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Abst r act . Axoni n- 1 i s an axon- associ at ed cel l adhesi on

mol ecul e wi t h dual i st i c expr essi on, one f or mbei ng gl y-

cophosphat i dyl i nosi t ol - anchor ed t o t he axonal mem-

br ane, t he ot her secr et ed f r om axons i n a sol ubl e

f or m. When pr esent ed as a subst r at um f or neur onal

cul t ur es i t st r ongl y pr omot es neur i t e out gr owt h f r om

chi cken embr yoni c dor sal r oot gangl i a neur ons . I n t hi s

st udy, t he axon- associ at ed cel l adhesi on mol ecul e G4,

whi ch i s i dent i cal wi t h Ng- CAMand 8D9, and homol -

ogous or cl osel y r el at ed t o Ll of t he mouse and NI LE

of t he r at , was i nvest i gat ed wi t h r espect t o a r ecept or

f unct i on f or axoni n- 1 . Usi ng f l uor escent mi cr ospher es

wi t h coval ent l y coupl ed axoni n- 1 or Ll ( G4) at t hei r sur -

f ace we showed t hat t hese pr ot ei ns bi nd t o each ot her .

Wi t hi n t he sensi t i vi t y of t hi s mi cr ospher e assay, no i n-

t er act i on of axoni n- 1 wi t h i t sel f coul d be det ect ed . Axo-

ni n- l - coat ed mi cr ospher es al so bound t o t he neur i t es

of cul t ur ed dor sal r oot gangl i a neur ons . Thi s i nt er act i on

T
HE f or mat i on of ner ve f i ber t r act s dur i ng neur ogen-

esi s i s based on t he t endency of gr owi ng axons t o

el ongat e al ong ot her axons . Thi s devel opment al phe-

nomenon has been pr oposed t o be due t o t he capabi l i t y of

t he l eadi ng axons t o ser ve as " subst r at e pat hways" ( Kat z and

Lasek, 1980) or " l abel ed pat hways" ( Ghysen and Janson,

1980 ; Raper et al . , 1983) f or t r ai l i ng gr owt h cones by means
of gui dance cues expr essed on t hei r sur f ace . Over t he past

decade, a number of cel l sur f ace gl ycopr ot ei ns concent r at ed
pr i mar i l y on axons and i mpl i cat ed i n neur i t e ext ensi on have
been descr i bed i n t he ver t ebr at e ner vous syst em. To t hi s
gr oup of axonal gl ycopr ot ei ns bel ong mouse Ll ( Rat hj en and
Schachner , 1984) and sever al mol ecul es r el at ed t her et o ( r at
NI LE, chi ck Ng- CAM, chi ck G4, chi ck 8D9, human 5G3) ,
chi ck neur of asci n ( Rat hj en et al . , 19876) , chi ck Fl l ( Rat hj en
et al . , 1987a) and i t s mouse homol ogue F3 ( Gennar i ni et a] . ,
1989) , chi ck axoni n- 1 ( Ruegg et al . , 1989a ; St oeckl i et al . ,
1989) , chi ck Br avo ( De l a Rosa et al . , 1990) , and r at TAG- 1
( Dodd et al . , 1988) . cDNA cl oni ng of some of t hese mol e-
cul es has shown t hat t hey ar e st r uct ur al l y r el at ed t o each
ot her and t o N- CAMi n t hat t hey cont ai n bot h mul t i pl e i m-
munogl obul i n- and f i br onect i n t ype I I I - l i ke domai ns ( Cun-

ni nghamet al . , 1987 ; Moos et al . , 1988, Br 0mmendor f et al . ,
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was excl usi vel y medi at ed by Ll ( G4) , as i ndi cat ed by

compl et e bi ndi ng suppr essi on by monoval ent ant i -

Ll ( G4) ant i bodi es . The i nt er act i on bet ween neur i t i c

Ll ( G4) and i mmobi l i zed axoni n- 1 was f ound t o medi -

at e t he pr omot i on of neur i t e gr owt h on axoni n- 1, as

evi denced by t he vi r t ual l y compl et e ar r est of neur i t e

out gr owt h i n t he pr esence of ant i - Ll ( G4) ant i bodi es .

Convi nci ng evi dence has r ecent l y been pr esent ed t hat

neur i t e gr owt h on Ll ( 8D9) i s medi at ed by t he homo-

phi l i c bi ndi ng of neur i t i c Ll ( G4) ( 1989 . Neur on . 2 :

1597- 1603) . Thus, bot h Ll ( G4) - and axoni n- l - expr ess-

i ng axons may ser ve as " subst r at e pat hways" f or t he

gui dance of f ol l owi ng axons expr essi ng Ll ( G4) i nt o

t hei r t ar get ar ea . Concei vabl y, di f f er ences i n t he con-

cent r at i on of axoni n- 1 and Ll ( G4) , and/ or modul at or y

i nf l uences on t hei r speci f i c bi ndi ng par amet er s i n l ead-

i ng pat hways and f ol l owi ng axons coul d r epr esent el e-

ment s i n t he cont r ol of axonal pat hway sel ect i on .

1989 ; Gennar i ni et al . , 1989 ; Fur l ey et al . , 1990 ; Bur goon

et al . , 1991) . Fur t her mor e, among t hese gl ycopr ot ei ns,

Ll ( 8D9) , TAG- 1, axoni n- 1, and Fl l ( F3) have been r epor t ed

t o be pot ent subst r at a f or neur i t e out gr owt h ( Lagenaur and

Lemmon, 1987; Fur l ey et al . , 1990 ; Gennar i ni et al . , 1991 ;

St oeckl i et al . , 1991) . Among t he descr i bed axon- associ at ed

gl ycopr ot ei ns, chi ck axoni n- 1 i s of par t i cul ar i nt er est i n t hat

i t i s expr essed i n t wo f or ms, one bei ng i nt egr al l y associ at ed

wi t h t he axonal membr ane ( Ruegg et al . , 19896) by a gl yco-

phosphat i dyl i nosi t ol anchor ( Ost er wal der , T. , and P Son-

der egger , manuscr i pt i n pr epar at i on) , t he ot her secr et ed f r om

axons ( St oeckl i et al . , 1989) . Secr et ed axoni n- 1 di f f uses
t hr ough t he ext r acel l ul ar space of t he cent r al ner vous syst em

and accumul at es i n t he cer ebr ospi nal f l ui d and t he vi t r eous

humor of t he eye t o r el at i vel y hi gh concent r at i ons ( Ruegg et

al . , 19896 ; St oeckl i et al . , 1991) . I t i s r el eased f r oman i nt r a-

cel l ul ar pool ( Ruegg et al . , 19896) i n a f unct i onal l y compe-

t ent f or m, as demonst r at ed by i t s st r ong neur i t e gr owt h- pr o-
mot i ng act i vi t y when pr esent ed as a subst r at um t o cul t ur ed
neur ons ( St oeckh et al . , 1991) . I n vi ew of t he hi gh degr ee

of st r uct ur al si mi l ar i t y bet ween membr ane- bound and se-
cr et ed axoni n- 1, we have post ul at ed a compet i t i ve bi ndi ng of
t he t wo f or ms t o t he same bi ndi ng si t e( s) , i mpl i cat i ng secr et ed



axoni n- 1 as a r egul at or y el ement of gr owt h cone- neur i t e i n-

t er act i on i n t he cont r ol of axonal el ongat i on, pat hway sel ec-
t i on, and possi bl y t ar get r ecogni t i on ( St oeckl i et al . , 1991) .
The cDNA encodi ng axoni n- 1 has r ecent l y been cl oned

( Zuel l i g, R. A. , C. Rader , A. Schr oeder , M. Kal ousek, F.

von Bohl en, A. Fr i t z, E. Haf en, H. U. Af f ol t er , and P Son-
der egger . 1991 . Soc . Neur osci . Abst r . I n pr ess. ) . Fr om an
open r eadi ng f r ame of 3, 108 nucl eot i des, a pol ypept i de of

1, 036 ami no aci ds has been deduced, whi ch exhi bi t s an ami no

aci d sequence i dent i t y of 75%t o TAG- 1 of t he r at , 53%t o
Fl l of t he chi cken, and 29% t o Ng- CAM. The pr edi ct ed
sequence cont ai ns si x i mmunogl obul i n- l i ke r epeat s i n i t s

ami no- t er mi nal por t i on and f our f i br onect i n t ype I I I - l i ke r e-

peat s i n i t s car boxy- t er mi nal por t i on .

Nei t her t he mol ecul ar nat ur e nor t he cel l ul ar l ocat i on of

t he bi ndi ng si t es f or axoni n- 1 has been el uci dat ed t hus f ar .

The st r ong expr essi on of axoni n- 1 on f asci cul at ed axons of
devel opi ng ner ve f i ber t r act s f ound i n i mmunohi st ochemi cal

st udi es, t he f act t hat ant i - axoni n- 1 Fab f r agment s per t ur b f as-

ci cul at i on of neur i t es expr essi ng axoni n- 1, and t he neur i t e

gr owt h- pr omot i ng act i vi t y of axoni n- 1 when pr esent ed as a

subst r at umt o cul t ur ed neur ons ( St oeckl i et al . , 1991) r epr e-

sent ci r cumst ant i al evi dence f or at l east one axoni n- 1 r ecep-

t or r esi di ng i n t he axonal membr ane . Hence, axoni n- 1 and

ot her axonal mol ecul es coexpr essed wi t h axoni n- 1 i n t i me

and space dur i ng neur al devel opment may be r ecept or candi -

dat es .

I n t hi s st udy, we have i nvest i gat ed anot her axon- associ at ed

cel l adhesi on mol ecul e as a pot ent i al adhesi ve r ecept or of

axoni n- 1, namel y, G4, whi ch i s i dent i cal wi t h Ng- CAM

( Rat hj en et al . , 1987a ; Bur goon et al . , 1991 ; Rat hj en, F. , un-

publ i shed dat a) and 8139 ( Lemmon et al . , 1989) , and t hus

i s ei t her homol ogous or cl osel y r el at ed t o Ll of t he mouse

( Moos et al . , 1988) and NI LEof t he r at ( Pr i nce et al . , 1989) .

Ll ( G4) i s one of t he most abundant AxCAMs i n t he devel op-

i ng chi cken ner vous syst em, wher e i t shows r emar kabl e

coexpr essi on wi t h axoni n- 1 i n sever al ner ve f i ber t r act s, as

r eveal ed by i mmunohi st ochemi cal l ocal i zat i on i n t i ssue sec-

t i ons ( Ruegg et al . , 1989b) . Ll ( G4) was f ound t o be coex-

pr essed wi t h axoni n- 1 al so at t he cel l ul ar l evel , as r eveal ed

by doubl e st ai ned pat ches on cel l somas and on neur i t es of

cul t ur ed dor sal r oot gangl i a ( DRG) ' neur ons . DRGneur i t es

wer e al so f ound t o expr ess r ecept or s f or bot h axoni n- 1 and

Ll ( G4) . As a means t o demonst r at e weak macr omol ecul ar

i nt er act i ons, we coupl ed sol ubl e axoni n- 1 t o f l uor escent

mi cr ospher es and t est ed f or aggr egat i on wi t h Ll ( G4) - conj u-

gat ed mi cr ospher es l i nked t o anot her f l uor ochr ome . By t he

f act t hat mul t i pl e macr omol ecul ar i nt er act i ons occur upon

cont act of such pr ot ei n- conj ugat ed spher es, r el at i vel y weak

af f i ni t i es can be vi sual i zed ( Gr umet and Edel man, 1988 ;

Kadmon et al . , 1990) . Bot h t he aggr egat i on anal ysi s of f l uo-

r escent mi cr ospher es coat ed wi t h axoni n- 1 or Ll ( G4) and t he

obser vat i on of coat ed mi cr ospher es' bi ndi ng t o cul t ur ed neu-

r ons demonst r at e t he speci f i c i nt er act i on of axoni n- 1 wi t h

Ll ( G4) . Ll ( G4) - conj ugat ed beads showed sel f - aggr egat i on,

a f i ndi ng consi st ent wi t h pr evi ous r epor t s on t he homophi l i c

bi ndi ng of Ll ( 8139) ( Lemmon et al . , 1989) . Axoni n- 1 was

f ound t o exhi bi t onl y het er ophi l i c bi ndi ng act i vi t i es i n t he

mi cr ospher e assay. As a f unct i onal cor r el at e of t he obser ved

1 . Abbr evi at i ons used i n t hi s paper : DRG, dor sal r oot gangl i a ; NLso, neu-
r i t e l engt h devel oped by 50% of t he neur i t e- bear i ng neur ons .
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mol ecul ar bi ndi ng, neur i t e out gr owt h wi t h axoni n- 1 as a sub-
st r at um was f ound t o depend on t he i nt er act i on wi t h Ll ( G4)

of t he neur i t i c membr ane.

Mat er i al s andMet hods

Mat er i al s

Sol ubl e axoni n- 1 was pur i f i ed f r om t he ocul ar vi t r eous f l ui d of 14- d- ol d

chi cken embr yos ( Ruegg et al . , 1989a) . Ll ( G4) was i sol at ed f r om em-

br yoni c chi cken br ai n membr anes by i mmunoaf f i ni t y chr omat ogr aphy,

usi ng a monocl onal ant i - Ll ( G4) ant i body ( Rat hj en et al . , 1987a) . The f unc-

t i onal i nt egr i t y of pur i f i ed axoni n- 1 and Ll ( G4) was t est ed i n a neur i t e

gr owt h assay ( St oeckl i et al . , 1991) . Fi br onect i n was a gi f t f r om Dr .

Annemar i e Honegger . Lami ni n was pur chased f r omGI BCO- BRL Labor a-

t or i es ( Gai t her sbur g, MD) . BSA was f r omMi l es I nc . ( Kankekee, I L) , oval -

bumi n f r omFl uka Chemi e AG( Buchs, Swi t zer l and) , and t r ansf er r i n f r om

Si gma Chemi cal Co. ( St . Loui s, MO) . Ant i bodi es agai nst axoni n- 1 wer e

r ai sed i n goat ( Ruegg et al . , 1989a) ; ant i - Ll ( G4) ant i bodi es wer e f r omr ab-

bi t s ( Rat hj en et al . , 1987a) Fab f r agment s wer e pr epar ed by pr ot eol yt i c

di gest i on f ol l owed by chr omat ogr aphi c pur i f i cat i on as pr evi ousl y speci f i ed

( St oeckl i et al . , 1991) .

Gel El ect r ophor esi s and I mmunobl ot t i ng

SDS- PAGE was car r i ed out as descr i bed by Laemml i ( 1970) . For si l ver

st ai ni ng of pr ot ei ns t he pr ocedur e descr i bed by Swi t zer et al . ( 1979) as

modi f i ed by Oakl ey et al . ( 1980) was used . I mmunobl ot t i ng was car r i ed out

accor di ng t o Towbi n et al . ( 1979) . For i mmunodet ec6on, t he pr ocedur e de-

scr i bed by Hawkes et al . ( 1982) was adopt ed . As pr i mar y ant i bodi es, ant i -

axoni n- 1 Fab f r agment s ( f r om goat ) and ant i - Ll ( G4) Fab f r agment s ( f r om

r abbi t ) wer e used at a concent r at i on of 25 Ag/ ml . Secondar y per oxi dase-

conj ugat ed ant i bodi es goat and r abbi t I gGwer e used at a di l ut i on of 1 : 1, 000 .

Coval ent Coupl i ng of Pr ot ei ns t o
Fl uor escent Mi cr ospher es

Fl uor escent pol yst yr ene mi cr ospher es ( Covaspher es) wi t h a nomi nal di -

amet er of 0. 5 Amwer e pur chased r eady f or t he coval ent coupl i ng of pr o-
t ei ns ( Duke Sci ent i f i c Cor p. , Pal o Al t o, CA) . Bot h gr een f l uor escent mi -

cr ospher es cont ai ni ng FI TC and r ed f l uor escent mi cr ospher es cont ai ni ng

TRI TCwer e used . The coupl i ng of pr ot ei ns t o Covaspher es was car r i ed out

i n PBS. I mmedi at el y bef or e coupl i ng, t he suspensi on of mi cr ospher es was

soni cat ed i n a bat h soni cat or ( Br anson Ul t r asoni cs Cor p . , Danbur y, CT)
f or 2 mi n and 100- Al al i quot s wer e i ncubat ed f or 1 h at 37° C wi t h 50 i ' g
of axoni n- 1, Ll ( G4) , f i br onect i n, l ami ni n, t r ansf er r i n, I gG, and BSA,

r espect i vel y . The spher es wer e t hen sedi ment ed by cent r i f ugat i on and
r esuspended i n PBS cont ai ni ng 5 mg/ ml BSA and 10 mMsodi um azi de,

f ol l owed by soni cat i on f or 2 mi n, and i ncubat ed f or 30 mi n at r oomt emper a-

t ur e . Af t er a second cent r i f ugat i on, t hey wer e r esuspended i n 100 AI of t he

same buf f er and st or ed at 4° C. Thi s st ock sol ut i on cont ai ned an est i mat ed

concent r at i on of Covaspher es of 10 1I / ml . To det er mi ne t he coupl i ng yi el d

ser i al di l ut i ons of t he i ni t i al pr ot ei n sol ut i on and t he unbound pr ot ei n f r om
t he super nat ant of t he coupl i ng r eact i on wer e subj ect ed t o SDS- PAGE on
an aut omat ed syst em ( Phast Syst em; Phar maci a Fi ne Chemi cal s, Uppsal a,
Sweden) . The pr ot ei n bands wer e vi sual i zed by si l ver st ai ni ng . Pr ot ei n

bands wi t h i dent i cal i nt ensi t y wer e i dent i f i ed, and f r omt hei r di l ut i on f act or
t he r at i o bet ween coupl ed and uncoupl ed pr ot ei n was cal cul at ed . I n al l

coupl i ng r eact i ons a yi el d >80% was obt ai ned, i ndi cat i ng t hat - 16, 000
mol ecul es of axoni n- 1 or Ll ( G4) wer e coupl ed per Covaspher e .

Fl ow Cyt omet r i c Anal ysi s of t he Aggr egat i on of
Pr ot ei n- conj ugat ed Covaspher es

The aggr egat i on behavi or of pr ot ei n- conj ugat ed Covaspher es was i nves-

t i gat ed by i ncubat i on at var i ous concent r at i ons f or 1 h at r oomt emper at ur e.

The st ock sol ut i ons of pr ot ei n- conj ugat ed Covaspher es wer e soni cat ed f or

2 mi n i n a bat h soni cat or . I mmedi at el y af t er , t he desi r ed t est mi xt ur e was

composed i n an Eppendor f t ube t o a f i nal vol ume of 20 Al PBS cont ai ni ng

5 mg/ ml BSA and 10 mM sodi um azi de. The Covaspher e concent r at i ons

assayed wer e var i ed bet ween 109 / ml and 5 x 10' ° / ml , and t he concent r a-
t i on r at i os bet ween pai r s of Covaspher e speci es wer e f r om 1 : 8 t o 8 : 1 .

Ant i body per t ur bat i on of Covaspher e aggr egat i on was car r i ed out by

pr ei ncubat i on of one of t he t wo sampl es t o be t est ed wi t h Fab f r agment s
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of pol ycl onal I gGat a concent r at i on of 500 Ag/ ml i n PBS. I ncubat i ons wer e

f or 2 h at r oom t emper at ur e . Subsequent l y, t he unbound ant i bodi es wer e

r emoved by t hr ee consecut i ve washes wi t h PBS and possi bl e aggr egat es of

Covaspher es wer e di ssol ved by ul t r asoni cat i on of each sampl e i n a bat soni -

cat or f or 2 mi n at r oomt emper at ur e. Thus, no unbound ant i bodi es wer e

pr esent dur i ng coi ncubat i ons of Covaspher es .

Fl ow cyt omet r i c anal ysi s of t he i nt er act i ons of pr ot ei n- coat ed Cova-

spher es was per f or med on an Epi cs Pr of i l e equi pped wi t h st andar d Power -

pak f i l t er conf i gur at i on ( Coul t er Cor p. , Hi al eah, FL) . The f l uor escence ex-

ci t at i on was ef f ect ed by an ai r - cool ed 15- mWar gon l aser usi ng 488 nmas

t he exci t i ng wavel engt h . The 90° f l uor escence emi ssi on l eavi ng t he f l ow

chamber was separ at ed f r omscat t er ed l i ght by t wo f i l t er s r ef l ect i ng t he 488-

r un l aser wavel engt h . Gr een f l uor escence ( FI TC) was r ef l ect ed by a 550- nm

l ong pass f i l t er and di r ect ed t hr ough a 525- r un band pass f i l t er f or measur e-

ment . Red f l uor escence ( TRI TC) was r ef l ect ed by a 600- r un shor t pass f i l t er

and passed t hr ough a 625 nmband pass f i l t er . The spect r al over l ap of FI TC

and TRI TCemi ssi on was el ect r oni cal l y compensat ed f or . Fl uor escence pa-

r amet er s wer e col l ect ed usi ng a f our decade l ogar i t hmi c ampl i f i er over

a r ange of 1- 1, 024 channel s, anal yzi ng a mi ni mum of 100, 000 event s f or

each t est .

I n agr eement wi t h t he suppl i er ' s speci f i cat i ons, t he Covaspher es wer e

f ound t o be hi ghl y homogenous wi t h r espect t o t he f l uor escence i nt ensi t i es

t hey emi t , as r eveal ed by anal yt i cal r uns wi t h 100, 000 uncoat ed beads . The

FI TC Covaspher es exhi bi t ed an aver age r el at i ve f l uor escence i nt ensi t y of

0. 64 wi t h an SD of 0. 13 ; t he TRI ' r C Covaspher es had an aver age r el at i ve

f l uor escence i nt ensi t y of 0. 96 and an SD of 0. 12 .

Cel l Cul t ur es

The DRGs used f or cul t i vat i on wer e di ssect ed f r om 10- d- ol d chi cken em-

br yos. Di ssoci at i on was car r i ed out af t er enzymat i c di gest i on as det ai l ed

pr evi ousl y ( Sonder egger et al . , 1985) .

For t he i mmunocyt ochemi cal l ocal i zat i on of axoni n- 1 and Ll ( G4) , di s-

soci at ed cul t ur es of DRG neur ons wer e pl at ed on pol y- D- l ysi ne/ l ami ni n-

coat ed t i ssue cul t ur e di shes . For coat i ng ; 35- mm cel l cul t ur e di shes wer e

i ncubat ed wi t h 20 / Ag/ ml pol y- D- l ysi ne i n 150 mMsodi um bor at e, pH 8. 4

at 37° C f or 16 h . The coat i ng sol ut i on was t hen r emoved and t he pl at es wer e

washed at l east f our t i mes wi t h di st i l l ed wat er and dr i ed . For coat i ng wi t h

l ami ni n, dr y pol y- D- l ysi ne- coat ed di shes wer e i ncubat ed wi t h 10 Ag/ ml

l ami ni n i n PBS f or 1 h at 37° C and washed t wi ce wi t h PBS i mmedi at el y

bef or e pl at i ng t he di ssoci at ed neur ons .

The bi ndi ng of pr ot ei n- conj ugat ed Covaspher es was st udi ed wi t h di s-

soci at ed DRGcul t ur es . The cel l s wer e cul t i vat ed on col l agen- coat ed cul t ur e

di shes f or 5 d under condi t i ons descr i bed pr evi ousl y ( Sonder egger et al . ,

1985) . To r educe t he medi umr equi r ement s t o 300 A1 t he cel l cul t ur e sur f ace

was r educed t o a 1 . 5- cm- di am ci r cul ar ar ea by a donut - shaped t ef l on r i ng

t hat was f i xed ont o t he dr y sur f ace wi t h si l i con gr ease ( Bayer AG, Lever -

kusen, Ger many) . I nt o each of t hese wel l s, 25, 000 di ssoci at ed cel l s wer e

pl at ed . To mi ni mi ze pr ol i f er at i on of nonneur onal cel l s, 0. 12 mMf l uor ode-

oxyur i di ne and 0. 3 mMur i di ne ( bot h f r omSi gma Chemi cal Co. ) wer e pr es-

ent i n t he medi um over t he ent i r e per i od of cul t i vat i on . I n such cul t ur es,

onl y a f ew nonneur onal cel l s sur vi ved ; t hey wer e never f ound t o cover or

ensheat he t he neur i t es i n scanni ng EMi nspect i ons .

Neur i t e out gr owt h was assessed on axoni n- 1, Ll ( G4) , and l ami ni n, whi ch

wer e absor bed di r ect l y t o t i ssue cul t ur e pl ast i c as speci f i ed pr evi ousl y

( St oeckl i et al . , 1991) usi ng coat i ng concent r at i ons of 75 kg/ ni l . Af t er i ncu-

bat i on f or 2 h t he pl at es wer e washed t wi ce wi t h PBS and bl ocked wi t h 10

mg/ ml oval bumi n i n PBS f or 45 mi n . Di ssoci at ed DRGcel l s wer e cul t i vat ed

f r omt he t i me of pl at i ng i n ser um- f r ee medi um, as gi ven i n det ai l by St oeckl i

et al . ( 1991) ; however , oval bumi n was used i nst ead of BSA . Ant i - axoni n- 1

Fab f r agment s of goat I gG or ant i - Ll ( G4) Fab f r agment s of r abbi t I gGwer e

added at concent r at i ons of 500 jug/ ml .

I mmunocyt ochemi cal St ai ni ngs

I mmunocyt ochemi cal st ai ni ngs wer e car r i ed out on par af or mal dehyde- f i xed

cel l s . For f i xat i on, t he cel l s wer e washed wi t h PBS and i ncubat ed wi t h 2

par af or mal dehyde i n 0. 1 Msodi umphosphat e, pH7. 2 f or 1 h at 37° C. Af t er

r emoval of t he f i xi ng sol ut i on, t he cel l s wer e washed t hr ee t i mes wi t h PBS.

For i ndi r ect doubl e i mmunof l uor escent st ai ni ng, t he pr ot ocol pr evi ousl y

gi ven i n det ai l was f ol l owed ( Sonder egger et al . , 1985) . Ant i - axoni n- 1 an-

t i ser um( f r omgoat ) and ant i - L( G4) ant i ser um ( f r omr abbi t ) wer e i ncubat ed

si mul t aneousl y at a di l ut i on of 1 : 300. Af t er washi ng of f t he f i r st ant i bodi es,

t he f l uor escent second ant i bodi es wer e added and i ncubat ed si mul t aneousl y .

FI TC- conj ugat ed r abbi t ant i - goat I gGwas f r om Bi o- Sci ence Pr oduct s AG

( Emmenbr i l cke, Swi t zer l and) and used at a di l ut i on of 1 : 10. TRI TC-
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conj ugat ed goat ant i - r abbi t I gG was f r omZymed Labor at or i es I nc . ( Sout h

San Fr anci sco, CA) and used at 1 : 10.

Bi ndi ng of Pr ot ei n- conj ugat ed Covaspher es t o Axons
i n Cul t ur e

Cul t ur es of di ssoci at ed DRGs wer e washed t wi ce wi t h PBS and t wi ce wi t h

ser um- f r ee medi um( St oeckl i et al . , 1991) . Pr ot ei n- conj ugat ed Covaspher es

wer e di l ut ed 1: 1, 000 i n t he same ser um- f r ee medi um. The di l ut ed Cova-

spher e suspensi on was soni cat ed 2 mi n i n a bat h soni cat or and i mmedi at el y

added t o t he cul t ur es i n subst i t ut i on of t he medi um. I ncubat i on was f or

1 h i n a cel l cul t ur e i ncubat or at 37° C, 10% CO2 . To r emove unbound

Covaspher es t he cul t ur es wer e subj ect ed t o t hr ee consecut i ve washi ngs wi t h

PBS at 37° C. I nspect i on on an i nver t ed mi cr oscope ( Ni kon) equi pped wi t h

f l uor escence opt i cs f ol l owed wi t hout f i xat i on .

Ant i body per t ur bat i on exper i ment s wer e car r i ed out by pr ei ncubat i on of

ei t her t he Covaspher es or t he cel l s wi t h Fab f r agment s of pol ycl onal I gG

at a concent r at i on of 500 ug/ ml . I ncubat i ons of t he Covaspher es wer e f or

2 h at 20° C; i ncubat i ons of t he cul t ur es wer e f or 1 h at 37° C i n a CO2 i ncu-

bat or . At t he end of t he i ncubat i on per i od t he Fab f r agment s wer e r emoved

and t he spher es or t he cel l s wer e washed t wi ce wi t h PBS or cul t ur e medi um,

r espect i vel y .

Measur ement s of Neur i t e Lengt h

Neur i t e l engt hs wer e measur ed as descr i bed pr evi ousl y i n det ai l ( St oeckl i

et al . , 1991) . I n br i ef , cul t ur es of di ssoci at ed DRG cel l s on di f f er ent sub-

st r at a wer e gr own f or 20 h i n def i ned, ser um- f r ee medi um. A pl at i ng ar ea

of - 20 mm2 was i nspect ed wi t h an i nver t ed mi cr oscope usi ng phase con-

t r ast opt i cs . Fol l owi ng t he suggest i on of Lagenaur and Lemmon ( 1987) , a

neur i t e was def i ned as a pr ocess ext endi ng f r om t he neur onal cel l body by

mor e t han a cel l di amet er . Onl y neur i t es t hat emer ged f r oman i sol at ed neu-

r on ( not a cl ump of cel l s) and di d not cont act ot her neur i t es or cel l s wer e

i ncl uded f or l engt h det er mi nat i on . The t ot al l engt h of al l neur i t e br anches

el abor at ed by a neur on was measur ed . The per cent age of neur ons wi t h neu-

r i t es l onger t han a gi ven l engt h was pl ot t ed ver sus neur i t e l engt h ( Chang

et al . , 1987) . As a char act er i st i c f or neur i t e gr owt h under a gi ven condi t i on,

t he neur i t e l engt h devel oped by 50%of t he neur i t e- bear i ng neur ons ( NLso)
was det er mi ned ( St oeckl i et al . , 1991) .

Resul t s

I mmunocyt ochemi cal Local i zat i on of Axoni n1 and
LI ( G4) on and Bi ndi ng of Fl uor escent Mi cr ospher es
Coat ed wi t h Axoni n1 andLI ( G4) , Respect i vel y, t o
Neur i t es of Cul t ur ed DRGNeur ons

I mmunohi st ochemi cal l ocal i zat i on of axoni n- 1 and Ll ( G4)

by doubl e i mmunof l uor escence st ai ni ng under nat i ve condi -

t i ons r eveal ed t hat bot h gl ycopr ot ei ns ar e pr ot ei ns at t he sur -

f ace of somas and neur i t es of DRG neur ons i n di ssoci at ed

cul t ur e ( Fi g. 1, a- c) . Among t he neur i t es, t he st ai ni ng was

not uni f or ml y di st r i but ed, but occur r ed as i r r egul ar l y spaced

br i ght spot s al ong t he neur i t es . Most spot s emi t t ed bot h

gr een and r ed f l uor escence . No st ai ni ng was f ound i n cont r ol

exper i ment s i n whi ch t he pr i mar y ant i body agai nst axoni n- 1

( f r om goat ) and Ll ( G4) ( f r om r abbi t ) wer e f ol l owed by t he
i nappr opr i at e secondar y ant i body, namel y, ant i - r abbi t I gG

and ant i - goat I gG, r espect i vel y . Hence, i nsuf f i ci ent speci f i c-

i t y of t he second ant i bodi es l eadi ng t o cr ossr eact i ve st ai ni ng

was excl uded ( dat a not shown) . Cr ossr eact i vi t y of t he ant i -

bodi es agai nst axoni n- 1 and Ll ( G4) empl oyed was excl uded
by usi ng ant i gen i n di f f er ent f or ms . No cr ossr eact i ons wer e
obser ved ei t her when t he ant i gens wer e r un on SDS- PAGE
af t er r educt i on and subsequent l y el ect r ot r ansf er r ed t o ni t r o-

cel l ul ose paper ( Fi g . 2) , or when nat i ve, nonr educed axo-

ni n- 1 and Ll ( G4) wer e dot t ed t o paper ( not shown) . Ant i -

axoni n- 1 ant i bodi es and ant i - Ll ( G4) ant i bodi es wer e al so

speci f i c when conf r ont ed wi t h nat i ve axoni n- 1 and Ll ( G4)
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Fi gur e 1. Local i zat i on of axoni n- 1 and Ll ( G4) , and t hei r r ecept or s, on cul t ur ed DRGneur ons . ( a- c) I mmunocyt ochemi cal l ocal i zat i on

of axoni n- 1 and Ll ( G4) on par af or mal dehyde- f i xed cel l s by doubl e i ndi r ect i mmunof l uor escence . ( a) Phase- cont r ast opt i cs ; ( b) f l uor escent

st ai ni ng of axoni n- 1 by goat ant i - axoni n- 1 ant i ser um f ol l owed by FI TC- conj ugat ed ant i - goat I gG; ( c) f l uor escent st ai ni ng of Ll ( G4) by r abbi t

ant i - Ll ( G4) ant i ser umf ol l owed by TRI TC- conj ugat ed ant i - r abbi t I gG. ( d - f ) Bi ndi ng of f l uor escent mi cr ospher es conj ugat ed wi t h axoni n- 1

and Ll ( G4) t o unf i xed cel l s . ( d) Phase- cont r ast opt i cs ; ( e) r ed f l uor escent Covaspher es conj ugat ed wi t h axoni n- 1 ; ( f ) gr een f l uor escent

Covaspher es conj ugat ed wi t h Ll ( G4) . Bar : 50 Am ( a- c) ; 100 pm ( df ) .

Fi gur e 2 . Cont r ol f or cr oss- cont ami nat i on i n t he pr epar at i ons of

axoni n- 1 and Ll ( G4) , and f or cr ossr eact i vi t y of ant i - axoni n- 1 and

ant i - LI ( G4) ant i bodi es. ( Lanes 1 and 2) Test f or cr oss- cont ami na-

t i ons i n t he pr epar at i ons of axoni n- 1 and Ll ( G4) , r espect i vel y . Al i -

quot s t aken f r om t he pr epar at i ons of axoni n- 1 and Ll ( G4) used i n

t hi s st udy wer e subj ect ed t o SDS- PAGE and anal yzed f or cr oss-

cont ami nat i on by si l ver st ai ni ng . ( Lane 1) 0. 25 j i g Ll ( G4) ; ( l ane 2 )
0. 25 Fi g axoni n- 1 . ( Lanes 3- 6) Di r ect and cr ossed i mmunobl ot s on

pr epar at i ons of axoni n- 1 and Ll ( G4) wi t h Fab f r agment s agai nst
axoni n- 1 and LI ( G4) . The Fab f r agment s agai nst axoni n- 1 and
Ll ( G4) used i n t hi s t est wer e f r om t he same pr epar at i on as t hose

used i n al l ant i body per t ur bat i on exper i ment s pr esent ed i n t hi s pa-

per . ( Lanes 3 and 4) 0. 25 l Ag Ll ( G4) and 0. 25 hg axoni n- 1, r espec-

t i vel y, st ai ned f or Ll ( G4) wi t h r abbi t ant i - Ll ( G4) Fab f r agment s ;

( l anes 5 and 6) 0. 25 ug Ll ( G4) and 0. 25 ug axoni n- 1, r espect i vel y,

st ai ned f or axoni n- 1 wi t h goat ant i - Ll ( G4) Fab f r agment s .
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t hat wer e coval ent l y coupl ed t o t he sur f ace of f l uor escent

mi cr ospher es ( Covaspher es) , as r eveal ed by i ndi r ect i mmu-

nof l uor escence usi ng a second ant i body wi t h a f l uor ochr ome

di st i nct f r om t hat cont ai ned i n t he Covaspher es .

When Covaspher es coat ed wi t h ei t her axoni n- 1 or Ll ( G4)

wer e i ncubat ed wi t h vi abl e DRG neur ons i n cul t ur e, t hey

al i gned al ong al l t he det ect abl e neur i t es or neur i t e bundl es

( Fi g . 1, d- f ) . Spot s of f l uor escence emi ssi on wi t h i r r egul ar

spaci ng wer e f ound al ong t he neur i t es . Si gnal s emi t t ed f r om

Ll ( G4) Covaspher es wer e l ar ger and br i ght er t han t hose of

axoni n- 1 Covaspher es, r egar dl ess of t he col or of t he spher es

chosen . I n vi ew of t he r epor t ed homophi l i c bi ndi ng of

Ll ( G4) , t hi s obser vat i on pr obabl y r ef l ect s t he f act t hat

Ll ( G4) Covaspher es f or m aggr egat es dur i ng i ncubat i on . I f

bot h axoni n- 1 and Ll ( G4) Covaspher es wer e i ncubat ed

si mul t aneousl y, doubl e gr een and r ed l i ght emi ssi on was ob-

ser ved at vi r t ual l y i dent i cal l ocat i ons, as wel l as r ed f l uor es-

cence at l ocat i ons wher e t her e was no gr een f l uor escence,

and vi ce ver sa . These dat a may be i nt er pr et ed as evi dence

f or t he pr esence of a put at i ve r ecept or on neur i t i c mem-

br anes f or bot h axoni n- 1 and Ll ( G4) .

Fl ow Cyt omet r i c St udi es of Aggr egat e For mat i on of

Pr ot ei n- coat ed Fl uor escent Mi cr ospher es

The af f i ni t y bet ween axoni n- 1, Ll ( G4) , and a var i et y of ot her

pr ot ei ns was t est ed i n a bead aggr egat i on assay pr evi ousl y

f ound sui t abl e f or t he det ect i on of weak macr omol ecul ar i n-
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t er act i ons ( Hof f man and Edel man, 1987) . Pur e axoni n- 1,

Ll ( G4) , BSA, l ami ni n, f i br onect i n, I gG, and t r ansf er r i n

wer e coval ent l y at t ached t o r ed or gr een f l uor escent spher es

( TRI TC and FI X Covaspher es, r espect i vel y) and t hei r

af f i ni t y was measur ed as a f unct i on of t hei r capabi l i t y t o

cause t he f or mat i on of mi xed aggr egat es . Aggr egat e f or ma-
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Fi gur e 3. Aggr egat i on of

Covaspher es coat ed wi t h

axoni n- 1 and L1( G4) . Pr o-

t ei n- coat ed Covaspher es wer e

al l owed t o aggr egat e by i ncu-

bat i on f or 1 h . For f l ow cyt o-

met r i c anal ysi s, smal l al i quot s

wer e di l ut ed 10, 000- f ol d and

i nj ect ed . The st at e of aggr ega-

t i on was vi sual i zed by cont our

pl ot s i n a t wo- di mensi onal r ep-

r esent at i on of t he r el at i ve f l u-

or escence i nt ensi t y. The r el a-

t i ve f l uor escence i nt ensi t y of

Covaspher es passi ng as si ngl e

uni t s i s i ndi cat ed by ar r ows . I n

al l t he exper i ment al condi t i ons

pr esent ed i n t hi s f i gur e, axo-

ni n- 1 was bound t o TRI TC

Covaspher es and Ll ( G4) t o

FI TC Covaspher es. Mi xt ur es

of axoni n- 1 and Ll ( G4) Cova-

spher es wer e assayed wi t h an

i ni t i al r at i o of 1 : 1 . For ant i -

body per t ur bat i on t est s, Fab

f r agment s wer e used i n pr ei n-

cubat i ons wi t h one speci es of

Covaspher e onl y ; bef or e mi x-

i ng t he Covaspher es f or aggr e-

gat i on t est i ng, unbound ant i -

bodi es wer e r emoved . ( a)

Axoni n- l - conj ugat ed TRI TC

Covaspher es ; ( b) Ll ( G4) - con-

j ugat ed FI TCCovaspher es ; ( c)

coi ncubat i on of FI TC Cova-

spher es coat ed wi t h Ll ( G4)

andTRI TCCovaspher es coat ed

wi t h axoni n- 1 ; ( d) coi ncu-

bat i on of Covaspher es coat ed

wi t h L1( G4) and axoni n- 1 i n

t he pr esence of 1 mg/ ml non-

i mmune Fab f r agment s ; ( e)

coi ncubat i on of Ll ( G4) Cova-

Rn ( TRI TC)

	

spher es wi t h axoni n- 1 Cava-

spher es pr ei ncubat ed wi t h
ant i - axoni n- 1 Fab f r agment s ;

( f ) coi ncubat i on of axoni n1

Covaspher es wi t h Ll ( G4) Co-

vaspher es pr ei ncubat ed wi t h

ant i - Ll ( G4) Fab f r agment s ;

( g) coi ncubat i on of Ll ( G4)

Covaspher es wi t h axoni n- 1 Co-

vaspher es pr ei ncubat ed wi t h

ant i - L1( G4) Fab f r agment s ;

( h) coi ncubat i on of axoni n- l -

Covaspher es wi t h Ll ( G4) Co-

vaspher es pr ei ncubat ed wi t h
RFl ( TRI TC)

	

ant i - axoni n- 1 Fab f r agment s .

32

	

64

RFI ( MI TC)

32

RFI ( TRf r C)

32

64

t i on and t he r el at i ve cont ent of r ed or gr een spher es wer e

anal yzed wi t h a f l uor escence- act i vat ed f l ow cyt omet er .

Covaspher es coat ed wi t h coval ent l y at t ached axoni n- 1 di d

not aggr egat e, as i ndi cat ed by t he f act t hat t hei r f l uor escent

l i ght emi ssi on occur r ed at t he i nt ensi t y of si ngl e beads onl y

( Fi g . 3 a) . I n agr eement wi t h a pr evi ous r epor t by Gr umet



and Edel man ( 1988) on Ng- CAM, Ll ( G4) - conj ugat ed Cova-

spher es f or med aggr egat es ( Fi g . 3 b) . As cal cul at ed f r omt he

r el at i ve f l uor escence i nt ensi t y of t he aggr egat es i n bot h

col or s, aggr egat e si zes of up t o 12 beads wer e f ound . When

axoni n- l - and Ll ( G4) - conj ugat ed Covaspher e wer e i ncubat ed

t oget her , t hey f or med mi xed aggr egat es, as i ndi cat ed by t he

concomi t ant emi ssi on of bot h r ed and gr een f l uor escent l i ght

( Fi g . 3 c) . Appr oxi mat el y 70%of t he TRI TC f l uor escence

of t he axoni n- 1 Covaspher es was det ect ed i n mi xed aggr e-

gat es, - 25 %of t he TRI TC f l uor escence exhi bi t ed a r el at i ve

f l uor escence i nt ensi t y cor r espondi ng t o si ngl e beads, and

t i 5 %of t he f l uor escence was associ at ed wi t h par t i cl es hav-

i ng hi gher t han uni t y TRI TC f l uor escence t oget her wi t h

l ower t han uni t y FI X f l uor escence . Mul t i pl e axoni n- 1 Cova-

spher es appar ent l y occur r i ng wi t hout t he par t i ci pat i on of

Ll ( G4) Covaspher es was an unexpect ed obser vat i on, si nce

sel f - aggr egat i on of axoni n- 1 Covaspher es was never obser ved .

The most st r ai ght f or war d expl anat i on of t hi s phenomenon

may be t hat i n t hese par t i cl es t he FI X f l uor escence of an

Ll ( G4) spher e, f or geomet r i cal r easons, cannot be exci t ed or

i t s emi ssi on i s quenched as a consequence of i t s par t i cul ar

si t uat i on wi t h r espect t o ot her spher es i n t he aggr egat e dur -

i ng t he passage t hr ough t he det ect i on chamber . The occur -

r ence of such a geomet r i cal quenchi ng phenomenon con-

cer ni ng t he FI TC- l abel ed Ll ( G4) Covaspher es woul d have

r emai ned undet ect ed, because of i t s over l ap wi t h r eal homo-

aggr egat es of Ll ( G4) Covaspher es .

I n an i ni t i al ser i es of exper i ment s, aggr egat e f or mat i on be-

t ween axoni n- l - and L1( G4) - coat ed Covaspher es was t est ed

at var i ous concent r at i ons and r at i os of each Covaspher e spe-

ci es ( Fi g . 4) . At each of f our concent r at i ons of axoni n- 1

Covaspher es, a ser i es of f i ve di f f er ent concent r at i ons of

Ll ( G4) Covaspher es was assayed . As demonst r at ed i n Fi g .

4 a, at each gi ven concent r at i on of axoni n- 1 Covaspher es, an

i ncr ease i n t he i ni t i al concent r at i on of Ll ( G4) Covaspher es

r esul t ed i n an i ncr ease i n t he pr opor t i on of Ll ( G4) i ncl uded

i n mi xed aggr egat es ; wi t h a hi gher i ni t i al concent r at i on of

axoni n- 1 Covaspher es, a hi gher concent r at i on of Ll ( G4)

Covaspher es was necessar y t o obt ai n a gi ven Ll ( G4) / axoni n- 1

r at i o. However , at t he Covaspher e concent r at i ons assayed,

t he r at i o of Ll ( G4) Covaspher es t o axoni n- 1 Covaspher es i n

mi xed aggr egat es was det er mi ned by t he i nput r at i o, r at her

t han by t he absol ut e concent r at i on of Covaspher es, as i ndi -

cat ed by t he f act t hat t he r at i o of Ll ( G4) Covaspher es t o

axoni n- 1 Covaspher es i n mi xed aggr egat es was vi r t ual l y i den-

t i cal at al l i ni t i al r at i os of Ll ( G4) and axoni n- 1 Covaspher es,

r egar dl ess of t he absol ut e i nput concent r at i on of Cova-

spher es ( Fi g . 4 b) . Based on t he f l uor escence i nt ensi t y of si n-

gl e beads, t he composi t i on of mi xed aggr egat es was det er -

mi ned : f or mat i ons wi t h up t o 12 spher es wer e obser ved, t he

medi an si ze aggr egat e cont ai ni ng ei ght beads . Wi t h equal

i ni t i al concent r at i ons of axoni n- 1 and Ll ( G4) Covaspher es ;

60- 80%of t he Covaspher es wer e f ound i n mi xed aggr egat es .

To obt ai n an opt i mum si gnal t o noi se r at i o f or bot h Cova-

spher e speci es, we chose an i nput r at i o of 1 : 1 at a concent r a-

t i on of 10 10 Covaspher es/ ml f or al l subsequent ant i body per -

t ur bat i on exper i ment s of t he axoni n- 1/ Ll ( G4) bi ndi ng. The

same par amet er s wer e used i n al l addi t i onal exper i ment s
per f or med t o t est f or bi ndi ng of axoni n- 1 or Ll ( G4) t o ot her

pr ot ei ns bound t o Covaspher es ( Fi g . 5) .

Sever al obser vat i ons i ndi cat e t hat t he f or mat i on of mi xed

aggr egat es of axoni n- 1 and Ll ( G4) Covaspher es was medi -
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di f f er ent i ni t i al concent r at i ons and r at i os of Covaspher es. At each
of f our concent r at i ons of axoni n- 1 Covaspher es, a ser i es of f i ve
di f f er ent concent r at i ons of Ll ( G4) Covaspher es wer e assayed f or
aggr egat i on and t he r at i o of t he sumof t he Ll ( G4) Covaspher es and
t he sumof t he axoni n- 1 Covaspher es t hat wer e det ect abl e i n mi xed
aggr egat es was det er mi ned . ( a) The r at i os of Ll ( G4) and axoni n- 1
Covaspher es wer e pl ot t ed ver sus t he i ni t i al concent r at i on of Ll ( G4)

Covaspher es . ( o) 2 x 10 10 axoni n- 1 Covaspher es/ ml ; ( o) 1 x 10' 0
axoni n- 1 Covaspher es/ nt l ; ( v) 0. 5 x 10 10 axoni n- 1 Covaspher es/
ml ; ( o) 0. 25 x 1010 axoni n- 1 Covaspher es/ ml . ( b) The r at i os of
Ll ( G4) and axoni n- 1 Covaspher es i n mi xed aggr egat es wer e pl ot t ed
ver sus t he i ni t i al r at i os bet ween t he t wo Covaspher e speci es . ( o)
2 x 10 10 axoni n- 1 Covaspher es/ ml ; ( o) 1 x 10 10 axoni n- 1 Cova-
spher es/ ml ; ( v) 0. 5 x 10 10 axoni n- 1 Covaspher es/ n11 .

at ed by a speci f i c mol ecul ar mechani sm ( Fi g . 5) . Nei t her

axoni n- l - conj ugat ed Covaspher es nor Ll ( G4) - conj ugat ed Co-

vaspher es aggr egat ed wi t h Covaspher es coat ed wi t h ot her
pr ot ei ns, i ncl udi ng BSA, l ami ni n, f i br onect i n, I gG, and

t r ansf er r i n ( Fi g . 5, a- e and g- k) , Axoni n- 1 Covaspher es of

one col or di d not f or m mi xed aggr egat es wi t h axoni n- 1

Covaspher es of t he ot her col or ( Fi g . 5 f ) , r egar dl ess of t he

pr esence of absence of Ca2- 1 and Mgt + i ons, wher eas Ll ( G4)

Covaspher es, as expect ed ( Gr umet and Edel man, 1988) ,

wer e f ound i n aggr egat es ( Fi g . 5 l ) . The f or mat i on of mi xed
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Fi gur e S. I ncor por at i on of Covaspher es i nt o mi xed aggr egat es . The
aggr egat i on of Ll ( G4) - and axoni n- l - coat ed Covaspher es wi t h each
ot her and ei t her one of t hem wi t h ot her pr ot ei ns coupl ed t o
Covaspher es was assayed by pai r wi se coi ncubat i on of equal con-
cent r at i ons of Covaspher es, and t he per cent age of Covaspher es ( of
bot h speci es) f ound i n mi xed aggr egat es, as opposed t o si ngl e
spher es, was det er mi ned wi t h t he f l ow cyt omet er . I n al l condi t i ons
wher e Fab f r agment s of ant i bodi es wer e used, t hey wer e pr ei n-
cubat ed wi t h one speci es of Covaspher e and unbound ant i bodi es
wer e r emoved bef or e mi xi ng t he spher es f or aggr egat i on t est i ng .
Each exper i ment al condi t i on was measur ed i n t r i pl i cat e ; t he aver -
age val ue and t he SD ar e gi ven . ( a) Axoni n- 1 ver sus BSA; ( b)
axoni n- 1 ver sus l ami ni n ; ( c) axoni n- 1 ver sus f i br onect i n ; ( d)
axoni n- 1 ver sus r abbi t noni mmune I gG; ( e) axoni n- 1 ver sus t r ans-
f er r i n ; ( f ) axoni n- 1 ver sus axoni n- 1 ; ( g) Ll ( G4) ver sus BSA; ( h)
Ll ( G4) ver sus l ami ni n ; ( i ) Ll ( G4) ver sus f i br onect i n ; ( 1) Ll ( G4)
ver sus r abbi t noni mmune LgG; ( k) Ll ( G4) ver sus t r ansf er r i n ; ( l )
Ll ( G4) ver sus Ll ( G4) ; ( m) Ll ( G4) ver sus t r ypsi n- t r eat ed Ll ( G4) ;
( n) Ll ( G4) ver sus heat - t r eat ed Ll ( G4) ; ( o) axoni n- 1 ver sus Ll ( G4) ;
( p) t r ypsi n- t r eat ed axoni n- 1 ver sus Ll ( G4) ; ( q) axoni n- 1 ver sus
t r ypsi n- t r eat ed Ll ( G4) ; ( r ) heat - t r eat ed axoni n- 1 ver sus Ll ( G4) ; ( s)
axoni n- 1 ver sus heat - t r eat ed Ll ( G4) ; ( t ) axoni n- 1 pr ei ncubat ed wi t h
noni mmune Fab f r agment s ver sus Ll ( G4) ; ( u) axoni n- 1 pr ei ncu-
bat ed wi t h ant i - axoni n- 1 Fab f r agment s ver sus Ll ( G4) ; ( v) axoni n- 1
ver sus Ll ( G4) pr ei ncubat ed wi t h ant i - Ll ( G4) Fab f r agment s ; ( w)
axoni n- 1 pr ei ncubat ed wi t h ant i - Ll ( G4) Fab f r agment s ver sus
Ll ( G4) ; ( x) axoni n- 1 ver sus Ll ( G4) pr ei ncubat ed wi t h ant i - axoni n- 1
Fab f r agment s ; ( y) axoni n- 1 pr ei ncubat ed wi t h ant i - f i br onect i n Fab
f r agment s ver sus Ll ( G4) ; ( z) axoni n- 1 pr ei ncubat ed wi t h ant i -
l ami ni n Fab f r agment s ver sus Ll ( G4) .

aggr egat es of axoni n- 1 Covaspher es of t he one col or wi t h

Ll ( G4) Covaspher es of t he ot her was successf ul l y pr event ed

by i ncubat ed wi t h 0. 5 % t r ypsi n f or 14 h or by heat i ng t he

Covaspher es i n a boi l i ng wat er bat h f or 10 mi n ( Fi g . 5, p- s) .
Pr ei ncubat i on of t he axoni n- l - conj ugat ed Covaspher es

wi t h ant i - axoni n- 1 Fab f r agment s, and pr ei ncubat i on of

Ll ( G4) - conj ugat ed Covaspher es wi t hant i - Ll ( G4) Fab f r ag-

ment s, pr event ed t he f or mat i on of mi xed aggr egat es ( Fi g . 3,

e andf ; Fi g . 5, u and v) . No i nt er f er ence wi t h t he f or mat i on

of mi xed aggr egat es was obser ved when noni mmune Fab

f r agment s wer e used i nst ead of ant i - axoni n- 1 or ant i - Ll ( G4)

Fab f r agment s ( Fi g . 3 d; Fi g . 5 t ) . Si mi l ar l y, no per t ur bat i on

of t he f or mat i on of mi xed aggr egat es occur r ed af t er pr ei ncu-
bat i on of ei t her speci es of Covaspher es wi t h ant i - f i br onect i n
or ant i - l ami ni n Fab f r agment s ( Fi g. 5, y and z) .

Kuhn et al . Neur i t e Gr owt h by I nt er act i on of Axoni n- I and LI ( G4)

Pr ei ncubat i on of axoni n- l - conj ugat ed Covaspher es wi t h

ant i - L1( G4) Fab f r agment s di d not i nt er f er e wi t h t he f or -

mat i on of mi xed aggr egat es wi t h Ll ( G4) - conj ugat ed Cova-

spher es ( Fi g . 3 g ; Fi g . 5 w) . Si mi l ar l y, af t er pr ei ncubat i on

wi t h ant i - axoni n- 1 Fab f r agment s, L1 ( G4) - conj ugat ed Cova-
spher es wer e st i l l capabl e of t he f or mat i on of bot h Ll ( G4)
homopol ymer s and mi xed aggr egat es wi t h axoni n- l - conj u-
gat ed Covaspher es ( Fi g . 3 h ; Fi g . 5 x) . I n quant i t at i ve t er ms
t he pr opor t i on of Covaspher es i ncl uded i n mi xed aggr egat es
was i dent i cal t o t hat f ound wi t hout ant i bodi es or i n t he pr es-

ence of noni mmune ser um. I n conj unct i on, t he pr esent ed
dat a show t hat a cont ami nat i on of axoni n- 1 wi t h L1( G4) and
of L1( G4) wi t h axoni n- 1, as an expl anat i on of t he mi xed ag-
gr egat es, may be excl uded .

I nt er act i on of Pr ot ei n- coat ed Fl uor escent

Mi cr ospher es wi t h Axons of Cul t ur ed Neur ons

To l ocat e cel l ul ar bi ndi ng si t es f or axoni n- 1, neur al cul t ur es

wer e exposed t o axoni n- 1 Covaspher es ( Fi gs . 6 and 7) . As

i l l ust r at ed i n Fi g . 6 a, axoni n- l - conj ugat ed spher es exposed

t o di ssoci at ed dor sal r oot gangl i on cel l s bound pr ef er ent i al l y

t o neur i t es . On bot h si ngl e neur i t es and neur i t e f asci cl es

axoni n- l - conj ugat ed f l uor escent spher es wer e al i gned as

pear l s on a st r i ng .

The bi ndi ng of axoni n- l - conj ugat ed spher es t o neur i t es

was speci f i cal l y medi at ed by axoni n- 1, as ver i f i ed by a ser i es

of cont r ol s. No bi ndi ng was obser ved when BSA was sub-

st i t ut ed f or axoni n- 1 on t he spher es ( Fi g . 6 b) , and when

axoni n- l - conj ugat ed Covaspher es wer e pr ei ncubat ed wi t h

500 pg/ ml of ant i - axoni n- 1 Fab f r agment s ( Fi g . 6 c) . Pr ei n-

cubat i on of t he axoni n- 1 Covaspher es wi t h 500 Fog/ ml ant i -
Ll ( G4) Fab f r agment s di d not pr event t hei r bi ndi ng t o neu-

r i t es ( Fi g . 6 d) . Thi s i ndi cat es t hat t he bi ndi ng mol ecul e on

t he axoni n- 1 Covaspher es was not Ll ( G4) , der i ved f r omcon-

t ami nat i on of t he axoni n- 1 pr epar at i on used f or coat i ng of t he

Covaspher es .
The l i gand f or axoni n- 1 Covaspher es on t he DRGneur i t es

was i dent i f i ed by pr ei ncubat i ons of t he cul t ur es wi t h Fab

f r agment s of pol ycl onal I gG. Pr ei ncubat i on of t he cel l s wi t h

ant i - Ll ( G4) Fab f r agment s r esul t ed i n a compl et e absence of

bi ndi ng of axoni n- l - conj ugat ed spher es t o t he neur i t e mem-
br anes ( Fi g . 6 e) . The bi ndi ng of axoni n- l - coat ed Cova-
spher es t o neur i t es was not pr event ed by pr ei ncubat i on of t he
cel l s wi t h ant i - axoni n- 1 Fab f r agment s ( Fi g . 6f ) . These dat a

i ndi cat e t hat t he bi ndi ng of axoni n- l - conj ugat ed spher es t o

DRGneur i t es i s medi at ed by axonal Ll ( G4) . Fur t her mor e,

t he compl et e pr event i on of Covaspher e bi ndi ng af t er pr ei ncu-
bat i on of t he cul t ur es wi t h ant i - L1( G4) Fab f r agment s i dent i -
f i ed Ll ( G4) as t he onl y axoni n- l - bi ndi ng l i gand det ect abl e on
t he axonal membr anes of embr yoni c dor sal r oot gangl i a neu-

r ons of t he chi cken, wi t hi n t he sensi t i vi t y of t he used Cova-

spher e assay.

When f l uor escent spher es wi t h coval ent l y at t ached Ll ( G4)

wer e i ncubat ed wi t h cul t ur ed DRGneur ons, t hey al so al i gned
wi t h neur i t es ( Fi g . 7 a) . Pr ei ncubat i on of t he spher es wi t h

ant i - Ll ( G4) Fab f r agment s compl et el y pr event ed t hei r bi nd-

i ng t o neur i t es ( Fi g . 7 b) , wher eas pr ei ncubat i on wi t h ant i -
axoni n- 1 Fab f r agment s was wi t hout ef f ect ( Fi g . 7 c) . These
dat a i ndi cat e t hat bi ndi ng of t he Ll ( G4) - conj ugat ed Cova-
spher es i s i ndeed medi at ed by Ll ( G4) and pr esent s f ur t her
evi dence f or t he absence of axoni n- 1 i n t he pr epar at i on
of Ll ( G4) .
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Fi gur e 6. Bi ndi ng of axoni n- l - coat ed Covaspher es t o cul t ur ed DRGneur ons and t hei r axons . Covaspher es coat ed wi t h axoni n- 1 ( or BSA
f or a cont r ol ) wer e added t o t he medi um of cul t ur ed DRGneur ons wi t hout pr i or f i xat i on and i ncubat ed f or 1 h at 37° C. At t he end of
t he i ncubat i on, t he unbound Covaspher es wer e r emoved and t he cel l - bound Covaspher es wer e vi sual i zed on an i nver t ed mi cr oscope
equi pped wi t h phase ( upper panel s) and f l uor escence ( l ower panel s) opt i cs . For ant i body per t ur bat i on of Covaspher e bi ndi ng, ei t her t he
Covaspher es or t he cel l s wer e pr ei ncubat ed wi t h 0. 5 mg/ ml Fab f r agment s . Bef or e t he addi t i on of t he Covaspher es t o t he cel l s, unbound
ant i bodi es wer e r emoved . ( a) Axoni n- l - coat ed Covaspher es on DRGcul t ur es ; ( b) BSA- coat ed Covaspher es on DRGcul t ur es ; ( c) pr ei ncuba-
t i on of axoni n- l - coat ed Covaspher es wi t h ant i - axoni n- 1 Fab f r agment s bef or e addi t i on t o t he cul t ur e ; ( d) pr ei ncubat i on of axoni n- l - coat ed
Covaspher es wi t h ant i - LI ( G4) Fab f r agment s bef or e addi t i on t o t he cul t ur e ; ( e) pr ei ncubat i on of cel l s wi t h ant i - Ll ( G4) Fab f r agment s bef or e
addi t i on of axoni n- l - coat ed Covaspher es ; ( f ) pr ei ncubat i on of cel l s wi t h ant i - axoni n- 1 Fab f r agment s bef or e addi t i on of axoni n- l - coat ed
Covaspher es . Bar : 50 / Am ( af ) .

Af t er pr ei ncubat i on of DRGcul t ur es wi t h ant i - Ll ( G4) Fab

f r agment s, Ll ( G4) Covaspher es wer e st i l l abl e t o bi nd ( Fi g.

7 d) . However , t he number of par t i cl es bound t o neur i t es was

r educed ( not quant i f i ed) . Si mi l ar l y, a r educt i on of t he num-

ber of bound Ll ( G4) Covaspher es al so r esul t ed f r om pr ei n-

The Jour nal of Cel l Bi ol ogy, Vol ume 115, 1991

cubat i on of t he neur ons wi t h ant i - axoni n- 1 Fab f r agment s

( Fi g . 7 e) . Thus, on neur i t es of DRGneur ons bot h Ll ( G4)

and axoni n- 1 appear t o be bi ndi ng par t ner s f or Ll ( G4) bound

t o Covaspher es. The bl ockage of bot h axoni n- 1 and Ll ( G4)

on neur i t es by si mul t aneous i ncubat i on of t he cul t ur es wi t h
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Fi gur e 7. Bi ndi ng of L1( G4) - coat ed Covaspher es t o cul t ur ed DRGneur ons and t hei r axons . Covaspher es coat ed wi t h L1( G4) wer e i ncubat ed
t oget her wi t h DRGneur ons and t hei r bi ndi ng vi sual i zed as speci f i ed i n Fi g . 6. ( a) Ll ( G4) - coat ed Covaspher es on DRGcul t ur es ; ( b) pr ei ncu-
bat i on of Ll ( G4) - coat ed Covaspher es wi t h ant i - Ll ( G4) Fab f r agment s bef or e addi t i on t o t he cul t ur e ; ( c) pr ei ncubat i on of Ll ( G4) - coat ed
Covaspher es wi t h ant i - axoni n- 1 Fab f r agment s bef or e addi t i on t o t he cul t ur e ; ( d) pr ei ncubat i on of cel l s wi t h ant i - Ll ( G4) Fab f r agment s
bef or e addi t i on of Ll ( G4) - coat ed Covaspher es t o t he cul t ur e ; ( e) pr ei ncubat i on of cel l s wi t h ant i - axoni n- 1 Fab f r agment s bef or e addi t i on
of Ll ( G4) - coat ed Covaspher es ; ( f ) si mul t aneous pr ei ncubat i on of cel l s wi t h ant i - axoni n- 1 and ant i - Ll ( G4) Fab f r agment s bef or e addi t i on
of Ll ( G4) - coat ed Covaspher es . Bar : 50 Am ( af ) .

bot h ant i bodi es pr event ed t he bi ndi ng of Ll ( G4) Covaspher es
compl et el y ( Fi g . 7f ) , i ndi cat i ng t he absence of f ur t her ma-
j or bi ndi ng par t ner s f or Ll ( G4) on DRGneur i t es .

I dent i f i cat i on of t he Axonal Recept or I nvol ved i n
Neur i t e Out gr owt h on I mmobi l i zed Axoni n 1

The f i ndi ng t hat t he onl y obser vabl e i nt er act i on of axoni n- l -

Kuhn et al . Neur i t e Gr owt h by I nt er act i on of Axoni n- I and LI ( G4)

conj ugat ed Covaspher es wi t h neur i t es of cul t ur ed DRGneu-
r ons was medi at ed by Ll ( G4) i mpl i cat ed Ll ( G4) of t he neu-
r i t i c membr ane as t he r ecept or medi at i ng t he r ecent l y
r epor t ed neur i t e gr owt h- pr omot i ng ef f ect of i mmobi l i zed
axoni n- 1 obser ved wi t h cul t ur ed DRGneur ons ( St oeckl i et
al . , 1991) . To t est t hi s, neur i t e gr owt h f r omdi ssoci at ed DRG
neur ons on i mmobi l i zed axoni n- 1, Ll ( G4) , and l ami ni n,
r espect i vel y, was st udi ed i n t he pr esence of 500 Fi g/ ml pol y-
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Fi gur e 8. Per t ur bat i on of neur i t e gr owt h on i mmobi l i zed axoni n- 1, Ll ( G4) , and l ami ni n by Fab f r agment s of ant i - Ll ( G4) or ant i - axoni n- 1

I gG. Di ssoci at ed DRGneur ons wer e pl at ed on i mmobi l i zed axoni n- 1, Ll ( G4) , and l ami ni n i n a ser um- f r ee, def i ned medi umand i ncubat ed

f or 20 h . To t est f or ant i body per t ur bat i on of neur i t e out gr owt h, Fab f r agment s of ant i - axoni n- 1 or ant i - LI ( G4) ant i bodi es wer e added at

t he t i me of pl at i ng t o a f i nal concent r at i on of 500 i egt ml . Phase- cont r ast opt i cs . Bar : 100 l Am( a- i ) . ( a- c) Cul t ur es on i mmobi l i zed axoni n- 1 ;

( df ) cul t ur es on i mmobi l i zed LI ( G4) ; ( g- i ) cul t ur es on i mmobi l i zed l ami ni n ; ( b, e, and h) Ant i - Ll ( G4) Fab f r agment s ; ( c, f and i ) ant i -

axoni n- 1 Fab f r agment s .

cl onal Fab f r agment s agai nst axoni n- I or Ll ( G4) . The r esul t s

of t hi s st udy ar e i l l ust r at ed i n Fi g. 8. Bot h ant i - L1( G4) and

ant i - axoni n- 1 Fab f r agment s st r ongl y i nhi bi t ed neur i t e out -

gr owt h on axoni n- 1 ( Fi g . 8, b and c) . Usi ng Ll ( G4) as a sub-

st r at um ( Fi g, 8, d- f ) , t he pr esence of ant i - Ll ( G4) Fab f r ag-

ment s al so pr event ed neur i t e out gr owt h ( Fi g . 8 e) ; i n t he

ence of ant i - axoni n- 1 Fab f r agment s, however , good neu-

gr owt h was f ound ( Fi g. 8f ) . Wi t h l ami ni n as a subst r a-

( Fi g . 8, g- i ) , nei t her ant i - axoni n- 1 nor Ll ( G4) Fab f r ag-

ment s evoked any det ect abl e per t ur bat i on of neur i t e gr owt h

( Fi g . 8, h and i , r espect i vel y) . These cont r ol s excl ude a

gener al or t oxi c i nhi bi t i on of neur i t e gr owt h by t he Fab f r ag-

ment pr epar at i ons used .

I n Fi g . 9, a quant i t at i ve assessment of neur i t e out gr owt h

i n t he pr esence or absence of Fab f r agment s agai nst axoni n- 1

and Ll ( G4) , r espect i vel y, i s gi ven . The t ot al l engt h of al l

neur i t e br anches ext endi ng f r om a neur on was det er mi ned

f or at l east 150 neur ons per exper i ment , except when t he

The Jour nal of Cel l Bi ol ogy, vol ume 115, 1991

neur i t es wer e so shor t t hat most of t hemdi d not ext end over

t he l engt h of one cel l di amet er , and hence, di d not f ul f i l l t he

r equi r ement s t o be consi der ed as a neur i t e . I n t hese cases,

namel y, ant i - axoni n- 1 Fab f r agment s on axoni n- 1 subst r at um

and ant i - Ll ( G4) Fab f r agment s on LI ( G4) subst r at um, t he

number of measur ed neur i t e- bear i ng neur ons was bet ween

20 and 30. The dat a obt ai ned ar e pr esent ed usi ng t he gr aphi c

r epr esent at i on i nt r oduced by Chang et al . ( 1987) . I n t hi s

r epr esent at i on, t he per cent age of neur ons wi t h neur i t es

l onger t han a gi ven l engt h i s pl ot t ed ver sus neur i t e l engt h .

The r esul t i ng cur ve t hen r epr esent s t he di st r i but i on of neu-

r i t e l engt hs i n a gi ven neur onal popul at i on, and t he neur i t e

l engt h r eached by 50 %of t he neur i t e- bear i ng neur ons ( NL, o)
was gi ven as a char act er i st i c f or neur i t e gr owt h ( St oeckl i

et al . , 1991) .

The quant i t at i ve dat a conf i r m t hat on axoni n- 1 ( Fi g. 9 a)

neur i t es ar e al most compl et el y i nhi bi t ed by ant i - axoni n- I

Fab f r agment s : ant i body i nhi bi t ed neur i t es had an NL, o of
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Fi gur e 9 Quant i f i cat i on of neur i t e gr owt h- per t ur bi ng ef f ect s of ant i -

axoni n- 1 and ant i - Ll ( G4) Fab f r agment s . Di ssoci at ed DRGneur ons

wer e gr own on i mmobi l i zed axoni n- 1, Ll ( G4) , and l amni n, r espec-

t i vel y, i n t he absence of ant i bodi es or i n t he pr esence of ei t her 500

gg/ ml ant i - axoni n- 1 Fab f r agment s, 500 wg/ ml ant i - Ll ( G4) Fab

f r agment s, or 500 t ~g/ ml noni mmune Fab f r agment s . The t ot al

l engt h of al l neur i t e br anches was measur ed f or at l east 150 neur ons

per exper i ment al condi t i on . I n t wo cases, namel y, ant i - axoni n- 1 on

axoni n- 1 subst r at umand ant i - Ll ( G4) on Ll ( G4) , r espect i vel y, when

t he neur i t es wer e so shor t t hat most of t hem di d not r each one cel l

di amet er and hence di d not qual i f y t o be measur ed, neur i t e l engt hs

of 20- 30 neur ons wer e det er mi ned . The neur i t e l engt hs wer e pl ot -

t ed as per cent age of neur ons wi t h neur i t es l onger t han a gi ven

l engt h ( y axi s) ver sus t he neur i t e l engt h ( x axi s) , as i nt r oduced by

Chang et al . ( 1987) . ( a) Di ssoci at ed DRGneur ons cul t i vat ed on t i s-

sue cul t ur e pl ast i c coat ed wi t h axoni n- 1 . ( b) DRGneur ons cul t ur ed

on pl ast i c- adsor bed Ll ( G4) . ( c) DRGneur ons cul t ur ed on pl ast i c-

adsor bed l ami ni n . Sol i d l i ne, neur i t es gr own i n t he absence of ant i -

bodi es ; dashed l i ne, neur i t es gr own i n t he pr esence of ant i - Ll ( G4)

Fab f r agment s ; dot t ed l i ne, neur i t es gr own i n t he pr esence of ant i -

axoni n- 1 Fab f r agment s ; dash- dot t ed l i ne, neur i t es gr own i n t he

pr esence of noni mmune Fab f r agment s .
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35 Am, as opposed t o 170 1, m wi t hout ant i bodi es and 160

Amwi t h noni mmune Fab f r agment s . The neur i t es gr own on

axoni n- 1 i n t he pr esence of ant i - Ll ( G4) Fab f r agment s wer e

onl y sl i ght l y l onger t han t hose wi t h ant i - axoni n- 1 Fab f r ag-

ment s ( NL5o = 60 14m) . I n l i ght of t he f act t hat t he Fab

f r agment s used di d not r educe neur i t e l engt h on l ami ni n

( Fi g . 9 c) , t hese ef f ect s must be at t r i but ed t o speci f i c ant i -

body bi ndi ng, and ant i body t oxi ci t y i s excl uded . Over al l ,

t hese dat a i dent i f y Ll ( G4) as t he neur i t i c r ecept or i nvol ved

i n t he pr ocess of neur i t e gr owt h on axoni n- 1 subst r at um. I n

addi t i on, t he l ar ge ext ent of i nhi bi t i on of neur i t e gr owt h i n

t he pr esence of ant i - Ll ( G4) Fab f r agment s suggest s t hat

Ll ( G4) may be a maj or mol ecul e of t he neur i t e membr ane

i nvol ved i n t he pr omot i on of neur i t e gr owt h f r om t hese neu-

r ons on i mmobi l i zed axoni n- 1 .

Neur i t es gr own on Ll ( G4) ( Fi g . 9 b) had an NL5o of 180

Ami n t he absence of ant i bodi es and 140 Ami n t he pr esence

of noni mmune Fab f r agment s . When ant i - Ll ( G4) Fab f r ag-

ment s wer e pr esent , onl y a smal l pr opor t i on of t he neur ons

had pr ocesses t hat coul d be consi der ed as neur i t es ( at l east

one cel l di amet er l ong) and t hose qual i f yi ng as neur i t es wer e

ver y shor t ( NL5o = 35 pm) . I n t he pr esence of ant i - axoni n- 1

Fab f r agment s, NL5o was 190 j t m, hence neur i t e out gr owt h

was not per t ur bed .

Di scussi on

The r esul t s r epor t ed her e demonst r at e t hat t he AxCAMs

axoni n- 1 and Ll ( G4) bi nd t o each ot her . I n DRGneur ons cul -

t ur ed on i mmobi l i zed axoni n- 1, Ll ( G4) was f ound t o be t he

neur i t i c r ecept or i nvol ved i n t he pr omot i on of neur i t e gr owt h .

Thus, sur f ace- exposed Ll ( G4) of neur i t i c membr anes medi -

at es neur i t e gr owt h not onl y on a Ll ( G4) subst r at um by

means of t he wel l - est abl i shed homophi l i c L1/ L1 i nt er act i on

( Gr umet and Edel man, 1988 ; Lemmon et al . , 1989 ; Kad-

mon et al . , 1990) , but al so on axoni n- 1 by means of a het er o-

phi l i c Ll / axoni n- 1 i nt er act i on .

The bi ndi ng behavi or of axoni n- 1 was hi ghl y sel ect i ve .

Axoni n- l - conj ugat ed Covaspher es di d not i nt er act wi t h Co-

vaspher es coat ed wi t h ot her pr ot ei ns, such as l ami ni n, f i br o-

nect i n, I gG, and t r ansf er r i n . I n par t i cul ar , under bi ndi ng

condi t i ons and l i gand concent r at i ons i n whi ch bot h t he

homophi l i c Ll / Ll and t he het er ophi l i c Ll / axoni n- 1 i nt er ac-

t i ons r eadi l y occur r ed, no evi dence f or a homophi l i c i nt er ac-

t i on of axoni n- 1 mol ecul es was f ound, i r r espect i ve of t he

pr esence or absence of Cal + or Mgt * i ons i n t he medi um.

Fur t her mor e, i t s het er ophi l i c bi ndi ng t o Ll ( G4) was f ound

t o be t he onl y adhesi ve i nt er act i on of axoni n- 1 Covaspher es

wi t h cul t ur ed DRGneur i t es, as r eveal ed by t he f act t hat bot h

bi ndi ng of axoni n- 1 Covaspher es and neur i t e gr owt h on

axoni n- 1 subst r at um wer e compl et el y suppr essed when i t s

i nt er act i on wi t h neur onal Ll ( G4) was per t ur bed by ant i -

Ll ( G4) ant i bodi es . Thi s r epr esent s i ndi r ect evi dence t hat , at

t he sensi t i vi t y of det ect i on of t he mi cr ospher e assay, axoni n- 1

does not i nt er act wi t h t he f ol l owi ng adhesi ve and neur i t e

gr owt h- pr omot i ng pr ot ei ns r epor t edl y expr essed on t he sur -

f ace of cul t ur ed chi cken DRGneur ons : N- CAM ( Rut i shau-

ser et al . , 1978 ; Doher t y et al . , 1990) , N- cadher i n ( Mat su-

naga et al . , 1988 ; Let our neau et al . , 1990) , and t he r ecept or s

f or t he ext r acel l ul ar mat r i x gl ycopr ot ei ns f i br onect i n ( Roger s

et al . , 1983 ; Bozyczko and Hor wi t z, 1986 ; Humphr i es et
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al . , 1988) , l ami ni n ( Mant hor pe et al . , 1983 ; Bozyczko and

Hor wi t z, 1986) , and t enasci n ( Wehr l e and Chi quet , 1990) .

I n vi ew of t he f act t hat Ll ( G4) mol ecul es bi nd t o ot her

Ll ( G4) mol ecul es i n a so- cal l ed homophi l i c bi ndi ng ( Gr u-

met and Edel man, 1988 ; Kadmon et al . , 1990) and t hat t hi s

i nt er act i on has been r epor t ed t o be i nvol ved i n neur i t e

gr owt h pr omot i on on i mmobi l i zed Ll ( G4) ( Lemmon et al . ,

1989) , cont ami nat i on of t he axoni n- 1 pr epar at i on wi t h

Ll ( G4) coul d al so expl ai n t he obser vat i ons made i n t hi s

st udy. Hence, i t was essent i al f or t he i nt er pr et at i on of bot h

t he bi ndi ng and t he f unct i onal dat a, t hat t he pr esence of

Ll ( G4) i n t he axoni n- 1 pr epar at i ons coul d be excl uded wi t h

cer t ai nt y . Al t hough t he chr omat ogr aphi c pur i f i cat i on of

axoni n- 1 f r omt he vi t r eous humor of t he chi cken embr yo has

been shown t o l ead t o el ect r ophor et i cal l y pur e axoni n- 1 t hat

i s f r ee f r omdet ect abl e cont ami nat i ons of chi cken AxCAMs,

such as Fl l , neur of asci n, and, especi al l y r el evant f or t he

pr esent st udy, Ll ( G4) ( Ruegg et al . , 1989a) , f ur t her cont r ol

exper i ment s have been car r i ed out wi t h t he pr epar at i ons used

i n t he st udi es pr esent ed her e . Bot h t he absence of Ll ( G4)

cont ami nat i on i n pur i f i ed axoni n- 1 and t he absence of con-

t ami nat i on of axoni n- 1 i n t he Ll ( G4) pr epar at i ons wer e

ver i f i ed by di r ect compar i son of t he pr ot ei n pat t er ns af t er gel

el ect r ophor esi s and by i mmunol ogi cal det ect i on i n gel s . The

possi bi l i t y of cr oss- cont ami nat i on of t he axoni n- 1 and

Ll ( G4) pr epar at i ons was f ur t her addr essed by i ncl udi ng t he

appr opr i at e cont r ol s i n al l bi ndi ng exper i ment s . I n par t i cu-

l ar , we have shown t hat pr ei ncubat i ons of axoni n- l -

conj ugat ed Covaspher es wi t h ant i - Ll ( G4) Fab f r agment s ar e

wi t hout ef f ect on t hei r bi ndi ng t o Ll ( G4) Covaspher es,

wher eas pr ei ncubat i on of Ll ( G4) Covaspher es wi t h t he same

ant i - Ll ( G4) Fab f r agment s pr event ed t hei r bi ndi ng t o bot h

Ll ( G4) - conj ugat ed spher es and axoni n- 1 Covaspher es com-

pl et el y ( Fi g. 3) . Si mi l ar l y, t he bi ndi ng of Ll ( G4) - conj ugat ed

Covaspher es t o t he neur i t es of cul t ur ed DRG neur ons was

successf ul l y pr event ed by pr ei ncubat i on of t he spher es wi t h

ant i - Ll ( G4) Fab f r agment s, wher eas pr ei ncubat i on of t he

spher es wi t h ant i - axoni n- 1 Fab f r agment s had no ef f ect . Al -

t oget her , t hese dat a cl ear l y excl ude a cont ami nat i on of t he

Ll ( G4) pr epar at i on used f or coat i ng t he spher es as an expl a-

nat i on of t he obser ved r esul t s .

Pr evi ous st udi es on t he neur onal r ecept or of Ll - r el at ed

mol ecul es have f ai l ed t o r eveal any evi dence f or t hei r bi ndi ng

t o t he neur onal sur f ace ot her t han t hat medi at ed by t he

homophi l i c i nt er act i on . Gr umet and Edel man ( 1988) showed

t hat Ng- CAMi nt er act wi t h neur ons by a homophi l i c bi ndi ng

and uses anot her , het er ophi l i c l i gand f or i nt er act i ng wi t h

nonneur onal cel l s . However , t he pr oposed het er ophi l i c

l i gand has not yet been i dent i f i ed . Lemmon et al . ( 1989)

demonst r at ed t hat neur i t e out gr owt h on 8D9 subst r at um de-

pends on t he homophi l i c i nt er act i on wi t h i t s count er par t of

t he neur i t e membr ane . I n bot h st udi es, bl ockage of t he

membr ane- associ at ed component wi t h monoval ent ant i bod-

i es compl et el y pr event ed t he i nt er act i on wi t h t he sol i d phase

component pr esent ed on Covaspher es or as a cul t ur e subst r a-

t um. The most l i kel y expl anat i on f or t he absence of evi dence

f or an addi t i onal , het er ophi l i c, neur onal r ecept or i n t hese

st udi es may l i e i n t he cel l ul ar obj ect used . I n Gr umet and

Edel man' s wor k ( 1988) , embr yoni c chi cken br ai n neur ons i n

suspensi on wer e used as t he cel l ul ar bi ndi ng par t ner f or Ng-

CAM- conj ugat ed Covaspher es ; Lemmon and co- wor ker s

( 1989) st udi ed neur i t e gr owt h on 8D9 as a subst r at um wi t h
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embr yoni c t ect al neur ons . As i l l ust r at ed by i mmunohi st o-

chemi cal l ocal i zat i on st udi es ( Ruegg et al . , 19896) , t he ex-

pr essi on of axoni n- 1 i n DRG neur ons and especi al l y t hei r

axons i s ver y hi gh, wher eas i n t he cent r al ner vous syst em

axoni n- 1 expr essi on i s r est r i ct ed t o a r el at i vel y smal l f r act i on

of t he neur ons . Hence, i n a mi xt ur e of cel l s der i ved f r omdi s-

soci at ed cent r al ner vous syst em t i ssue, r el at i vel y f ew axo-

ni n- l - expr essi ng neur ons may be pr esent . Al t er nat i vel y, t he

het er ophi l i c i nt er act i ons wi t h ot her axon- associ at ed mol e-

cul es, l i ke axoni n- 1, may have been over l ooked because of

t hei r r el at i ve weakness due t o t he absence of mol ecul es wi t h

af f i ni t y- enhanci ng capabi l i t y or t he pr esence of mol ecul es

exer t i ng an af f i ni t y- r educi ng ef f ect . I nt er est i ngl y, i t has r e-

cent l y been r epor t ed t hat anot her member of t he i mmuno-

gl obul i n super f ami l y, N- CAM, when i t occur s i n t he same

membr ane, under goes a so- cal l ed ci s- bi ndi ng i nt er act i on

wi t h Ll , r esul t i ng i n an enhanced homophi l i c i nt er act i on of

Ll wi t h L1 i n t he membr ane of ot her cel l s ( Kadmon et al . ,

1990) .
The ant i bodi es t o Ll ( G4) have been shown t o be speci f i c

( Chang et al . , 1987 ; t hi s paper ) ; especi al l y, i t has been

demonst r at ed t hat t hey do not i nhi bi t or modul at e N- CAM-

or N- cadher i n- dependent neur i t e out gr owt h ( Doher t y et al . ,

1991) . Thus, t he pr esent dat a on t he bl ockage of neur i t e

out gr owt h on axoni n- 1 wi t h ant i - Ll ( G4) ant i bodi es cl ear l y

demonst r at e t he f unct i on of axoni n- 1 as a subst r at e pat hway

component capabl e of pr omot i ng neur i t e out gr owt h by i n-

t er act i ng wi t h Ll ( G4) of t he neur i t i c membr ane . Axoni n- 1

t hen act s as an emi t t er of a neur i t e out gr owt h- pr omot i ng si g-

nal , wher eas Ll ( G4) may r epr esent t he r ecept i ve el ement

of t he r espondi ng neur i t es . I n t he r ever se si t uat i on, when

Ll ( G4) i s pr esent ed as a subst r at um f or gr owi ng neur i t es,

bot h Ll ( G4) and axoni n- 1 may act as r ecept i ve neur i t i c el e-

ment s . I n ei t her case, bot h homophi l i c i nt er act i on of Ll ( G4)

mol ecul es and het er ophi l i c Ll ( G4) / axoni n- 1 i nt er act i on may

al so occur by ci s- bi ndi ng i n t he neur i t i c membr ane . Thi s

suggest s t hat a compl ex pat t er n of i nt er act i ons bet ween

axoni n- 1 and Ll ( G4) may be ef f ect i ve i n t he t r ansmi ssi on of

t he neur i t e gr owt h- pr omot i ng si gnal s of bot h axoni n- 1 and

Ll ( G4) subst r at um. Pr esent dat a do not al l ow a det ai l ed ac-

count of t he act ual l y occur r i ng i nt er act i ons and t hei r f unc-

t i onal consequences, yet t hey suggest t hat a maj or si gnal i ng

pat hway may be medi at ed by t he homophi l i c Ll ( G4) i nt er ac-

t i ons : i n t he pr esence of ant i - axoni n- 1 Fab f r agment s i n cul -

t ur es on Ll ( G4) subst r at um, wher e bot h t he t r ans- and ci s-

bi ndi ng i nt er act i ons of axoni n- 1 ar e expect ed t o be bl ocked,

neur i t e out gr owt h on Ll ( G4) subst r at um was not det ect abl y

al t er ed, i ndi cat i ng t hat neur i t i c Ll ( G4) does not need a con-

t r i but i on f r oma ci s- bi ndi ng i nt er act i on wi t h axoni n- 1 t o pr o-

mot e neur i t e out gr owt h upon bi ndi ng t o Ll ( G4) subst r at um.

Vi a i t s t r ansmembr ane domai n ( Moos et al . , 1988 ; Bur goon

et al . , 1991) , Ll ( G4) coul d al so be capabl e of t he si gnal

t r ansf er acr oss t he membr ane. Concl usi ons as t o t he r ol e of

axoni n- 1 as a r ecept i ve or modul at or y neur i t i c el ement f or

pr ocesses el ongat i ng on Ll ( G4) subst r at umcannot be dr awn,

si nce i t s subst r at e- bi ndi ng and i nt r amembr ane i nt er act i ons

wi t h Ll ( G4) coul d not be st udi ed i n i sol at i on wi t h t he

pr esent l y avai l abl e ant i bodi es . I n consi der at i on of t he f act

t hat axoni n- 1 i s anchor ed t o t he neur i t i c membr ane by a

gl ycophosphoi nosi t ol - l i pi d anchor r at her t han by a t r ans-

membr ane domai n, a di r ect t r ansmembr ane si gnal i ng f unc-

t i on appear s l ess l i kel y t han a modul at or y act i vi t y by ci s-
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bi ndi ng t o Ll ( G4) or anot her t r ansmembr ane pr ot ei n . I t wi l l

be cr uci al f or a mor e det ai l ed under st andi ng of t he r ol e

of axoni n- 1 and i t s macr omol ecul ar i nt er act i ons t o be abl e

t o sel ect i vel y bl ock t r ans- and ci s- bi ndi ng cont act s wi t h

Ll ( G4) . Thi s may become f easi bl e by a cr oss- speci es ex-

per i ment al desi gn i n whi ch f unct i onal l y cr ossr eact i ng sub-

st r at a f r ommouse and chi cken ar e used i n combi nat i on wi t h

i mmunol ogi cal l y non- cr ossr eact i ng ant i bodi es ( Lemmon et

al . , 1989) . Cur r ent wor k i s ai med at est abl i shi ng such an ex-

per i ment al syst em.

A pat hway sel ect i on mechani smmay be post ul at ed i n vi ew

of t he obser vat i on pr esent ed her e t hat neur i t es expr essi ng

Ll ( G4) may el ongat e on subst r at e pat hways l abel ed wi t h ei -

t her Ll ( G4) or axoni n- 1, i n conj unct i on wi t h t he pr evi ousl y

r epor t ed f i ndi ng t hat t he bi ndi ng capabi l i t i es of Ll ( G4) may

be modul at ed by ci s- i nt er act i ons wi t h ot her mol ecul es of t he

same membr ane, such as N- CAM( Kadmon et al . , 1990) . At

t he bi f ur cat i on of a ner ve f i ber t r act , a gr owi ng axon i s

t hought t o choose t he br anch mor e f avor abl e t o i t s el onga-

t i on . I n mol ecul ar t er ms, pr ef er ence f or one br anch or t he

ot her may depend on t he number of Ll / L1 and L1/ axoni n- 1

i nt er act i ons and t hei r r el at i ve pot ency i n pr omot i ng neur i t e

el ongat i on . Specul at i ng t hat ci s- bi ndi ng cont act s i n bot h

l eadi ng subst r at e pat hways and f ol l owi ng neur i t es wer e abl e

t o modi f y t he ef f i ci ency of t r ans- bi ndi ng neur i t e gr owt h-

pr omot i ng Ll / Ll or Ll / axoni n- 1 pai r s, a smal l number of

modul at or y mol ecul es woul d suf f i ce t o gener at e combi nat o-

r i al pat t er ns f or encodi ng a l ar ge number of neur i t e gr oup-

speci f i c gui dance pat hways . Besi des Ll ( G4) , axoni n- 1, and

N- CAM, axonal cel l sur f ace mol ecul es such as Fl l and neu-

r of asci n, whi ch ar e f ound col ocal i zed wi t h Ll ( G4) and axo-

ni n- l i n some par t s of t he devel opi ng chi ck ner vous syst em,

mi ght be i nvol ved i n t he gener at i on of such neur al r ecogni -

t i on pat t er ns ; t hei r avai l abi l i t y wi l l al l ow us t o subj ect t hi s

hypot hesi s t o det ai l ed exper i ment al t est i ng.
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