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ABSTRACT The i nser t i on of axonal l y t r anspor t ed f ucosyl gl ycopr ot ei ns i nt o t he axol emma of

r egener at i ng ner ve spr out s was exami ned i n r at sci at i c mot or axons at i nt er val s af t er ner ve

cr ush . [ 3 H] Fucose was i nj ect ed i nt o t he l umbar vent r al hor ns and t he ner ves wer e r emoved at

i nt er val s bet ween 1 and 14 d af t er l abel i ng . To f ol l ow t he f at e of t he " pul se- l abel ed"

gl ycopr ot ei ns, we exami ned t he ner ves by cor r el at i ve r adi omet r i c and EM r adi oaut ogr aphi c

appr oaches .

The r esul t s showed, f i r st , t hat r api dl y t r anspor t ed [ 3 H] f ucosyl gl ycopr ot ei ns wer e i nser t ed

i nt o t he axol emma of r egener at i ng spr out s as wel l as par ent axons . At 1 d af t er del i ver y, i n

addi t i on t o t he subst ant i al mobi l e f r act i on of r adi oact i vi t y st i l l under goi ng bi di r ect i onal

t r anspor t wi t hi n t he axon, a f r act i on of l abel was al r eady associ at ed wi t h t he axol emma .

I nser t i on of l abel ed gl ycopr ot ei ns i nt o t he spr out axol emma appear ed t o occur al l al ong t he

l engt h of t he r egener at i ng spr out s, not j ust i n spr out t er mi nal s . Once i nser t ed, l abel ed

gl ycopr ot ei ns di d not under go ext ensi ve r edi st r i but i on, nor di d t hey appear i n spr out r egi ons

t hat f or med ( as a r esul t of cont i nued out gr owt h) af t er t hei r i nser t i on . The amount of r adi oac-

t i vi t y i n t he r egener at i ng ner ves decr eased wi t h t i me, i n par t as a r esul t of r emoval of

t r anspor t ed l abel by r et r ogr ade t r anspor t . By 7- 14 d af t er l abel i ng, r adi oaut ogr aphy showed

t hat al most al l t he r emai ni ng r adi oact i vi t y was associ at ed wi t h axol emma . The r egener at i ng

spr out s r et ai ned i ncr eased amount s of l abel ed gl ycopr ot ei ns ; 7 or 14 d af t er l abel i ng, t he

r egener at i ng spr out s had over t wi ce as much of r adi oact i vi t y as compar abl e l engt hs of cont r ol

ner ves or par ent axons .

One r ol e of f ast axonal t r anspor t i n ner ve r egener at i on i s t he cont r i but i on t o t he r egener at i ng

spr out of gl ycopr ot ei ns i nser t ed i nt o t he axol emma ; t hese membr ane el ement s ar e added bot h

dur i ng l ongi t udi nal out gr owt h and dur i ng l at er al gr owt h and mat ur at i on of t he spr out .

Regener at i on of a t r ansect ed axon r equi r es bot h t he r est or at i on

of a subst ant i al vol ume of axopl asmand t he addi t i on of new

axol emma t o t he r egener at i ng spr out s . Because t he axon i t sel f

i s unabl e t o synt hesi ze si gni f i cant amount s of pr ot ei n, t r ansf er

of new pr ot ei n f r om t he cel l body t o bot h axopl asm and

axol emma must be medi at ed by t he axonal t r anspor t syst ems .

Sl ow axonal t r anspor t pr ovi des t he bul k of t he axopl asmi c and
cyt oskel et al pr ot ei ns ( 15, 18, 24, 25) , wher eas sever al l i nes of
evi dence suggest t hat f ast t r anspor t cont r i but es el ement s t o t he

axol emma ( 4, 12, 13, 19) . Dur i ng r egener at i on, f ast axonal

t r anspor t cont i nues at t he nor mal r at es ( 2, 13, 19, 30, 32) ,
passi ng uni mpeded t hr ough t he si t e of axot omy i nt o r egener -
at i ng spr out s ( 2, 17, 19, 31) . Rapi dl y t r anspor t ed mat er i al s
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accumul at e i n t he di st al r egi ons of t he r egener at i ng spr out s

soon af t er del i ver y ( 17, 19, 28, 31, 33, 38) . The subsequent

di sposi t i on of r api dl y t r anspor t ed mat er i al s, however , i s poor l y

under st ood.

The pr esent st udy was desi gned t o exami ne t he f at e of

r api dl y t r anspor t ed gl ycopr ot ei ns i n r egener at i ng r at sci at i c

ner ves . We wer e i nt er est ed i n sever al r el at ed pr obl ems : f i r st ,
whet her r api dl y t r anspor t ed gl ycopr ot ei ns wer e i nser t ed i nt o

spr out axol emma; second, at what st ages of spr out out gr owt h

and mat ur at i on i nser t i on occur r ed; t hi r d, how t he pr opor t i on

of t r anspor t ed gl ycopr ot ei ns associ at ed wi t h axol emma ( r at her

t han i nt r aaxonal const i t uent s) changed wi t h t i me af t er del i ver y ;

and f our t h, how i nser t i on i nt o spr out axol emma compar ed i n
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quant i t y t o i nser t i on i nt o t he axol emma of par ent axons or

unoper at ed cont r ol s.

Fr om 1 t o 12 wk af t er one sci at i c ner ve had been cr ushed,
[ 3H] f ucose was i nj ect ed i nt o t he l umbar vent r al hor ns ( t he
cont r al at er al ner ve was used as an unoper at ed cont r ol ) . At
i nt er val s af t er l abel i ng, t he ner ves wer e r emoved . The amount

of t r anspor t ed r adi oact i vi t y i n di f f er ent segment s of t he ner ves
was det er mi ned by l i qui d sci nt i l l at i on spect r omet r y . Quant i -

t at i ve EMr adi oaut ogr aphi c st udi es measur ed t he associ at ed of

l abel wi t h axol emma and wi t h. i nt r aaxonal st r uct ur es. I n ad-
di t i on, t he pr opor t i on of r adi oact i vi t y st i l l bei ng t r anspor t ed
was det er mi ned by l i gat i ng t he ner ves at i nt er val s af t er l abel i ng

( 3, 5, 14, 21) . The r esul t s wer e used t o const r uct a model of

gl ycopr ot ei n addi t i on t o spr out axol emma .

MATERI ALS AND METHODS

Ner ve Cr ush

Al l st udi es wer e per f or med on 250- 8 Spr ague- Dawl ey f emal e r at s. I n r at s

under chl or al hydr at e anest hesi a, t he r i ght sci at i c ner ve was cr ushed f or 10 s wi t h

wat chmaker ' s f or ceps j ust di st al t o t he br anchi ng of t he ner ve t o t he bi ceps

TABLE I

Summar y of Ti me Rel at i onshi ps bet ween Exper i ment s

* Ani mal s f r om t hese i nt er val s wer e al so per f used wi t h f i xat i ves and t he

ner ves wer e st udi ed by EM r adi oaut ogr aphy .

$ The ner ves of t hese ani mal s wer e cr ushed pr oxi mal l y ; [ 3 H] f ucose was

i nj ect ed 7 d af t er cr ush, and [ 3sS] met hi oni ne i nj ect ed on day 13 ( see t ext ) .
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TABLE I I

f emor i s or , i n some gr oups, at t he mer gi ng of l umbar r oot s 4 and 5. I n al l ani mal s,

t he cont r al at er al si de was used as a cont r ol .

Radi omet r i c St udi es

These st udi es wer e done t o anal yze t he di st r i but i on and r el at i ve amount of

t r anspor t ed r adi oact i vi t y al ong r egener at i ng and cont r ol ner ves at di f f er ent t i mes

af t er l abel i ng ( i . e . , af t er del i ver y of a " pul se" of t r anspor t ed gl ycopr ot ei ns t o t he

axon) . Gr oups of ani mal s wer e subj ect ed t o uni l at er al cr ush at var i ous t i mes f r om

7 t o 90 d bef or e l abel i ng . [ 3H] Fucose ( sp act , 42 or 60 Ci / mM; New Engl and

Nucl ear , Bost on, Mass. ) was i nj ect ed i nt o t he l umbar vent r al hor ns as pr evi ousl y

descr i bed ( 19) . I n t he pr esent st udi es, t hr ee i nj ect i ons- each of 0. 8 i d and

separ at ed by 0. 75 mm- wer e made symmet r i cal l y i n each si de. Ani mal s wer e

r et ur ned t o t hei r cages af t er l abel i ng. Gr oups of f our ani mal s each wer e ki l l ed 1,

3, 7, or 14 d af t er l abel i ng . Tabl e I summar i zes t he t i mi ng of t he var i ous

exper i ment al gr oups.

The ner ves wer e di ssect ed, sol ubi l i zed, and count ed as pr evi ousl y descr i bed

( l 9) . I n pr el i mi nar y st udi es, t he amount of nont r anspor t ed r adi oact i vi t y pr esent

al ong t he sci at i c ner ves was assessed by measur i ng di si nt egr at i on per mi nut e per

3- mmsegment i n r egi ons di st al t o ner ve l i gat i ons . The hi ghest val ues, f ound 24

h af t er l abel i ng, wer e 70 dpm i n cont r ol ner ves and 240 dpm i n r egener at i ng

ner ves. The val ues ( f or each i nt er val af t er l abel i ng) wer e subt r act ed f r om t he

measur ed val ues t o obt ai n val ues f or t r anspor t ed r adi oact i vi t y . Resul t s wer e

pl ot t ed as di si nt egr at i ons per mi nut e per 3- mmner ve segment agai nst posi t i on of

each segment al ong t he ner ve.

An addi t i onal exper i ment was desi gned t o det er mi ne t he ext ent t o whi ch

i nser t ed gl ycopr ot ei ns mi ght be car ved di st al l y as t he spr out s cont i nue t o el ongat e.

We compar ed t he di st r i but i on of gl ycopr ot ei ns i n t he r egener at i ng ner ves 7 d

af t er l abel i ng wi t h t he posi t i on of t he gr owi ng t i ps of t he r egener at i ng ner ves at

t he t i me of ner ve r emoval . Two ani mal s wer e subj ect ed t o a cr ush at t he mer gi ng

of t he L- 4 and L- 5 l umbar r oot s i n t he pel vi s, [ 3H] f ucose was i nj ect ed i nt o t he

l umbar vent r al hor ns 7 d l at er , and on day 13 af t er cr ush, (
3
' S] met hi oni ne ( sp act ,

400 Ci / mM) was i nj ect ed i nt o t he l umbar vent r al hor ns . On day 14 af t er cr ush,

t he ner ves wer e r emoved and count ed by doubl e- l abel t echni ques .

Li gat i on St udi es

These exper i ment s, done i n par al l el wi t h t he r adi omet r i c st udi es, wer e desi gned

t o est i mat e t he pr opor t i on of r adi ol abel t hat cont i nued t o be t r anspor t ed at

var i ous t i mes af t er l abel i ng . Ani mal s wer e l abel ed 7 d af t er cr ush; on t he day on

whi ch t he ani mal s had been ki l l ed i n t he st udi es descr i bed above, t he ani mal s i n

t hese st udi es wer e anest het i zed and t he r egener at i ng ner ves wer e l i gat ed at a l evel

15 mmpr oxi mal t o t he cr ush ( see Tabl e I ) . These ani mal s wer e ki l l ed 24 h af t er

l i gat i on, and t he ner ves wer e r emoved, di vi ded i nt o segment s, and count ed .

We r el at ed t he di st r i but i on of r adi oact i vi t y i n t hese l i gat ed ner ves t o t hat of

t he cor r espondi ng unl i gat ed ner ves ( Tabl e I I ) . The. amount of r adi oact i vi t y

accumul at i ng di st al t o t he l i gat ur e was used t o cal cul at e a " mobi l e f r act i on" ,

wher eas t he r adi oact i vi t y r emai ni ng i n t he r egener at i ng spr out s of t he l i gat ed

ner ves was used t o cal cul at e a " st at i onar y f r act i on . "

Radi oaut ogr aphi c St udi es

Regener at i ng ner ves f r omani mal s 1 and 7 d af t er l abel i ng wer e exami ned by

r adi oaut ogr aphy ( 8 d and 14 d af t er cr ush) . The ani mal s wer e per f used wi t h 50

ml of 4%par af or mal dehyde f ol l owed by 1 l i t er of 5% gl ut ar al dehyde i n sodi um

phosphat e buf f er , pH7 . 3, and sampl es wer e t aken f r om t he r egener at i ng ner ve

pr oxi mal t o t he cr ush, as wel l as f r omt he f i r st ei ght 3- mmsegment s di st al t o t he

Changes i n t he Mobi l e and St at i onar y Fr act i ons of Tr anspor t ed Radi oact i vi t y wi t h Ti me af t er Label i ng

Changes i n t he mobi l e and st at i onar y f r act i ons wi t h t i me af t er l abel i ng . I n al l gr oups, ani mal s wer e i nj ect ed wi t h [ 3 H] f ucose 7 d af t er ner ve cr ush . At t he t i mes

i ndi cat ed, ner ves wer e ei t her r emoved, or l i gat ed 15 mmpr oxi mal t o t he cr ush and r emoved 1 d l at er . The amount s of r adi oact i vi t y i n t he r egener at i ng spr out s

( col umns A and B) wer e obt ai ned by addi ng t he dpm i n t he f i r st ei ght 3- mm segment s di st al t o t he cr ush .

* The day af t er i nj ect i on desi gnat es t he day exper i ment s wer e t er mi nat ed i n t he unl i gat ed gr oup, and t he day l i gat ur es wer e appl i ed i n t he l i gat ed gr oup .

$ Mean t SD.

§ To cor r ect f or i nt r i nsi c st at i onar y r adi oact i vi t y i n t he segment di st al t o t he l i gat ur e, t he dpm i n t he second segment f r om t he l i gat ur e was subt r act ed f r om t hat

i n t he f i r st . The r esul t i ng val ue i s a bet t er measur e of t he r adi oact i vi t y ar r i vi ng by r et r ogr ade t r anspor t .

I nt r aspi nal

i nj ect i on of

[ 3H] f ucose

d af t er cr ush

Ner ve

l i gat i on

d af t er cr ush

Ner ve

r emoval

d af t er cr ush

Number

of r egen-

er at i ng

ner ves

Cont r ol

ner ves

7 - 8* 4 4

- 10 4 4

- 14* 4 0

- 14$ 2 0

- 21 4 4

7 8 9 4 4

10 11 4 4

14 15 4 4

21 22 4 4

14 - 15 4 0

- 21 4 0

21 - 28 5 5

90 - 97 4 3

Day af t er i n-

j ect i on*

dpmi n Regener at i ng

spr out s- unl i gat ed gr oup$

( A)

dpmi n Regener at i ng

spr out s- l i gat ed gr oup$ ( B)

Ret r ogr adel y t r anspor t ed

dpm( di st al t o l i gat ur e) $§

( C)

St at i onar y

f r act i on ( B/ A)

Mobi l e f r ac-

t i on ( C/ A)

1 159, 766 t 17, 445 57, 958 t 3, 561 39, 296 t 9, 075 . 36 . 25

3 120, 120 t 15, 549 87, 238 t 15, 780 18, 783 t 2, 517 . 73 . 16

7 58, 758 t 7, 646 48, 607 t 6, 422 6, 818 t 1, 520 . 83 . 12

14 43, 821 t 9, 653 39, 253 t 9, 530 2, 818 t 1, 172 . 90 . 06
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cr ush. Al l sampl es wer e osmi cat ed ( 1%OSO4 f or 2 h) , dehydr at ed, andembedded
i n Epon 812. Tr ansver se sect i ons ( 1 l am) wer e used f or l i ght r adi oaut ogr aphy. For

el ect r on mi cr oscope r adi oaut ogr aphy, pal e gol d sect i ons wer e pl aced on car bon-

coat ed gr i ds, di pped i n I l f or d I A emul si on, exposed f or 50 and 80 d, and

devel oped i n Kodak D19 devel oper ( 35) . The speci mens wer e phot ogr aphed wi t h

an AEI 801 el ect r on mi cr oscope, andt hedi st r i but i on of gr ai ns was obt ai ned f r om

pr i nt s ( f i nal magni f i cat i on, x 15, 000) by t he met hod of Sal pet er et al . ( 36) . The

gr ai ns wer e ci r cumscr i bed by t he smal l est possi bl e ci r cl e, and t he di st ance of t he
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Pl ot s of t he di st r i but i on of t r anspor t ed r adi oact i vi t y al ong r at sci at i c ner ves at i nt er val s af t er i nj ect i on of [ 3H] f ucose i nt o

t he l umbar vent r al hor ns, showi ng r et ent i on of [ 3H] f ucosyl gl ycopr ot ei ns i n ( a) cont r ol ner ves and ( b- d) r egener at i ng spr out s .

Each cur ve i s t he mean of f our ner ves ( t SD) . ( a) Cont r ol ner ves ( cont r al at er al t o t he r egener at i ng ner ves shown i n b) . The sl i ght l y

l ower l evel s of r adi oact i vi t y i n t he di st al segment s of t he ner ve ar e t he r esul t of ner ve br anchi ng ( par t i cul ar l y t he ner ve t o t he

bi ceps f emor i s) . A, 1 d post i nj ect i on; O, 3 d post i nj ect i on ; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" , 14 d post i nj ect i on . ( b) Regener at i ng ner ves, l abel ed 7 d af t er cr ush

and r emoved at t i mes shown. Regi ons A- D ar e as def i ned i n t he t ext . Not e t hat t he gener al conf or mat i on of t he cur ves i s

mai nt ai ned wi t h t i me al t hough t he r el at i ve pr omi nence of t he peak i n r egi on Ddecr eases . Not e al so t hat r el at i vel y l i t t l e t r anspor t ed

r adi oact i vi t y i s f ound di st al t o r egi on Dat l at e t i mes af t er l abel i ng, even t hough t he r egener at i ng spr out s ar e gr owi ng out >4 mm/

d ( cf . Fi g. 7) . i 1, 8 d post cr ush, 1 d post i nj ect i on ; O, 10 d post cr ush, 3 d post i nj ect i on ; " , 14 d post cr ush, 7 d post i nj ect i on ; " , 21 d

post cr ush, 14 d post i nj ect i on . ( c) Mean di f f er ences i n di si nt egr at i ons per mi nut e bet ween r egener at i ng and cont r al at er al cont r ol

ner ve at i nt er val s af t er l abel i ng . These cur ves r epr esent t he di f f er ences bet ween t he cur ves i n b and t hose i n a, wi t h t he mean

val ues of t he cont r ol ner ves i n each segment pl ot t ed as 0 on t he y- axi s . Not e t hat 1 and 3 d af t er l abel i ng, mor e r adi oact i vi t y was

pr esent i n r egi on A on t he r egener at i ng si de . However , by 14 d af t er l abel i ng, t he amount of r adi oact i vi t y was essent i al l y i dent i cal

on t he t wo si des . Not e al so t hat t he amount of r adi oact i vi t y i n t he r egener at i ng spr out s ( r egi ons 8, C, and D) was gr eat er t han

compar abl e segment s of t he cont r ol ner ves at al l t i mes af t er l abel i ng ( see al so Tabl e I I I ) . A, 8 d post cr ush, 1 d post i nj ect i on ; O, 10

d post cr ush, 3 d post i nj ect i on ; " , 21 d post cr ush, 14 d post i nj ect i on . ( d) Li gat ur e st udi es . Pl ot s of t he di st r i but i on of r adi oact i vi t y

i n r egener at i ng ner ves l abel ed 7 d af t er cr ush and subj ect ed t o ner ve l i gat ur e at i nt er val s af t er l abel i ng . The ani mal s i n each gr oup

wer e sacr i f i ced 1 d af t er l i gat i on . Not e t hat t he amount of r adi oact i vi t y accumul at i ng di st al and pr oxi mal t o t he l i gat ur e decr eases

dr amat i cal l y wi t h t i me . Not e al so t hat , 1 d af t er l abel i ng i n t he gr oup l i gat ed, t he amount of r adi oact i vi t y i n r egi on Di s much l ess

t han i n unl i gat ed ner ves ( b) . I n cont r ast , ner ves l i gat ed 14 d af t er l abel i ng have a mean cur ve si mi l ar t o t hat of t he 14- d gr oup i n

b. As descr i bed i n t he t ext and Tabl e I I , t hese changes r ef l ect t he decr ease i n t he mobi l e f r act i on and r el at i ve i ncr ease i n t he

st at i onar y f r act i on wi t h t i me af t er l abel i ng . A, 9 d post cr ush, 2 d post i nj ect i on, 1 d post l i gat i on ; O, 11 d post cr ush, 4 d post i nj ect i on,

1 d post l i gat i on; " , 15 d post cr ush, 8 d post i nj ect i on, 1 d post l i gat i on ; " , 22 d post cr ush, 15 d post i nj ect i on, 1 d post l i gat i on .

cent er of each ci r cl e on t heper pendi cul ar l i ne f r omt heaxol emma was det er mi ned

i n hal f - di st ance ( HD) uni t s. 1 HD uni t = 1, 600 A ( 36) . Next , t he per i met er of

each axon was measur ed and t he r adi us ( r ) of acompar abl e ci r cl e was cal cul at ed.

Then t he ar eas of ci r cul ar bands of ( r + 0 . 5 HD) - ( r - 0. 5 HD) , ( r - 0. 5 HD)

- ( r - 1 . 5 HD) , et c . , wer e cal cul at ed, and t he same pr ocedur e was r epeat ed f or

ci r cl es out si de t he axol emma. For each r esul t i ng band i nsi de and out si de t he

axol emma, gr ai n densi t y ( gr ai ns/ pm) was cal cul at ed and mean gr ai n densi t i es

f or each band wer e nor mal i zed . For t hr ee r egi ons al ong t he r egener at i ng ner ve
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( i . e . , 6- 9 mmpr oxi mal t o t he cr ush, 3- 6 mmdi st al t o t he cr ush, and 15- 18 mm

di st al t o t he cr ush) , pl ot s of t he nor mal i zed mean gr ai n densi t i es wer e compar ed

wi t h uni ver sal cur ves f or hol l ow ci r cul ar sour ces ( 36) .

RESULTS

For cl ar i t y, t he r esul t s f r om gr oups of ani mal s ki l l ed 1 d af t er

l abel i ng ar e pr esent ed f ast , and cont r ast ed wi t h t hose f r om

gr oups ki l l ed at l at er t i mes .

1 d af t er Label i ng

RADI OMETRI C STUDI ES: The unoper at ed cont r ol ner ves

showed near l y const ant amount s of r adi oact i vi t y al l al ong t he

sci at i c ner ve ( Fi g. 1 a) . I n r egener at i ng ner ves l abel ed 7 d ( Fi g.

1 b) or 14 d ( Fi g. 2) af t er cr ush, f our di st i nct r egi ons wer e

i dent i f i ed . Pr oxi mal t o t he cr ush ( r egi on A) , t her e was a f l at

pl at ea of r adi oact i vi t y . At t he l evel of t he cr ush ( r egi on B) ,

t her e was a smal l peak of r adi oact i vi t y, r esul t i ng f r om accu-

mul at i on of r api dl y t r anspor t ed l abel wi t hi n t r ansect ed axons

t hat had not gr own beyond t he cr ush ( see bel ow) . Di st al t o t he

cr ush, t her e was a " val l ey" ( r egi on C) t hat pr eceded a l ar ger

peak of accumul at ed r adi oact i vi t y ( r egi on D) . Thi s peak of

r adi oact i vi t y r epr esent ed i n l ar ge par t [ 3Hl f ucosyl gl ycopr ot ei ns

t r anspor t ed t o, and accumul at ed wi t hi n, spr out endi ngs ; as

di scussed bel ow, r adi oaut ogr aphi c st udi es showed t hat gr owt h

cones wer e heavi l y l abel ed and wer e most numer ous i n t hi s

r egi on .

SUBCELLULAR DI STRI BUTI ON OF TRANSPORTED GLYCOPRO-

TEI NS: Quant i t at i ve r adi oaut ogr aphy was used t o assess t he

associ at i on of l abel wi t h axol emma, wi t h t he ent r aaxonal com-

par t ment , and wi t h ext r aaxonal st r uct ur es, and al so t o compar e

t he pat t er ns i n spr out s of di f f er ent degr ees of mat ur i t y . Sect i ons

f r om t he cr ush si t e showed a smal l pr opor t i on of axons t hat

wer e mar kedl y enl ar ged and cont ai ned dense col l ect i ons of

membr anous or ganel l es . These axonal swel l i ngs, whi ch wer e

heavi l y l abel ed, pr esumabl y r epr esent ed axons t hat had not

begun t o gr ow out ef f ect i vel y ( 8, 20) . They expl ai n t he smal l

peak of r adi oact i vi t y i n r egi on B.

I n r egi on C, spr out s i n var yi ng degr ees of mat ur i t y wer e

seen, r angi ng f r om cl ust er s of f i ne spr out s wi t hi n si ngl e

Schwann cel l s t o l ar ger spr out s al r eady begi nni ng myel i nat i on

( Fi g. 3 a) . Gr owt h cones wer e r ar e . The gr ai n di st r i but i on ( Fi g .

4 b) showed t hat a f r act i on of t r anspor t ed l abel was al r eady

associ at ed wi t h axol emma, wher eas anot her f r act i on was i n-

t r aaxonal . The axol emma was l abel ed even i n t he l ar ger ,

myel i nat i ng axons .

Regi on D cont ai ned f i ne spr out s wi t h r el at i vel y numer ous

gr owt h cones ( Fi g . 3 b and c) . The gr owt h cones, cont ai ni ng

l oosel y packed membr anous or ganel l es i ncl udi ng br anched

r
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3

POSI TI ON ALONG NERVE ( 3- mm segmer t t s)

FI GURE 2 Regener at i ng ner ves l abel ed 14 d af t er cr ush at t he

mer gi ng of t he L4 and L5 spi nal r oot s . Not e t he decr ease i n pr omi -

nence of r egi on D compar ed wi t h r egi on C bet ween 1 and 7 d af t er

l abel i ng . L, 15 d post cr ush, 1 d post i nj ect i on ; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 21 d post cr ush, 7 d

post i nj ect i on .
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t ubul ovesi cul ar pr of i l es ( 7) , wer e of t en i nt ensel y l abel ed. The

gr ai n di st r i but i on i n t he f i ne spr out s ( excl udi ng gr owt h cones)

was si mi l ar t o t hat seen i n r egi on C ( cf . Fi g. 4 b and d) .

Lat er Di sposi t i on of Tr anspor t ed Gl ycopr ot ei ns

RADI OMETRI CANDLI GATI ON STUDI ES:

	

Bet ween 1 and 14 d

af t er l abel i ng, t he amount of r adi oact i vi t y i n t he r egener at i ng

spr out s decr eased by >70%( Fi g. 1 b and Tabl e I I ) . I n addi t i on,

t he r el at i ve di st r i but i on of r adi oact i vi t y bet ween r egi ons C and

D changed . Regi on D became pr ogr essi vel y l ess pr omi nent

( Fi gs . 1 b and c and 2) , al t hough a smal l peak cor r espondi ng t o

r egi on D coul d st i l l be di st i ngui shed 14 d af t er l abel i ng ( Fi g .

5 a) .

The l i gat ur e st udi es showed a pr ogr essi ve i ncr ease i n t he

pr opor t i on of r adi oact i vi t y i n t he st at i onar y f r act i on . 36% of

t he t ot al r adi oact i vi t y i n t he r egener at i ng spr out s was i n t he

st at i onar y f r act i on on day 1 ; by day 14 t he st at i onar y f r act i on

was 90% of t he t ot al ( i . e . , t he amount of r adi oact i vi t y wi t hi n

t he r egener at i ng spr out s was near l y t he same i n l i gat ed and

unl i gat ed ner ves) ( Tabl e 11) . Ther e was a cor r espondi ng r educ-

t i on i n t he mobi l e f r act i on f r om 25 t o 6%bet ween days 1 and

14 ( Tabl e I I ) .

SUBCELLULAR DI STRI BUTI ON OF TRANSPORTED GLYCOPRO-

TEI NS: By 7 d af t er l abel i ng ( 14 d af t er cr ush) , r egi on C

cont ai ned spr out s of var i ous cal i ber s, i ncl udi ng a subst ant i al

pr opor t i on of spr out s over 4 mm i n di amet er t hat wer e i n

advanced st ages of myel i nat i on ( Fi g. 6 a) . I n r egi on D, spr out s

wer e most l y smal l er and had not begun t o myel i nat e ( Fi g . 6 b) ,

or wer e i n ear l y st ages of myel i nat i on.

A l ar ge pr opor t i on of t he [ 3 Hl f ucosyl gl ycopr ot ei ns wer e

associ at ed wi t h axol emma; t he di st r i but i ons of gr ai ns i n bot h

t he par ent axons and t he r egener at i ng spr out s i n r egi ons C and

Dwer e near l y i dent i cal , and cl osel y appr oxi mat ed t hose pr e-

di ct ed f or a hol l ow ci r cl e ( Fi g. 4A, C, and E) . I n t he spr out s,

t he same associ at i on of gr ai ns wi t h axol emma was f ound i n

myel i nat i ng axons as wel l as i n axons t hat had not yet begun

t o myel i nat e .

These gr ai n di st r i but i ons wer e assessed f r om nor mal i zed

gr ai n densi t i es . When r aw gr ai n densi t i es i n di f f er ent r egi ons

of t he same ner ve wer e compar ed, t her e was a gr eat er densi t y

i n t he smal l densi t y spr out s t han i n t he mor e pr oxi mal r egi ons .

For exampl e, 7 d af t er l abel i ng, t he gr ai n densi t y was 2 . 6- f ol d

gr eat er i n r egi on D ( t he f or mer gr owt h cone r egi on) t han i n

r egi on C ( j ust di st al t o t he cr ush) .

Ext ent of Redi st r i but i on of

Tr anspor t ed Gl ycopr ot ei ns

We next asked t o what ext ent l abel ed gl ycopr ot ei ns mi ght

be r edi st r i but ed af t er del i ver y . For exampl e, we wonder ed

whet her l abel ed const i t uent s i n t he gr owi ng t i ps woul d be

car r i ed mor e di st al l y as t he spr out s cont i nued t o gr ow out , and

whet her subst ant i al i nt r amembr anous mi gr at i on mi ght occur .

At 7 and 14 d af t er l abel i ng, t r anspor t ed r adi oact i vi t y ext ended

onl y sl i ght l y mor e di st al l y t han at 1 d af t er l abel i ng ( Fi gs . 1 c,

2, and 5) . I n gr oups l abel ed 7 d af t er cr ush, r adi oact i vi t y i n t he

di st al st ump r eached basel i ne l evel s at 21 mmbeyond t he cr ush

on day 8 ( 1 d af t er l abel i ng) and 25 mmon day 10; even on

day 21 ( 14 d af t er l abel i ng) , most of t he r adi oact i vi t y was

wi t hi n 25 mmof t he cr ush, al t hough l ow l evel s of t r anspor t ed

r adi oact i vi t y wer e f ound 30- 36 mmdi st al t o t he cr ush ( Fi gs .

16 and 5 a) .



FI GURE 3

	

El ect r on mi cr oscope r adi oaut ogr ams f r om r egener at i ng spr out s 1 d af t er i nj ect i on of [ 3 H] f ucose i nt o t he l umbar vent r al

hor ns . ( a) r egi on C, ear l y myel i nat i ng axon ( A) , wi t h si l ver gr ai ns pr esent bot h near t he axol emma and wi t hi n t he axon . SC,

Schwann cel l . Bar , 1 pm. x 17, 000. ( b) Regi on D, an ear l y myel i nat i ng axon ( A) and t wo gr owt h cones ( CC) cont ai ni ng par t i cul at e

or ganel l es . Bar , 1 l am . x 20, 100 . ( c) Regi on D, sever al densel y l abel ed gr owt h cones ( CC) cont ai ni ng t ubul ovesi cul ar pr of i l es . Bar ,

1 I Lm. x 27, 700 .
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Di st ance ( ND uni t s)

Amount of Tr anspor t ed Radi ol abel i n

Regener at i ng Ner ves

Gr ai n di st r i but i on i n r egener at i ng spr out s 15- mm di st al t o t he

( E) Gr ai n di st r i but i on i n r egener at i ng spr out s 15- mm di st al

[ 3 H] f ucose) .

The doubl e- l abel i ng exper i ment al l owed di r ect compar i son

wi t hi n i ndi vi dual ner ves of t he di st r i but i on of r adi oact i vi t y 7

d af t er l abel i ng ( 14 d af t er cr ush) wi t h t he posi t i on of t he spr out

t er mi nal s at t hat t i me . I n t hi s exper i ment ( Fi g . 7) , t he sci at i c

ner ve was cr ushed; on day 7 af t er cr ush, [ 3Hl f ucose was i n-

j ect ed ; on day 13 af t er cr ush, [ 36Sl met hi oni ne was i nj ect ed; and

on day 14 af t er cr ush, t he ani mal was ki l l ed . The r esul t s showed

t hat pr ot ei ns l abel ed by [ ' Sl met hi oni ne ext ended 20 mmbe-

yond t he segment s l abel ed by 3 HI f ucose . Thus, t hese r esul t s

i ndi cat ed t hat i nser t ed gl ycopr ot ei ns wer e not car r i ed di st al l y

wi t h t he gr owi ng t i p, nor was t her e any subst ant i al r edi st r i bu-

t i on of t r anspor t ed gl ycopr ot ens t o r egi ons di st al t o r egi on D

i n spi t e of cont i nued out gr owt h .

The r egener at i ng spr out s r et ai ned consi der abl y mor e r adi o-

act i vi t y t han ei t her par ent axons or cont r al at er al cont r ol ner ves;
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Di st ance ( HD uni t s)

FI GURE 4

	

Hi st ogr ams showi ng t he di st r i but i on of si l ver gr ai ns i n EM r adi oaut ogr ams of r egener at i ng spr out s . Al l r adi oaut ogr ams

wer e devel oped af t er 50 d of exposur e and wer e phot ogr aphed at x 15, 000 t ot al magni f i cat i on . Each HD uni t i s 1, 600 A. The

axol emma i s at 0 wi t h + HD uni t s out si de and - HD uni t s i nsi de . I n al l hi st ogr ams, gr ai n densi t y i s nor mal i zed t o 1 . 0 at t he

axol emma . The uni ver sal cur ve f or axons of i nf i ni t e r adi us i s super i mposed ( no axons of <6 HD uni t s i n r adi us wer e count ed) . ( A)

Gr ai n di st r i but i on i n par ent axons pr oxi mal t o t he cr ush ( 7 d af t er i nt r aspi nal i nj ect i on of [ 3 H] f ucose) . ( B) Gr ai n di st r i but i on i n

r egener at i ng spr out s 3- mm di st al t o t he ner ve cr ush ( 8 d post cr ush, 1 d af t er i nt r aspi nal i nj ect i on of [ 3 H] f ucose) . ( C) Gr ai n

di st r i but i on i n r egener at i ng spr out s 3- mm di st al t o t he cr ush ( 14 d post cr ush ; 7 d af t er i nt r aspi nal i nj ect i on of [ 3 H] f ucose) . ( D)

cr ush ( 8 d post cr ush, 1 d af t er i nt r aspi nal i nj ect i on of [ 3 H] f ucose) .

t o t he cr ush ( 14 d post cr ush ; 7 d af t er i nt r aspi nal i nj ect i on of

even 14 d af t er l abel i ng, t her e was mor e t han t wi ce t he amount

of r adi oact i vi t y i n t he r egener at i ng spr out s as i n t he cont r ol

ner ve ( Fi g. 5A and Tabl e I I I ) . I ncr eased r et ent i on was not

r est r i ct ed t o r egi on D, al t hough a smal l peak per si st ed i n t hi s

r egi on ( Fi g . 5A) . Regi on C al so showed mor e r adi oact i vi t y

t han cont r ol ner ves, as i s best seen i n ani mal s l abel ed 21 d af t er

cr ush and sacr i f i ced 7 d l at er ( Fi g . 5 B and Tabl e I I I ) . I n t hese

ani mal s, t he gr owi ng t i ps had gr own beyond t he avai l abl e

l engt h of ner ve. The r egener at i ng spr out s cont ai ned 2. 22 t i mes

t he amount of r adi oact i vi t y i n compar abl e cont r ol ner ves ( Ta-

bl e I I I ) . However , i n ani mal s l abel ed 90 d af t er cr ush and

ki l l ed 2 wk l at er , t he same amount s of r adi oact i vi t y wer e f ound

al l al ong t he r egener at i ng and cont r ol ner ves ( not shown) .

I t i s of i nt er est t hat t he amount of r adi oact i vi t y i n t he par ent

axons ( r egi on A) was i ncr eased at ear l y t i mes af t er l abel i ng,

pr esumabl y r ef l ect i ng an i ncr eased amount of f ucosyl gl yco-

pr ot ei ns under goi ng f ast t r anspor t ( 13) . However , by 14 d af t er

l abel i ng, t he number of count s i n t hi s r egi on was i dent i cal on

t he t wo si des ( Fi g. 1 c) .



3

DI SCUSSI ON

L. . a . a cr aef

POSI TI ON ALONG NERVEzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"13seq~r sl ,

FI GURE 5 Pl ot s al l owi ng di r ect compar i son of amount s of r adi o-

act i vi t y i n r egener at i ng (" ) and cont r al at er al cont r ol s ( A) ner ves .

Each cur ve i s t he mean of f our ner ves . ( A) [ 3 H] f ucose was i nj ect ed

i nt o t he l umbar vent r al hor ns 7 d af t er ner ve cr ush, and t he ner ves

wer e r emoved 14 d l at er . The l evel of r adi oact i vi t y on t he t wo si des

i s si mi l ar pr oxi mal t o t he cr ush, but i ncr eased above cont r ol l evel s
f or 28- mm di st al t o t he cr ush . Not e a smal l peak per si st s i n r egi on

D. ( B) [ 3 H] Fucose was i nj ect ed 21 d af t er ner ve cr ush, and t he

ner ves wer e r emoved 7 d l at er . The amount of r adi oact i vi t y i s
i ncr eased on t he r egener at i ng si de t hr oughout t he avai l abl e l engt h

of ner ve di st al t o t he cr ush, demonst r at i ng i ncr eased r et ent i on

dur i ng spr out mat ur at i on .

Thi s st udy was desi gned t o const r uct a spat i al and t empor al

pi ct ur e of aspect s of t he i nser t i on of gl ycopr ot ei ns i nt o t he

axol emma of r egener at i ng spr out s . I nt er pr et at i on of t hese cor -

r el at i ve r adi omet r i c and r adi oaut ogr aphi c st udi es i s based on

t he f act t hat l abel ed f ucosyl gl ycopr ot ei ns ar e synt hesi zed i n

t he cel l body and del i ver ed t o r egener at i ng axon i n r el at i vel y

" pul sed" f ashi on, wi t h f ast axonal t r anspor t pr ovi di ng t he

means of del i ver y ( 1, 11, 12, 16, 26, 39, 40) . Because, i n young

r at s, a l ar ge pr opor t i on of sci at i c mot or axons gr ow out i n a

coher ent f ashi on ( 17, 19, 31, 33) , i t was possi bl e t o exami ne

r egi ons of t he r egener at i ng ner ve r i ch i n gr owt h cones, i n

mat ur e spr out s, or i n mat ur i ng spr out s, and t o f ol l ow t he f at e

of a " pul se" of t r anspor t ed gl ycopr ot ei n over t i me .

The aut or adi ogr aphi c r esul t s showed t hat some axonal l y

t r anspor t ed [ 3H] f ucosyl gl ycopr ot ei ns wer e i ncor por at ed i nt o

t he axol emma of t he r egener at i ng spr out s wi t hi n t he f i r st day

af t er synt hesi s . 1 d af t er l abel i ng, i n addi t i on t o t he si l ver gr ai ns

l ocat ed wi t hi n t he axon, anot her f r act i on was cl ear l y associ at ed

wi t h axol emma ( Fi g. 4 B and D) . I t i s l i kel y t hat t hese l abel ed

gl ycopr ot ei ns wi t hi n t he axol emma cor r el at e i n l ar ge par t wi t h

t he st at i onar y f r act i on as det er mi ned by l i gat ur e st udi es . 1 d

af t er l abel i ng, a def i ni t e st at i onar y f r act i on was pr esent wi t hi n

t he spr out ( Fi g. 1 d and Tabl e I I ) . I n addi t i on, t her e was a

r el at i vel y l ar ge mobi l e f r act i on, pr esumabl y cor r espondi ng t o

t he i nt r aaxonal gl ycopr ot ei ns st i l l under goi ng bi di r ect i onal

t r anspor t ( Fi g. 1 d and Tabl e I I ) . I n cont r ast , by 7 d af t er

l abel i ng, t he gr ai ns r emai ni ng i n t he r egener at i ng spr out s wer e

associ at ed al most excl usi vel y wi t h axol emma, and t he gr ai n

di st r i but i on cl osel y appr oxi mat ed t hat expect ed f or a hol l ow

ci r cul ar sour ce ( Fi g . 4C and E) . I n t he l i gat ur e st udi es, most

of t he r adi oact i vi t y was st at i onar y, wi t h a much r educed mobi l e

phase ( Fi g . 1 d and Tabl e I I ) . Thus, at l at e t i mes af t er l abel i ng,

t he r adi oact i vi t y r emai ni ng i n t he spr out s can be equat ed wi t h

t he st at i onar y axol emmal r adi oact i vi t y .

We next asked at what st age or st ages of spr out devel opment

axol emmal i nser t i on of t r anspor t ed gl ycopr ot ei n occur r ed. I n

par t i cul ar , we t est ed whet her i nser t i on of t r anspor t ed gl ycopr o-

t ei ns mi ght occur onl y at t he gr owi ng t i p ( 4) , or whet her a

si gni f i cant pr opor t i on mi ght be i nser t ed l ocal l y al l al ong t he

r egener at i ng spr out ( l at er al i nser t i on) . Our dat a suggest s t hat

bot h t er mi nal and l at er al i nser t i on cont r i but e t r anspor t ed gl y-

copr ot ei ns t o t he axol emma. I ndi r ect evi dence suggest i ng t hat

t er mi nal i nser t i on occur r ed was f ound i n t he peak of st at i onar y

r adi oact i vi t y i n t he gr owt h- cone- r i ch r egi on Di n t he l i gat i on

st udi es ( e . g. , i n ner ves l i gat ed 1 and 3 d af t er l abel i ng [ Fi g.

1 d] ) . A si mi l ar per si st ent peak i n r egi on Dwas f ound i n t he

r adi omet r i c st udi es, even 14 d af t er l abel i ng ( Fi g . 5 A) . These

pat t er ns ar e consi st ent wi t h t he possi bi l i t y of t er mi nal i nser t i on .

On t he ot her hand, sever al r el at ed obser vat i ons i ndi cat ed

t hat t he gr owt h cone was not t he sol e si t e of addi t i on of

t r anspor t ed gl ycopr ot ei ns . Radi oaut ogr aphy showed t hat even

l ar ge myel i nat i ng spr out s, whose gr owt h cones must be many

mi l l i met er s di st al t o t he l evel of t he hi st ol ogi c sect i on, con-

t ai ned l abel wi t hi n axol emma, even 1 d af t er l abel i ng ( Fi g . 3 a) .

I n addi t i on, l ocal i nser t i on al l al ong t he r egener at i ng spr out s

was suggest ed by t he r el at i vel y l ar ge amount s of r adi oact i vi t y

f ound i n r egi on C7 d af t er l abel i ng . Thi s r et ai ned r adi oact i vi t y

i s best seen i n gr oups l abel ed 14 or 21 d af t er cr ush ( Fi gs . 2

and 5 B, r espect i vel y) , because of t he gr eat er l engt h of r egi on ,

C avai l abl e f or exami nat i on. Taken t oget her , t hese r adi oaut o-

gr aphi c and r adi omet r i c obser vat i ons ar e best expl ai ned by

l ocal axol emmal i nser t i on of gl ycopr ot ei ns al l al ong t he r egen-

er at i ng spr out s .

An al t er nat i ve i nt er pr et at i on mi ght be t hat t er mi nal i nser t i on

was f ol l owed by r et r ogr ade i nt r amembr anous movement of

gl ycopr ot ei ns r esul t i ng i n gener al axol emmal l abel i ng. Al -

t hough such a pr ocess ( 27, 29) cannot be excl uded by pr esent

dat a, i nt r amembr anous r edi st r i but i on ( 27, 29) woul d have t o

be r api d ( t o account f or wi despr ead axol emmal l abel i ng wi t hi n

1 d) , ext ensi ve, sel ect i ve ( t he abr upt i ncr ease i n t he amount of

r adi oact i vi t y at t he l evel of t he cr ush never ascended i nt o t he

par ent axon [ Fi gs . 1 c and 5] ) , and uni di r ect i onal ( see bel ow) .

Local i nser t i on seems a mor e l i kel y mechani smf or addi t i on of

t he bul k of axol emmal gl ycopr ot ei ns .

We next asked whet her l abel ed gl ycopr ot ei ns, once del i ver ed

t o t he spr out s, mi ght subsequent l y be car r i ed al ong as t he

spr out s cont i nued out gr owt h. The r adi omet r i c st udi es showed

no evi dence of a maj or r edi st r i but i on of t r anspor t ed gl ycopr o-

t ei ns i nt o spr out r egi ons t hat devel op af t er del i ver y . I n par t i c-

ul ar , t he doubl e- l abel i ng exper i ment demonst r at ed t hat most

of t he new spr out gr owt h t hat devel oped af t er del i ver y of t he

pul se of f ucosyl gl ycopr ot ei n r emai ned unl abel ed ( Fi g. 7) .

Ther e i s a smal l di f f er ence i n t he most di st al segment cont ai n-

i ng t r anspor t ed r adi oact i vi t y 14 d af t er l abel i ng ( compar ed

wi t h 1 d) ( Fi gs . 1 b, 2, 5 A, and 7) ; t hi s di f f er ence i s best

account ed f or by t he cont i nued del i ver y of smal l amount s of

mat er i al st i l l movi ng di st al l y 3 or 7 d af t er i nt r aspi nal i nj ect i on

of i sot ope ( i . e. , t he r adi oact i vi t y pr oxi mal t o t he l i gat i on i n Fi g .

1 d) . Thus, we concl ude t hat t he spr out axol emma wi t h t he

gr eat est pr opor t i on of r ecent l y synt hesi zed gl ycopr ot ei ns i s

al ways t he most di st al ( t he most het er ogeneous spr out axo-

l emma wi t h r egar d t o t he day of synt hesi s of axol emmal

const i t uent s woul d be t he segment j ust di st al t o t he cr ush) .

Ther e was a pr ogr essi ve r educt i on of t he pr omi nence of

r egi on D r el at i ve t o r egi on C wi t h t i me af t er l abel i ng. Thi s

change i n conf or mat i on of t he r adi omet r i c cur ves suggest s t hat
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FI GURE 6

	

El ect r on mi cr oscope r adi oaut ogr ams f r om r egener at i ng ner ves r emoved 7 d af t er i nt r aspi nal i nj ect i on of [ 3 H] f ucose,

showi ng associ at i on of si l ver gr ai ns wi t h axol emma . ( a) Regi on C, spr out i n advanced st age of myel i nat i on ( cf . f i g. 4 C) . Bar , 1 Jam.

x 17, 000 . ( b) Regi on D, l ar ge axon t hat has not yet begun t o myel i nat e ( cf . Fi g . 4 E) Bar , 1 Jam. x 19, 500.

a por t i on of t he r adi oact i vi t y t hat accumul at es i n t he gr owt h

cones at ear l y t i mes t ur ns over mor e qui ckl y af t er del i ver y t han
t hat i n r egi on C ( Fi gs. 1 a, 2, and 7) . As demonst r at ed by t he

l i gat i on st udi es, t hi s t ur nover occur s i n par t by r et r ogr ade

t r anspor t back t owar ds t he cel l body ( Fi g. 1 d) and al so,

pr esumabl y, by l ocal degr adat i on . I t i s possi bl e t hat some of

t he t r anspor t ed gl ycopr ot ei ns r eachi ng t he gr owt h cone un-

der go a cycl e of i nser t i on, endocyt osi s, and subsequent r et r o-
gr ade t r anspor t ( 7) , si mi l ar t o t hat suggest ed at t he neur omus-

cul ar j unct i on ( 23) .

Ret ent i on of [ 3H] f ucosyl gl ycopr ot ei ns wi t hi n r egener at i ng

spr out s occur r ed i n amount s consi der abl y gr eat er t han ei t her
par ent axons or cont r ol ner ves ( i n r egi ons compar abl e t o t he
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r egener at i ng spr out s) . For exampl e, 2 wk af t er l abel i ng, t he 24

mm di st al t o t he cr ush cont ai ned 2 . 3 t i mes t he amount of
r adi oact i vi t y pr esent i n t he same r egi on of t he cont r al at er al
ner ve ( Fi gs . 1 c and 5A ; Tabl e I I I ) . That t hi s i ncr ease was not
si mpl y t he r esul t of t he i ncr eased f ast t r anspor t of f ucosyl

gl ycopr ot ei n t hat occur s dur i ng r egener at i on ( 13) was shown

by t he f act t hat no gr eat er r et ent i on was seen i n par ent axons

t han i n t he cont r ol ner ves 7 or 14 d af t er l abel i ng ( Fi gs . 1 c and
5) . I ncr eased r et ent i on cont i nued i n spr out axol emma at l east
3 wk ol d ( t he r egi on j ust di st al t o t he cr ush i n Fi g. 5 b) , but , by

3 mo af t er cr ush, count s i n cont r ol and r egener at i ng ner ves

wer e compar abl e.
The f ol l owi ng model r el at es pr evi ous model s of membr ane
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Doubl e- l abel exper i ment compar i ng, i n t he same r egen-

er at i ng ner ve, t he di st r i but i on of [ 3H] f ucosyl gl ycopr ot ei ns l abel ed

7 d bef or e r emoval and t he di st r i but i on of [ " S] met hi oni ne pr ot ei ns

l abel ed t he day bef or e ner ve r emoval . Thi s ner ve was cr ushed

pr oxi mal l y at t he mer gi ng of t he L4 and L5 r oot s, and, 7 d l at er ,

[ 3H] f ucose was i nj ect ed i nt o t he l umbar spi nal cor d . 6 d l at er ,
[ 35S]

met hi oni ne was i nj ect ed i nt o t he same si t es of t he spi nal cor d .

1 d l at er , t he ner ve was r emoved and count ed by doubl e- l abel

t echni ques . Tr anspor t ed [ " S] met hi oni ne- l abel ed pr ot ei ns ar e pr es-

ent >45- mm di st al t o t he cr ush ; t hi s i s t he ext ent of t he out gr owt h

i n t he 14 d si nce t he cr ush . I n cont r ast , [ 3H] f ucosyl gl ycopr ot ei ns

ar e pr esent i n si gni f i cant amount s onl y i n t he f i r st 25- mm di st al t o

t he cr ush . For compar i son, r egi on D( f or 8 d af t er cr ush) i s i dent i f i ed .

Thi s exper i ment shows t hat t he l abel ed gl ycopr ot ei ns, f or t he most

par t , r emai n i n t he segment s i n whi ch t hey ar e i ni t i al l y i nser t ed ;

t hey ar e not r edi st r i but ed or car r i ed mor e di st al l y wi t h subsequent

out gr owt h . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" , 14 d post cr ush, 7 d af t er i nj ect i on of [ 3H] f ucose ; O,

14 d post cr ush, 1 d af t er i nj ect i on of [ 35S] met hi oni ne.

TABLE I I I

6 0

x

E

3 m
a

Compar i son of Amount s of Radi oact i vi t y i n Regener at i ng

Spr out s and Cont r ol Ner ves

[ 3H] -

	

Regener -

Fucose Ner ve

	

aci ng/

i nj ec-

	

r e-

	

Tot al dpm i n

	

Tot al dpmi n

	

Cont r ol

t i on

	

moval

	

sp rout s ( A)

	

cont r ol ( B)

	

( A/ B)

d af t er

	

d af t er

	

mean t SD

	

mean t SD

cr ush cr ush

Compar i son of amount s of r adi oact i vi t y i n t he r egener at i ng spr out s ( 24 mm

di st al t o ner ve cr ush) wi t h t he compar abl e 24 mm of cont r al at er al cont r ol

ner ves . Not e t hat by 21 d af t er cr ush ( 14 d f t er i nj ect i on) , wher eas t her e i s

over t wi ce as much r adi oact i vi t y i n t he spr out s as i n cont r ol ner ves, t he

amount of r adi oact i vi t y i n t he par ent axons ( pr oxi mal t o t he cr ush) i s near l y

i dent i cal t o t hat i n compar abl e segment s of cont r ol ner ves ( see Fi g. 1 c) .

bi ogenesi s i n nonneur al and neur al syst ems wi t h t he r esul t s of

t he pr esent st udy.

( a) Fucosyl gl ycopr ot ei ns ar e synt hesi zed i n t he cel l body

and car r i ed by f ast t r anspor t i nt o t he axon i n associ at i on wi t h

smoot h endopl asmi c r et i cul um( 1, 4, 6, 9- 12, 30) .

( b) At ear l y t i mes af t er del i ver y, t her e i s a pr ef er ent i al

accumul at i on of newl y synt hesi zed gl ycopr ot ei ns i n t he gr owt h

cones wher e t hey may under go i nser t i on and " r ecycl i ng, " wi t h

a subst ant i al f r act i on r et ur ni ng back t owar d t he cel l body by

r et r ogr ade t r anspor t . Such r ecycl i ng has been suggest ed t o

ser ve " sampl i ng" of t he ext r acel l ul ar mi l i eu by t he spr out

t er mi nal ( 7) .

( c) I n addi t i on t o pr ovi di ng a f l ux of membr ane f or subse-

quent r et r ogr ade t r anspor t , r api dl y t r anspor t ed gl ycopr ot ei ns

ar e added t o axol emma. I n t he gr owt h cone, new axol emma

pr esumabl y subser ves l ongi t udi nal out gr owt h . El sewher e al ong

t he axon, t he l at er al l y i nser t ed gl ycopr ot ei ns may cont r i but e t o

t he l at er al gr owt h or enl ar gement of t he axol emma. Cal cul a-

t i ons i ndi cat e t hat t he t ot al ar ea of axol emma added must be

consi der abl y gr eat er dur i ng l at er al gr owt h ( e. g . , f r om 1 t o 10

t an) t han dur i ng l ongi t udi nal out gr owt h of a 1- pi n spr out

t er mi nal . I n addi t i on, t he added gl ycopr ot ei ns coul d cont r i but e

t o an i ncr ease i n par t i cl e densi t y wi t hi n t he spr out . Fr eeze-

f r act ur e st udi es ( 34) have suggest ed a l ow par t i cl e densi t y

wi t hi n gr owt h cone axol emma and i nt r aaxonal vesi cl es, wi t h

mor e pr oxi mal r egi ons of t he spr out s showi ng a pr ogr essi ve

i ncr ease i n par t i cl e densi t y t owar d t hat of mat ur e axol emma .

Fi nal l y, a specul at i ve possi bi l i t y mi ght i ncl ude a r ol e f or i n-

ser t ed gl ycopr ot ei ns i n " si gnal i ng" Schwann cel l s by axon-

Schwann cel l cont act . Ther e i s evi dence t hat axonal membr ane-

associ at ed el ement s can i nf l uence Schwann cel l di vi si on ( 22,

37) and t hey possi bl y coul d be i nvol ved i n si gnal i ng t he

i ni t i at i on of myel i nat i on .

Speci al t hanks ar e due Mr s . Chi Choy f or exper t cont r i but i ons i n

sever al aspect s of t hi s st udy. We al so t hank Dr . Davi d For man f or

cr i t i cal r eadi ng and di scussi on of t he manuscr i pt .

Aspect s of t hi s st udy wer e suppor t ed by U. S. Publ i c Heal t h Ser vi ce

gr ant s 5 POI - NS- 10920, I ROI - NS- 10580, and 5ROI - HD- 04817, f r om

t he Nat i onal I nst i t ut es of Heal t h.

Recei vedf or publ i cat i on 4 August 1980.
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