a t syn thes is o f GAP-43 can occu r in the  absence o f 
neurons and th a t im m uno reac tiv ity  in non -m ye lin -fo rm ing  Schwann ce lls  is 
no t due to  GAP-43 p resen t in (o r taken  up from ) axons.

These s tud ies a lso  showed th a t GAP-43 is regu la ted d iffe re n tly

from  o the r non -m ye lin -fo rm ing  Schwann ce ll p ro te in  m arkers. W h ile  NGFr

was expressed by all S100+ Schwann ce lls  a fte r 4 days in cu ltu re  (da ta

no t shown), GAP-43 was on ly expressed by  a m ino rity  o f these cells.

Indeed, co llabo ra tive  s tud ies w ith  K.R. Jessen, R. M irsky and H.J.S.

S tewart (U n ive rs ity  Co llege, London ) have show n tha t GAP-43 is on ly

p resen t in 25-40% o f S chwann ce lls  m a in ta ined  in cu ltu re  a t all tim e

po in ts  s tud ied up to  3 weeks (m anusc rip t in p repara tion ). Furtherm ore ,

GAP-43 was up-regu la ted between 2 and 4 weeks a fte r dene rva tion  in  vivo
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w h ile  N-CAM, Ng-CAM and NGFr are  rap id ly  syn thes ised by p rev ious ly  
m ye lina ting  Schwann ce lls  dep rived  o f axona l con ta c t by W alle rian  
degene ra tion  (N ieke and Schachner, 1985; Tan iuch i e ta l. , 1986; Jessen  
e ta l. , 1987b).

C yc lic  AMP has been im p lica ted  as the  in trace llu la r second  
m essenger m ed ia ting  some e ffe c ts  o f axona l con ta c t in Schwann ce lls  
(Lemke and Chao, 1988; M irsky e ta l. , 1990; M organ e ta l. , 1991). 
P re lim inary experim en ts w ith  K.R. Jessen, R. M irsky and H.J.S. S tewart 
(U n ive rs ity  Co llege, London ) have show n  th a t GAP-43 is dow n-regu la ted  in  
cu ltu red  Schwann ce lls  by add itio n  o f fo rsko lin , w h ich  e levates  
in trace llu la r c yc lic  AMP, in com m on  w ith  o the r p ro te in  m arke rs o f the  
non -m ye lin -fo rm ing  Schwann cell p heno type  (M organ e ta l. , 1991).

7.3.3. GAP-43 Expression In R egenerating S cia tic  Nerve

Crush in ju ry  to  the  sc ia tic  nerve d id  no t cause an increase in the  
num ber o f Schwann ce lls  exp ress ing  GAP-43. Thus the  de layed express ion  
o f GAP-43 by Schwann ce lls  4 w eeks a fte r transec tion  d id  no t o ccu r in 
the  p resence o f regenera ting  axons. T h is  sugges ts  tha t rees tab lishm en t 
o f axonal con ta c t perpetua tes the  supp ress ion  o f GAP-43 synthes is .

Surp ris ing ly, GAP-43 was n o t v isua lised  in the  axons regenera ting

th rough  the sc ia tic  nerve a fte r c rush  in ju ry . P revious s tud ies  have

show n tha t GAP-43 is loca lised in axons s ta ined  w ith  neu ro filam en t in

regenera ting  periphera l nerves (Verhaagen e ta l. , 1986) and tha t axonal

transpo rt o f GAP-43 increases 9 -fo ld  a fte r c rush  in ju ry (Skene and

W illa rd , 1981b). N orthern  b lo ttin g  and  in  s itu  h yb rid isa tion  s tud ies

have shown tha t GAP-43 mRNA is inc reased  in dorsa l roo t gang lia  a fte r

sc ia tic  nerve in jury (Basi e ta l. , 1987; Ve rge  e ta l. , 1990). Th is

suggests tha t GAP-43 in regenera ting  pe riphe ra l axons is be low  the  lim it

o f de tec tion  o f the  h igh ly  sens itive  an tise rum  used in th is  s tudy, w h ich
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read ily  labe lled S chwann cells. S im ila r resu lts  have been repo rted  by  
T e tz la ff e t al. (1989).

There fo re  th e  im m unocy tochem ica l da ta  o f Verhaagen e ta l. (1986) 
m ust be ques tioned . Exam ina tion o f th e ir m ic rog raphs revea ls GAP-43 in 
s tru c tu res  c lose ly  resem bling  the S chw ann  ce lls  v isua lised in th is  
study. However these s truc tu res  w e re  a lso  im m unoreac tive  fo r  
neu ro filam en t p ro te in  using a m onoc lona l a n tib od y  aga ins t the  low  
m olecu la r w e igh t neu ro filam en t p ro te in , w ith  w h ich  GAP-43 shares a 
reg ion  o f lim ited  sequence hom o logy (52%  conse rva tion  a t the  am ino  acid  
level, LaBate and Skene, 1989). It is  th e re fo re  poss ib le  th a t th is  
an tib od y  m ay have c ross-reacted  w ith  GAP-43 lead ing to  the  appa ren t co 

d is tr ib u tio n  o f low  m o lecu la r w e igh t neu ro filam en t p ro te in  and GAP-43. 
Indeed, the  rad io im m unoassay da ta  p resen ted  by these au tho rs  supports  
the  concep t o f exp ress ion  by Schw ann ce lls . GAP-43 levels d id  no t 
change s ign if ica n tly  6 days a fte r s c ia tic  ne rve  transec tion , cons is ten t 
w ith  express ion by a stab le  popu la tion  o f Schwann ce lls  and con tra ry  to  
a loca tion  in axons w h ich  are phagocy tosed  w ith in  a week o f transec tion  
(see fo r instance, Beuche and Friede, 1984; Lunn e ta l. , 1989).

7.3.4. Regulation O f GFAP A fte r S c ia tic  Nerve T ransection

There are con flic t in g  repo rts  con ce rn in g  the  regu la tion  o f GFAP

a fte r periphera l nerve transec tion . Neube rge r and C o rnb rooks  (1989)

have suggested th a t the  num ber o f S chw ann  ce lls  exp ress ing  GFAP in

frozen  sec tions decreases wh ile  Jessen e ta l. (1990) have show n an

increase in GFAP+ Schwann ce lls 4  to  8 weeks a fte r transec tion  by

s ta in ing  o f cell suspens ions p repared from  dene rva ted  tissue. A t the

mRNA level, reduc tion  o f GFAP exp ress ion  has been repo rted  d is ta l to

transec tion  (M okuno  e ta l., 1989), bu t o th e r s tud ies have been unab le  to

con firm  th is  (C ondo re lli e ta l., 1990). In th is  s tudy, GFAP

im m unocy tochem is try  o f frozen  sec tio ns  (see F igure 7.9.) and teased

nerves (no t show n) suggests tha t the  p ro p o rtio n  o f Schwann ce lls
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express ing  GFAP is no t s ig n if ica n tly  a lte red by periphe ra l nerve  
transec tion . In com m on w ith  p rev ious s tud ies (N euberge r and C o rnb rooks , 
1989; Jessen e ta l. , 1990), s trong ly  im m unoreac tive  ce lls  rem ained in 
the  denerva ted  segment, m ost like ly  rep resen ting  the  o rig ina l popu la tion  
o f non -m ye lin -fo rm ing  Schwann ce lls. It is in te res ting  tha t these GFAP+  
ce lls  were a lso GAP-43 + up to  2 weeks a fte r transec tion , sugges ting  th a t 
non -m ye lin -fo rm ing  and m ye lin -fo rm ing  Schw ann ce lls  may remain  
im m unocy tochem ica lly  d is tingu ishab le  even a fte r dene rva tion  and loss o f 
m yelin  p ro te ins and lip ids. However, c o rro bo ra tio n  o f these find ings  
requ ired fu rth e r inves tiga tion  th a t w as beyond  the  scope o f th is  s tudy.

7.3.5. Role O f GAP-43 In N on-M yelin-Form ing Schwann Cells

It has been suggested p rev ious ly  th a t as trocy tes  o f the  CNS, non 

m ye lin -fo rm ing  Schwann ce lls  o f th e  PNS and g lia l ce lls  o f the en te ric  
nervous system  may rep resen t a func tio na lly -re la ted  g roup  o f ce lls  on  
the  basis o f th e ir com m on express ion  o f p ro te in  m arkers, such as GFAP  
and the  A5E3 cell surface antigen , and  th e ir lack o f m yelin p ro te ins  and  
lip id s  (Jessen and M irsky, 1984). The fin d in g s  p resented  here and in 
the  p rev ious Chapte r are con s is ten t w ith  th is  v iew . GAP-43 is expressed  
by som e astrocy tes  (Curtis  e ta l. , 1991), non -m ye lin -fo rm ing  Schwann  
ce lls  and en te ric  g lia  bu t no t by  m atu re  o lig odend ro cy te s  o r m ye lin 

fo rm ing  Schwann cells.

It is unc lear w ha t ro le GAP-43 m ay p lay in non -m ye lin -fo rm ing  
Schwann ce lls and en te ric  g lia. In neurons, GAP-43 assoc ia tes bo th  w ith  
the  p lasma m em brane and e lem en ts o f the  cy to ske le ton  (Meiri and G ordon- 
W eeks, 1990) and GAP-43 may have a ro le  in the  adhesion  a n d /o r  m o tility  
o f 0 -2 A  p rogen ito rs  and type-2 a s trocy tes  (see p rev ious Chapter). The  
presence o f GAP-43 in the m em branes o f S chw ann ce lls  sugges ts  tha t it 
may p lay a s im ila r ro le in periphera l glia, s ta b ilis in g  the  m em branes o f 
the  non -m ye lin -fo rm ing  Schwann cells.

Unm yelina ted axons are enc losed in m em brane-bound  troughs  w ith in
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non -m ye lin -fo rm ing  Schwann cells. A dhes ion  m olecu les on the  axonal and  
Schwann cell su rfaces ’a n cho r’ the  axons in these troughs  (M artin i and  
Schachner, 1986; B ixby e ta l. , 1988; Se ilhe im er and Schachner, 1988), 
and GAP-43 may s tab ilise  the S chw ann ce ll m em brane re la tive  to  the  
cy toske le ton  and so  p reven t m ovem en t d u ring  m echan ica l d is to rtio n  o f the  
nerve tru nk  th rough  in ju ry o r exe rtion . M ye lin -fo rm ing  Schwann ce lls  on  
the  o the r hand enw rap larger d iam e te r fib re s  in several layers o f m yelin  
mem brane, w h ich  fo rm  spec ia lised ju n c tio n s  w ith  the  axo lem m a a t the  
paranoda l reg ions (L iv ings ton  e ta l. , 1973; Peters e ta l., 1976). There  
appears little  danger o f m ye lina ted axons m ov ing  re la tive  to  the ir 
assoc ia ted  S chwann ce lls  and thus  GAP-43 may no t be requ ired fo r  
m em brane s tab ilisa tion  in these ce lls . Fu rthe rm ore , recen t da ta  has  
show n th a t unm yelina ted axons are  no t con s ta n t in d iam e te r and tha t 
va ricos itie s  are p resen t a long the axon  sha ft, cons is ten t w ith  axonal 
tra nspo rt o f o rgane lles (G reenberg e ta l. , 1990). T h is  sugges ts  tha t 
axons may unde rgo  pe riod ic  sw e lling  as these va ricos itie s  move a long the  
axon. GAP-43 may serve to  regu la te  the  flu id ity /s ta b ility  o f Schwann  
cell m em branes under these c ircum stances .

In add ition , Schwann ce lls are know n  to  be m otile  in cu ltu re  
(C rang and B lakemore, 1987) and have been show n to  d iv ide  and m igrate  
from  d is ta l segm ents o f periphera l nerve a fte r dene rva tion  (W e inberg  and  
Spencer, 1976). GAP-43 may unde rlie  th e  m o tility  o f S chwann ce lls  and  
the re fo re  p lay an im portan t ro le in th e  g lia l response to  periphera l 
nerve injury.
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C h a p te r  E ig h t

G e ne ra l S um m a ry
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8 .1 . S um m a ry

The s tud ies reported  in th is  thes is  have u tilised  a spec ific  an tise rum  o f 
h igh titre  (ra ised aga ins t a G AP -43 /6 -ga lac tos idase  fus ion  p ro te in ) to  
docum en t the d is tr ib u tio n  o f GAP-43 in the  periphera l and cen tra l nervous  
system s o f the  ra t du ring  deve lopm en t, in  adu lthood  and a fte r traum a tic  injury.

8 .1 .1 . G AP -43 In T h e  N o rm a l A d u lt  C e n tra l N e rv o u s  S ys tem  
GAP-43 was found  to  be m ore w idesp read  in the  adu lt CNS than

p rev ious ly  repo rted  in the  lite ra tu re . S ynap tic  g lom eru li in the  o lfa c to ry  bu lb  
con ta ined  im m unoreactive  GAP-43, con s is ten t w ith  a loca tion  in g row ing  
axons o f the  p rim ary o lfa c to ry  recep to r neurons. C lim b ing  fib re  axons and  
para lle l fib re s  te rm ina ls  were s ta ined in th e  cerebe llum , ind ica ting  a poss ib le  
ro le  fo r GAP-43 in ce rebe lla r learn ing. GAP-43 was w ide ly  d is tr ib u te d  in the  
sp ina l co rd . T itra tio n  o f the  anti-GAP-43 fu s ion  p ro te in  an tise rum  a llowed  
d iffe re n t levels o f GAP-43 to  be d isce rned  in these tissues, w ith  o lfa c to ry  
synap tic  g lom eru li show ing  the g rea tes t con cen tra tio n  o f GAP-43.

8 .1 .2 . G AP -43 E xp re s s io n  A f te r  C e n tra l N e rv o u s  S ys tem  In ju ry  
E leva tion o f GAP-43 was dem ons tra ted  in op tic  nerve and sp ina l co rd

axons a fte r traum a tic  in ju ry  by us ing  anti-GAP-43 fus ion  p ro te in  an tise rum  at 
d ilu tio n s  be low  the lim its  o f de tec tion  o f GAP-43 levels ex is ting  in the  normal 
adu lt.

T ransec tion  o f o p tic  nerve led to  exp ress ion  o f GAP-43 by RGCs w ith in

5 days. A xons o f these ce lls  in the re tina  and o p tic  nerve rem a ined GAP-43

im m unoreac tive  up to  15 days a fte r tra nse c tio n  in  the  absence o f successfu l

regenera tion . Th is  con tra d ic ts  the fin d in g s  o f Skene and W illa rd  (1981b) and

show s tha t the fa ilu re  o f regenera tion  by cen tra l neurons is no t due to  the

inab ility  o f these ce lls to  syn thes ise GAP-43.

Com pression o f the  sp ina l co rd  led to  up -regu la tion  o f GAP-43 in some

spina l co rd  axons and neuronal perika rya  ad jacen t to  les ion cav ities . The

presence o f phospho ry la ted  neu ro filam en t ep itopes in these som a suggests
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axo tom y c lose to  the cell body. A lthough  GAP-43 + axons were found  w ith in  
cav ities  in the  les ions w h ich  appeared to  have regenera ted from  the  ad jacen t 
tissue, m ost axons were spared from  axo tom y in the  reg ion o f the  les ion in 
con tra s t to  the  m orpho log ica l obse rva tio ns  o f Guth e ta l. (1985). GAP-43 + 
axons in the  cav ities  were m ostly  no t assoc ia ted  w ith  a s tro cy tic  p rocesses and  
cou ld  som etim es be seen ad jacen t to  tu bu la r s tru c tu re s  (poss ib ly  cap illa ries).

These s tud ies dem onstra te  th a t GAP-43 can be up-regu la ted by cen tra l 
neurons in response to  in jury bu t th a t th is  does no t co rre la te  w ith  the success  
o f regenera tion . Thus cau tion  shou ld  be exerc ised when using GAP-43 as a 
m arker fo r regenera ting  axons.

8.1.3. GAP-43 Expression By M acrog lia l Cells O f The Central Nervous 

System

0 -2A  p rogen ito r ce lls  and type-2  as trocy tes  were show n to  con ta in  
GAP-43 in  v itro . 0 -2A  p rogen ito rs  m a in ta ined  in serum -free m edium  los t GAP- 
43 as they d iffe ren tia ted  in to  o ligodend rocy te s . A  s im ila r p rog ress ion  was  
observed in  v ivo  in tha t 0 -2A  p rogen ito r ce lls  con ta ined  GAP-43, bu t th is  was  
los t du ring  o ligodend rocy te  d iffe ren tia tio n . T h is  is the  firs t in  v ivo  desc rip tion  
o f a GAP-43 + non-neuronal cell type  in the  CNS.

GAP-43 cou ld  no t be de tec ted  in a s trocy tes  in the  norm al adu lt CNS, or 
a fte r the  induc tio n  o f ’reactive  g lio s is ’. T h is  sugges ts  th a t 0 -2A  p rogen ito rs  do  
not g ive rise to  type-2 astrocy tes in adu lt rats.

A  paper based on these resu lts  has been accep ted  fo r pub lica tion  
(C urtis  e ta l. , 1991).

8.1.4. GAP-43 Expression By Schwann Cells O f The Peripheral Nervous 

System

Non-m ye lin -fo rm ing  Schwann ce lls  in  v ivo  were show n to  express GAP-

43, bu t m ye lin -fo rm ing  Schwann ce lls  d id  no t con ta in  GAP-43

im m unoreac tiv ity . Permanent dene rva tion  o f s c ia tic  nerve led to  exp ress ion  o f

GAP-43 by p rev ious ly m ye lina ting S chw ann cells, sugges ting  tha t GAP-43 may
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be suppressed in m ye lin -fo rm ing  Schw ann ce lls  by axonal con tac t.

Th is  em phasises tha t GAP-43 can no longe r be cons ide red  as a neuron- 
spec ific  p ro te in , and tha t care m ust be ta ken  when using GAP-43 as a m arker 
o f axonal g row th  in the PNS.

8 .2 . F u tu re  D ire c t io n s

These resu lts  raise severa l in te re s tin g  ques tions w h ich  m igh t be  
addressed in fu tu re  stud ies. The fo llow in g  cons ide ra tio ns  are specu la tive , 
a lthough  the techn iques described  have p rev ious ly  been app lied  to  the  s tudy  
o f GAP-43.

8 .2 .1 . G AP -43 In T h e  N o rm a l A d u lt  C e n tra l N e rvo u s  S ys tem  
Furthe r neuroanatom ica l m app ing  w ith  anti-GAP-43

im m unoh is tochem is try  m igh t be used to  revea l o the r popu la tions o f axons  
express ing  h igh  levels o f GAP-43 in adu lthood . W ith  respect to  the  c lim b ing  
fib re s  o f the  cerebe llum , in jec tion  o f rad io labe lled  am ino ac ids in to  the  in fe rio r 
o live  fo llow ed  by ana lys is o f axona lly  tra nspo rted  p ro te ins  a rriv ing  in the  
cerebe llum  cou ld  be used as a d ire c t m eans to  show  GAP-43 syn thes is  by  
these cells. A lte rna tive ly , im m uno -e lec tron  m ic roscopy  cou ld  be used to  
exam ine these axons fo r GAP-43 assoc ia ted  w ith  the  m ature axon sha ft, as 
has been show n fo r the CST (G orge ls e ta l. , 1989). Indeed, co llabo ra tive  
experim en ts w ith  Dr. A. Ken t and Dr. S. S tand ring  (UMDS, Guy’s Hosp ita l, 
London ) are underway to  dem ons tra te  the  loca tion  o f GAP-43 in the  m olecu lar 
layer o f the  cerebe llum .

8 .2 .2 . G AP -43 E xp re s s io n  A f te r  C e n tra l N e rv o u s  S ys tem  In ju ry

The express ion o f im m unoreac tive  o f GAP-43 cou ld  be inves tiga ted

a fte r in ju ry to  d iffe ren t CNS reg ions, as an  index o f neuronal cell body

response to  axotom y. In th is  way it m igh t be poss ib le  to  de te rm ine if

popu la tions o f neurons d iffe r in the ir response  and if th is  co rre la tes w ith  the

ab ility  to  regenerate when p rov ided  w ith  an app rop ria te  env ironm en t (ie a PNS
254



g ra ft). A lte rna tive ly , GAP-43 up -regu la tion  m igh t be used as a p robe  to  
de te rm ine  the  fa c to rs  in fluenc ing  the  ce ll b od y  response to  axo tom y. For 
ins tance , B ray e ta l. (1987) have suggested  th a t the p rox im ity  o f the  axo tom y  
s ite  to  the  pe rika ryon  is an im po rtan t de te rm inan t o f the regenera tive  
response. T h is  cou ld  be assessed d ire c tly  by  GAP-43 im m unoh is tochem is try  
a fte r severance o f the  op tic  nerve a t in tra o rb ita l o r in tracran ia l sites.

In the  com press ion  m ode l o f sp ina l co rd  in ju ry (docum en ted  in Chapter 
5) the  nature o f fa c to rs  regu la ting  axonal g row th  cou ld  be inves tiga ted  using  
the  anti-GAP-43 fus ion  p ro te in  an tise rum  a t a d ilu tio n  o f 1 /30 ,000  to  mark  
e longa ting  axons. In fus ion  o f g row th  fa c to rs  such as NGF o r an tibod ies  to  
pu ta tive  non-perm iss ive  CNS fa c to rs  (C aron i and Schwab, 1988a, b) cou ld  be  
used to  s tim u la te  neuronal g row th  th rough  the  lesion. A lte rna tive ly , the  nature  
o f axonal subs tra tes cou ld  be add ressed  using m onoc lona l an tib od ie s  to  ECM  
and cell surface  adhesion  m o lecu les in  doub le  labe lling  expe rim en ts  w ith  anti- 
GAP-43 fus ion  p ro te in  antiserum .

8.2.3. GAP-43 Expression By M acroglia l Cells O f The C entral Nervous 

System

In s itu  h yb rid isa tion  w ou ld  be necessary to  con firm  the  exp ress ion o f 
GAP-43 by 0 -2A  p rogen ito r ce lls  in  vivo.

The pu ta tive  regu la tion  o f PDGF-responsiveness b y  GAP-43 is an  
in tr igu ing  poss ib ility . 0 -2A  p rogen ito r ce lls  iso la ted  from  adu lt tissue have  
recen tly  been shown to  be un responsive  to  PDGF (Chan e ta l. , 1990). 
Im m unocy tochem is try  and W estern  b lo ttin g  m igh t show  tha t th is  is co rre la ted  
w ith  the  absence o f GAP-43 from  these ce lls.

GAP-43 may a lso prove usefu l as a m arke r fo r type-2 astrocy tes , as

these cells have no t ye t been conc lus ive ly  iden tif ie d  in  vivo. One poss ib ility  is

th a t neonata i 0 -2A  p rogen ito rs  may g ive rise  to  type-2 as trocy tes  a fte r

traum a tic  in jury in young  an imals bu t a s im ila r p rocess does no t o ccu r in o lde r

animals. A lte rna tive ly , a d u lt 0 -2A  p rogen ito rs  may genera te  as trocy tes  w h ich

do  no t express GAP-43. Th is  is cu rren tly  unde r inves tiga tion  in co llabo ra tive
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experim en ts w ith  Prof. M. Berry (UMDS, G uy ’s Hosp ita l, London), us ing a 
pene tra ting  in ju ry  to  induce g lios is  a t d iffe re n t tim es a fte r b irth . The glial 
response to  such in ju ry  has p rev ious ly  been shown to  depend on the  age o f 
the  an im als a t su rge ry  (Berry e ta l. , 1983).

8.2.4. GAP-43 Expression By Schw ann C ells O f The Peripheral Nervous 

System

Synthesis o f GAP-43 by non -neu rona l ce lls  in  v ivo  is s till a con ten tious  
issue bu t th is  cou ld  be dem onstra ted  d ire c tly  by tw o  m ethods. F irst, in  s itu  
hyb rid isa tion  is cu rren tly  be ing used in co llabo ra tive  s tud ies w ith  Prof. R. 
M irsky, Dr. K. Jessen and Dr. H. S tew a rt (U n ive rs ity  Co llege , London ) to  show  
the  presence o f GAP-43 mRNA in non -m ye lin -fo rm ing  Schwann ce lls  o f the  
cerv ica l sym pa the tic  trunk . Second ly , e ith e r N o rthern  b lo ttin g  or m e tabo lic  
labe lling  cou ld  be used to  show  GAP-43 up -regu la tion  in the  denerva ted  
sc ia tic  nerve 2-4 weeks a fte r transec tion .
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