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ABSTRACT

I n t he pr ecedi ng paper ( Sal zer et al . , 1980, J . Cel l Bi ol . 84: 753- 766) , evi dence was

pr esent ed t hat a neur i t e membr ane f r act i on coul d be used t o st i mul at e Schwann

cel l pr ol i f er at i on i n cul t ur e . I n t hi s st udy, we pr esent evi dence t hat t he mi t ogeni c

si gnal by whi ch i nt act neur i t es or neur i t e membr anes st i mul at e Schwann cel l

pr ol i f er at i on i s l ocat ed at t he neur i t e sur f ace . Thi s concl usi on i s based on t he

f ol l owi ng obser vat i ons : ( a) st i mul at i on of Schwann cel l pr ol i f er at i on by neur ons

r equi r es di r ect cont act bet ween neur i t es and Schwann cel l s, separ at i on of t he t wo

cel l s by a per meabl e col l agen di aphr agm 6 , um t hi ck pr event s Schwann cel l

pr ol i f er at i on ; ( b) t r eat ment of i nt act neur i t es wi t h t r ypsi n bef or e pr epar at i on of

neur i t e membr anes abol i shes t he abi l i t y of t hese membr anes t o be mi t ogeni c f or

Schwann cel l s ; and ( c) t he mi t ogeni c act i vi t y of neur i t e homogenat es i s excl usi vel y

l ocal i zed i n t he par t i cul at e r at her t han t he sol ubl e f r act i on of t he homogenat e .

The mi t ogeni c component on t he neur i t e sur f ace i s heat l abi l e, and i s i nact i vat ed

by al dehyde f i xat i on . Pr el i mi nar y dat a suggest t hat t he mi t ogeni c ef f ect of neur i t e

on Schwann cel l s i s not medi at ed by 3' , 5' - cycl i c AMP.
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The devel opment of pur e popul at i ons of neur ons

or non- neur onal cel l s has r ecent l y pr ovi ded uni que

i nsi ght s i nt o t he nor mal cel l ul ar i nt er act i ons of t he

per i pher al ner vous syst em ( 3) . One such syst em

descr i bed by Wood ( 38) al l ows t he pr epar at i on of

neur ons and Schwann cel l s i n i sol at i on and l ed t o

t he di scover y t hat sensor y neur i t es pr ovi de a mi -

t ogeni c st i mul us f or Schwann cel l di vi si on ( 39) . A

si mi l ar concl usi on r egar di ng gr owt h cont r ol of

non- neur onal cel l s f r om t he chi ck sympat het i c

ner vous syst em was r eached by McCar t hy and

Par t l ow ( 20) .
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I n t he pr ecedi ng paper s of t hi s ser i es, t hi s st i m-

ul at i on was char act er i zed f ur t her and shown t o be

hi ghl y speci f i c ( 26, 27) . I t was al so f ound t hat a

neur i t e membr ane f r act i on coul d be i sol at ed and

used t o st i mul at e Schwann cel l pr ol i f er at i on i n a

manner t hat r esembl es t he st i mul at i on i nduced by

i nt act neur i t es . The abi l i t y of neur i t e membr anes

t o st i mul at e Schwann cel l pr ol i f er at i on suggest ed

t hat t he st i mul at i on by i nt act neur i t es mi ght be

medi at ed by a physi cal i nt er act i on bet ween neur i t e

sur f ace and t he sur f ace of t he Schwann cel l s . Thi s

concept was al so consi st ent wi t h t he obser vat i on

t hat neur ons di d not st i mul at e Schwann cel l pr o-

l i f er at i on ( 39) or non- neur onal cel l di vi si on ( 20)

unl ess t hese cel l s wer e al l owed t o di r ect l y i nt er act ;

shar ed medi a was i nsuf f i ci ent by i t sel f t o i ni t i at e
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di vi si on . I n t he pr esent st udy, we ext end t hese

obser vat i ons and pr ovi de evi dence f or t he sur f ace

l ocal i zat i on of t he neur i t e mi t ogen .

MATERI ALS AND METHODS

Enzyme and Pr ot ei n Det er mi nat i ons

We have r out i nel y used al kal i ne phosphodi est er ase ( PDE) as

a pl asma membr ane mar ker ( 33, 40) and l act at e dehydr ogenase

( LDH) as a cyt opl asmi c mar ker . LDH was measur ed spect r o-

phot omet r i cal l y by f ol l owi ng t he oxi dat i on of NADHat 340 nm,

dur i ng t he conver si on of pyr uvat e t o l act at e ( 2) . ( 1 Uoxi di zes I

pmol of NADH per mi n at r oom t emper at ur e) . Because of

l i mi t at i ons i n t he quant i t y of neur i t e membr anes, we modi f i ed

t he spect r ophot omet r i c assay f or PDEf or use i n a f l uor i met er as

f ol l ows : The r eact i on was car r i ed out at 37' C i n 0. 2 ml of 50

mMTr i s- Cl buf f er , pH 9. 0, cont ai ni ng 0 . 1 mg of t hymi di ne 5' -

monophosphat e- / 3- napht hyl est er ( Si gma Chemi cal Co . , St .

Loui s, Mo. ) . Af t er a 15- mi n i ncubat i on, t he r eact i on was sl owed

by di l ut i on wi t h 0. 8 ml of 0 . 2 Mgl yci ne buf f er , pH 10. 6, and t he

f l uor escence was det er mi ned i mmedi at el y i n a Far r and f l uo-

r i met er ( Far r and Opt i cal Co . , I nc . , Val hal l a, N. Y. ) usi ng a-

napht hol as a st andar d . I Uof PDE act i vi t y hydr ol yzes 10 nmol

of t he subst r at e per hour at 37° C. We f ound excel l ent agr eement

bet ween t hi s assay and t he convent i onal col or i met r i c assay ( dat a

not shown) . Par al l el r ecover i es of PDE and Na' - K' ATPase

act i vi t i es and l ocal i zat i on of PDE t o neur i t e membr ane f r act i ons

ar gue f or i t s sur f ace membr ane l ocal i zat i on . Pr ot ei n det er mi na-

t i ons wer e based on a spect r ophot omet r i c assay ( 17) .

Cel l Label i ng and Sci nt i l l at i on Count i ng

For anal ysi s of cel l pr ol i f er at i on, we i ncubat ed cel l s wi t h

[ ' H] t hymi di ne and pr ocessed cel l s f or aut or adi ogr aphy as pr evi -

ousl y descr i bed ( 26) . I n some st udi es, we l abel ed dor sal r oot

gangl i a whi ch onl y cont ai ned neur ons ( 38) ( NDRG) wi t h L-

[ ' H] f ucose ( 10- 15 Ci / mmol ) obt ai ned f r om New Engl and Nu-

cl ear ( Bost on, Mass . ) . Gener al l y, cul t ur es wer e l abel ed f or 48 h

wi t h 6 pCi / ml i n f l uor odeoxyur i di ne ( FUDR) cont ai ni ng me-

di um ( descr i bed i n r ef er ence 27) , r i nsed wi t h mi ni mal essent i al

medi um ( MEM) , and i ncubat ed over ni ght i n a suppl ement ed

Eagl e' s MEM ( MEM wi t h gl ucose, L- gl ut ami ne, and ner ve

gr owt h f act or ) . For assay of r adi oact i vi t y, cel l s or cel l f r act i ons

wer e homogeni zed i n MEM( wi t hout phenol r ed) , an equal

vol ume of 10%SDS was added, and an al i quot of t he sol ut i on

was used f or sci nt i l l at i on count i ng.

Ti ssue cul t ur e met hods

Schwann cel l s wer e r epl at ed as descr i bed i n an accompanyi ng

paper ( 26) . Typi cal l y, cel l s wer e t r ansf er r ed i nt o Si l ast i c mi cr o-

wel l s . We have al so t r ansf er r ed Schwann cel l s ont o unensheat hed

neur i t es of dor sal r oot gangl i a f r ee of suppor t i ng cel l s ( NDRG)

or ont o col l agen di aphr agms ( see bel ow) . For exper i ment s i n

whi ch Schwann cel l s wer e t r ansf er r ed ont o unensheat hed neu-

r i t es, we i ni t i al l y r epl at ed t he cel l s ont o Fal con 35- mmdi shes t o

al l ow r ecover y f r om enzymat i c di ssoci at i on . Repl at ed cel l s ar e

much mor e easi l y di sl odged f r omt hei r subst r at e, ei t her col l agen

or pl ast i c, t han pr i mar y cel l s pr esumabl y because t hey l ack an

ext r acel l ul ar mat r i x . Repl at ed cel l s af t er 24 h coul d be gent l y

r i nsed of f t he Fal con di shes ( Fal con Labwar e, Di v. of Bect on,

Di cki nson &Co . , Oxnar d, Cal i f ) , t r i t ur at ed i n medi umB ( 27) at

a concent r at i on of 5 x 10' cel l s/ ml , and added t o t he NDRG

cul t ur es . We added 0 . 1 ml of t he cel l suspensi on t o t he i nsi de of
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a gl ass r i ng ( i nsi de di amet er of 0 . 7 cm) whi ch had been gent l y

pl aced over ar eas of neur i t e out gr owt h . The medi um on t he

out si de of t he r i ng was dr awn of f . Thi s si mpl e t echni que was

qui t e ef f ect i ve i n conf i ni ng vi r t ual l y al l t he Schwann cel l s t o

di scr et e ar eas of t he di sh.

I n some exper i ment s we added Schwann cel l s or neur ons t o

a t hi n sheet of col l agen . The neur ons wer e der i ved f r om NDRG

cul t ur es whose gangl i a wer e exci sed and di ssoci at ed by pr oce-

dur es anal ogous t o t hose f or Schwann cel l s. The col l agen di a-

phr agm was manuf act ur ed by di ppi ng a Si l ast i c r i ng i nt o a

col l agen sol ut i on ( 38) t o pr oduce a t hi n f i l m of col l agen acr oss

t he r i ng . Al t er nat i vel y, a smal l hol e coul d be cut i nt o an Acl ar

mi ni di sh and when col l agen was spr ead over t he di sh a t hi n f i l m

was pr oduced acr oss t he hol e. Exposur e t o ammoni um vapor s

and ext ensi ve dr yi ng pr oduced a t hi n, st abl e l ayer ( <6 pm) of

col l agen ont o whi ch neur ons or Schwann cel l s coul d be i nt r o-

duced on ei t her si de.

Tr ypsi ni zat i on and Fi xat i on of Neur i t es

Cul t ur es of NDRGt r eat ed wi t h t r ypsi n ( cont r ol s wer e t r eat ed

wi t h bovi ne ser um al bumi n) wer e t ypi cal l y r i nsed wi t h MEM

t hr ee t i mes and i ncubat ed wi t h 0 . 30 ml of 0. 05%t r ypsi n ( Wor t h-

i ngt on Bi ochemi cal Cor p . , Fr eehol d, N. J. , 180- 220 U/ mg t hr ee

t i mes cr yst al l i zed) i n MEMf or 30 or 60 mi n at 34' C i n 5%C02-

The t r ypsi nat e was di scar ded, and 0. 30 ml of 0. 05% soybean

t r ypsi n i nhi bi t or ( Si gma Chemi cal Co . ) i n MEMwas added .

These neur i t es wer e used f or t he pr epar at i on of membr anes or

t hey wer e t est ed di r ect l y f or t hei r mi t ogeni c act i vi t y f or Schwann

cel l s . Cul t ur es t o whi ch Schwann cel l s wer e t o be added wer e

t hen r i nsed t wi ce wi t h B medi um ( 27) bef or e addi t i on of t he

cel l s .

Neur i t es t o be t r eat ed wi t h al dehydes wer e r i nsed t wi ce wi t h

BSSand t wi ce wi t h phosphat e- buf f er ed sal i ne ( PBS, pH 7. 2, wi t h

4%sucr ose) . The cul t ur es wer e t hen i ncubat ed f or 10 mi n at

r oom t emper at ur e wi t h ei t her 1% gl ut ar al dehyde ( El ect r on Mi -

cr oscopy Sci ences, For t Washi ngt on, Pa . ) or 4%f or mal dehyde

( Fi scher Sci ent i f i c Co. , Pi t t sbur gh, Pa. ) i n PBS. These cul t ur es

wer e r i nsed t hr ee t i mes wi t h PBS ( 10 mi n bet ween r i nses) ,

i ncubat ed wi t h PBS f or 30 mi n, i ncubat ed wi t h BSSt wi ce f or 30

mi n each, and t hen successi vel y wi t h Lei bovi t z ( L- 15) medi um

at 34' C f or 30 mi n, and over ni ght wi t h B medi um at 34° C. Al l

oper at i ons wer e done under st er i l e condi t i ons . Schwann cel l s

wer e r epl at ed as descr i bed .

I sol at i on of Cyt osol and Membr ane- Enr i ched

Fr act i ons

To exami ne whet her t he neur i t e mi t ogeni c act i vi t y coul d be

l ocal i zed t o ei t her cyt opl asm or membr anes, we modi f i ed our

met hods f or i sol at i ng membr anes ( 27) . I n t hese exper i ment s, our

sour ce of neur i t es wer e NDRG pr epar at i ons whose gangl i a wer e

exci sed as usual . Col l agen and neur i t es wer e scr aped t oget her

and di sr upt ed i n a Dounce homogeni zer ( Kont es Co . , Vi nel and,

N. J. ) i n 0. 75 ml of MEMwi t h 0. 1%bovi ne ser um al bumi n.

These pr epar at i ons wer e cent r i f uged at 300 g f or 10 mi n, and t he

pel l et , whi ch consi st ed pr i mar i l y of col l agen, was di scar ded . We

cent r i f uged t he supemat e at ei t her 188, 000 g f or I h i n mi ni -

ni t r ocel l ul ose t ubes ( t ot al vol ume 0. 70 m1s) or i n Si l i cl ad Cor ex

t ubes ( Cor ni ng Gl ass Wor ks, Comi ng, N. Y. ) at 35, 000 g f or 1 h .

Separ at i on of mar ker enzymes ( LDH and PDE) and l ocal i zat i on

of mi t ogeni c act i vi t y was si mi l ar i n ei t her pr ocedur e, al t hough

membr ane r ecover y was subst ant i al l y i mpr oved wi t h use of

Si l i cl ad Cor ex t ubes . The pel l et was r esuspended i n 0 . 25 ml of



MEMwi t h 0. 1%bovi ne ser um al bumi n and adj ust ed t o a f i nal

PDEconcent r at i on of 200 uni t s/ ml i n MEM; t ypi cal l y, an equal

vol ume of MEMwi t h 0. 1%bovi ne ser um al bumi n was added .

Fi nal l y, an equal vol ume of concent r at ed medi umwas added t o

t he super nat ant and pel l et f r act i ons t o gi ve t he f i nal concent r a-

t i ons of medi umcomponent s descr i bed pr evi ousl y ( 27) .

RESULTS

Cel l Cont act i s Requi r edf or St i mul at i on

I t had pr evi ousl y been shown ( 39, 20) t hat

Schwann cel l s pr ol i f er at e onl y i n ar eas i n whi ch

ner ve f i ber s have gr own ; Schwann cel l s a f ew

mi l l i met er s away f r om t he zone of i nt er act i on

r emai ned qui escent . Thus, i t was not suf f i ci ent f or
t he cel l s t o shar e medi um. However , i n t hese ex-

per i ment s t he di st ance of separ at i on was consi d-

er abl e and t he mi t ogeni c st i mul us mi ght be di f f us-

i bl e but onl y exi st i n suf f i ci ent l y l ar ge quant i t y i n

t he i mmedi at e vi ci ni t y of t he ner ve f i ber . We,

t her ef or e, r eexami ned t he r equi r ement f or cont act .
For t hi s pur pose, di ssoci at ed NDRGs wer e

pl at ed ont o a t hi n sheet of col l agen . Af t er 24 h,

Schwann cel l s wer e pl at ed ont o ei t her t he same

si de ( ci s) or opposi t e si de ( t r ans) of t he col l agen .

Cul t ur es wer e mai nt ai ned f or 3 d, t he l ast 24 h i n
t he pr esence of t r i t i at ed t hymi di ne . These pr epa-

r at i ons wer e t hen f i xed f or aut or adi ogr aphy and

mount ed wi t h t he Schwann cel l s on t he t op.

An el ect r on mi cr ogr aph of a cul t ur e i n whi ch

Schwann cel l s wer e gr own t r ans col l agen f r om t he

neur ons i s shown i n Fi g. 1 . The col l agen appear s

t o be a uni f or m mat r i x - 6 l t m i n t hi ckness . The

t hi ckness i s var i abl e and pr obabl y r anges f r om4

t o 6 pi n . We have not obser ved ner ve f i ber pene-

t r at i on i nt o t he col l agen mat r i x . I t can be seen

t hat , af t er onl y 4 d, neur i t es have al r eady f or med

f asci cl es composed of numer ous i ndi vi dual pr oc-

esses. Sever al Schwann cel l s i n cr oss sect i on ar e

posi t i oned opposi t e t he neur i t es .

I n gener al , t he appear ance of cel l s on t hi s col -

l agen sur f ace i s compar abl e t o t hat on our usual

col l agen subst r at e . The di ssoci at ed neur ons ex-

t ended pr ocesses wi t hi n 24 h of pl at i ng, and by 4

d have est abl i shed an ext ensi ve net wor k . Gangl i a
ext end neur i t es as wel l , al t hough t her e may be
mor e r et r act i on on t hi s sur f ace . When Schwann

cel l s ar e r epl at ed ont o t he neur ons, t hey at t ach t o

t he neur i t es pr ef er ent i al l y and wi t hi n a f ew days
f or man or gani zed net wor k ( Fi g. 2 a) . By cont r ast ,
when Schwann cel l s ar e r epl at ed on t he sur f ace
opposi t e f r om t he neur ons t hey f or m chai ns of

cel l s whi ch appear t o be unr el at ed t o t he or i ent a-

t i on of t he neur onal net wor ks ( Fi g . 2b) .

FI GURE 1

	

Schwann cel l s and neur ons on opposi t e si des
of a col l agen di aphr agm. Thi s el ect r on mi cr ogr aph shows
a gr oup of Schwann cel l s above, t he i nt er posed col l agen,
and numer ous neur i t e pr ocesses di r ect l y bel ow t he
Schwann cel l s. x 5, 500.

Aut or adi ogr aphs of Schwann cel l s ci s and t r ans

t o neur ons ar e shown i n Fi g . 2 . As descr i bed
pr evi ousl y ( 39) , neur i t es pr ovi de a pot ent mi t o-
geni c si gnal f or Schwann cel l s, and cel l s r epl at ed
ont o neur ons show a ver y hi gh l abel i ng i ndex
( >50%) . By cont r ast , cel l s pl at ed on t he opposi t e
si de ( t r ans) do not di spl ay an i ncr eased i ncor po-
r at i on of t r i t i at ed t hymi di ne . Thus st i mul at i on
appear s t o r equi r e cel l - cel l cont act .

Thi s i nt er pr et at i on depends on t he per meabi l i t y

char act er i st i cs of t he ammoni at ed col l agen di a-
phr agm. I n exper i ment s car r i ed out t o det er mi ne

t he per meabi l i t y pr oper t i es of t he col l agen mem-

br ane, we used t he f ol l owi ng pr ocedur e: Bot h si des

of t he col l agen di aphr agm wer e hydr at ed ; t he t op
sol ut i on cont ai ned a mol ecul ar wei ght st andar d i n

a sol ut i on cont ai ni ng t wo ot her mar ker s : phenol

r ed ( mol wt 380) whi ch f r eel y di f f used acr oss, and
yeast ( 3- 5 p. m i n di amet er ) whi ch wer e excl uded
i f t he di aphr agm was i nt act . Af t er t he phenol r ed
equi l i br at ed, an al i quot was t aken f r om t he bot t om
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FI GURE 2

	

Aut or adi ogr aphs of Schwann cel l s and neur ons . ( a) Di ssoci at ed neur ons wer e added t o t he

same sur f ace of t he col l agen di aphr agmas t he Schwann cel l s . Af t er 3 d, cel l s wer e i ncubat ed f or 24 h wi t h

t r i t i at ed t hymi di ne, and pr ocessed f or aut or adi ogr aphy. Label ed nucl ei appear bl ack, on account of hi gh

gr ai n densi t y . ( b) Di ssoci at ed neur ons wer e added t o t he opposi t e si de of a col l agen di aphr agmf r om t he

r epl at ed Schwann cel l s . Af t er 3 d cel l s wer e i ncubat ed f or 24 h wi t h t hymi di ne as bef or e . Cel l s wer e

pr ocessed f or aut or adi ogr aphy i n par al l el wi t h t he cel l s i n Fi g . 2 a ( Schwann cel l s on t op) . Tol ui di ne bl ue

st ai n. x 550 .

sol ut i on f or anal ysi s . We f ound t hat ext r emel y

l ar ge mol ecul es such as bl ue dext r an ( mol wt 2 x

10) di f f used acr oss t he col l agen ver y sl owl y, but

t hat pr ot ei ns such as cyt ochr ome c ( mol wt 12, 000)

or l act at e dehydr ogenase ( mol wt 137, 000) r eadi l y

di f f used acr oss t he di aphr agm. Thus, i f t he mi t o-

gen wer e sol ubl e ( unl ess i t wer e of ext r emel y l ar ge

mol ecul ar wei ght and hi ghl y asymmet r i cal ) i t

shoul d have gai ned access t o t he Schwann cel l s .

These r esul t s st r ongl y suggest t hat cont act i s r e-

qui r ed bet ween neur i t es and Schwann cel l s f or t he

mi t ogeni c si gnal .

Mi t ogeni c Act i vi t y of Neur i t es i s i n t he

Membr ane Fr act i on and not i n t he Cyt opl asm

Anal ysi s of t he neur i t e membr ane f r act i on r e-

veal ed t hat t her e was si gni f i cant cont ami nat i on

wi t h cyt opl asm and cyt opl asmi c or ganel l es . El ec-

t r on mi cr ogr aphs of neur i t e pr epar at i on demon-

st r at e t hat membr ane vesi cl es of t en encl ose some

pr ot ei n and occasi onal or ganel l es such as l yso-

somes ( 27) . Consi st ent wi t h t hese el ect r on mi cr o-
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scope obser vat i ons i s t he f i ndi ng of si gni f i cant

l evel s of aci d phosphat ase act i vi t y, a l ysosomal

mar ker ( 7) , and det ect abl e succi nat e dehydr ogen-

ase act i vi t y, a mi t ochondr i al mar ker ( 8) , i n our

neur i t e membr ane pr epar at i ons .

To quant i t at e t he cyt opl asmi c cont ami nat i on of

t hese membr anes, we have measur ed l act i c dehy-

dr ogenase act i vi t y . We gener al l y r ecover 65- 75%

of t he PDE act i vi t y of t he homogeni zed neur i t es

i n t he 35, 000 g pel l et , but al so - 12- 17% of t he

LDHact i vi t y . Whi l e t hi s f r act i on i s enr i ched ap-

pr oxi mat el y f i vef ol d f or pl asma membr ane

mar ker s, t her e i s cl ear l y subst ant i al cyt opl asmi c

cont ami nat i on i n t hi s f r act i on . Thi s LDHact i vi t y

was not r emoved by r epeat ed homogeni zat i on and

cent r i f ugat i on of t he membr anes, and t he act i vi t y

was vi r t ual l y t ot al l y l at ent , i . e . , i t was onl y demon-

st r abl e i n t he pr esence of a det er gent , suggest i ng

t hat i t i s t r apped i nsi de t he membr ane vesi cl es .

We have r out i nel y used 0. 05%Tr i t on X- 100 i n our

LDH measur ement s, al t hough vi r t ual l y al l t he

act i vi t y was r el eased at 0. 018%Tr i t on X- 100 .

A var i et y of pr ocedur es di d not depl et e our



membr ane pr epar at i ons of LDH act i vi t y . Use of

soni cat i on, f r eeze- t haw cycl es, or osmot i c shock of

t he membr anes di d not subst ant i al l y r educe t he

cont ami nat i ng LDHact i vi t y ( dat a not shown) . We

have t her ef or e car r i ed out par al l el assays i n whi ch

we det er mi ned t he mi t ogeni c act i vi t y of t he sol ubl e

and par t i cul at e f r act i ons obt ai ned by homogeni -

zat i on of t he neur i t es t o ascer t ai n whet her t he

mi t ogeni c act i vi t y of t he neur i t e membr ane f r ac-

t i on coul d be account ed f or by cyt opl asmi c con-

t ami nat i on . The r at i o of LDH/ PDE i s 50- f ol d

hi gher i n t he super nat ant f r act i on t han i n t he

membr ane f r act i on . I n f our separ at e exper i ment s,

we have f ai l ed t o obser ve any si gni f i cant mi t ogeni c

st i mul at i on by t he cyt opl asmi c f r act i on ( Fi g . 3) .

The mi t ogeni c act i vi t y of t he pel l et t her ef or e ap-

pear s t o r ef l ect i t s cont ent of neur i t e membr anes

r at her t han t he cont ami nat i ng cyt opl asm. '

Tr ypsi n Sensi t i vi t y of t he Neur i t e Mi t ogen

Havi ng demonst r at ed t hat t he mi t ogeni c act i vi t y

can be i sol at ed i n a membr ane f r act i on, we i nves-

t i gat ed whet her t hi s act i vi t y mi ght be l ocal i zed t o

t he sur f ace of t he neur i t e . We exami ned t hi s ques-

t i on by t he use of t r ypsi n, whi ch i n r el at i vel y shor t

i ncubat i ons shoul d be act i ve pr i mar i l y on pr ot ei ns

l ocat ed on t he ext er i or sur f ace of t he pl asma mem-

br ane .

As descr i bed i n Mat er i al s and Met hods, we

i ncubat ed i nt act NDRGf or ei t her 30 or 60 mi n at

34° C wi t h 0. 05% t r ypsi n. The medi um was di s-

car ded and soybean t r ypsi n i nhi bi t or ( 0 . 05%) was

added t o i nhi bi t any r esi dual t r ypsi n. Neur i t es

wer e har vest ed as usual . Par al l el cul t ur es t r eat ed

si mul t aneousl y wi t h 0. 05%t r ypsi n and 0. 05%soy-

bean i nhi bi t or ser ved as cont r ol s f or t he t r ypsi n

act i vi t y . Membr anes wer e st andar di zed t o 1 . 2 PDE

uni t s and added t o pr i mar y cul t ur es of Schwann

cel l s as usual . Because PDE i s somewhat sensi t i ve

t o t he act i on of t r ypsi n ( see bel ow) , t r ypsi n- t r eat ed

neur i t es wer e act ual l y added i n sl i ght excess com-

' I t i s i mpor t ant t o not e t hat t he act ual LDH act i vi t y
( cyt opl asm) i n t he Schwann cel l s' mi cr oenvi r onment i s

ver y di f f i cul t t o est i mat e . Most of t he cyt opl asm appear s

t o be l ocat ed i nsi de membr ane vesi cl es, whi ch woul d

decr ease t he cyt opl asm avai l abl e t o t he Schwann cel l s .

However , wi t h t i me t hese vesi cl es set t l e ont o t he cel l s

and, as descr i bed i n t he pr ecedi ng paper ( 27) , ar e even-

t ual l y phagocyt osed; t hi s woul d t end t o i ncr ease t he l ocal

concent r at i on of cyt opl asm near ( or i n) t he Schwann
cel l s, al t hough i t woul d seem hi ghl y unl i kel y t hat cyt o-
pl asmi c mat er i al l ocal i zed i n l ysosomal vesi cl es i s mi t o-
geni c.

FI OuRE 3

	

The mi t ogeni c act i vi t y of neur i t e homoge-

nat es i s l ocal i zed t o t he membr ane f r act i on. I n t hi s

exper i ment , we assayed bot h t he super nat ant f r act i on

( A) and t he membr ane f r act i on ( O) obt ai ned by homog-

eni zat i on of neur i t es. The dat a ar e pr esent ed i n t wo

f or ms . I n A, t he mi t ogeni c r esponse i s pr esent ed as

f unct i on of t he PDE cont ent of t he f r act i ons . I n B, i t i s

pr esent ed as a f unct i on of t he LDH cont ent of t he

f r act i ons . Al t hough t he mi t ogeni c st i mul at i on cor r el at es

wi t h PDEact i vi t y, i t does not cor r el at e wi t h LDHact i v-

i t y and i s t her ef or e pr esumed t o be l ocat ed on t he neur i t e

membr ane r at her t han i n t he cyt opl asm.

par ed t o cont r ol s . The r esul t s of f our such exper i -

ment s ar e summar i zed i n Fi g . 4.

Cont r ol beds ( no addi t i on) had an aver age l a-

bel i ng i ndex of <0. 2%. Addi t i on of neur i t es i ncu-

bat ed si mul t aneousl y wi t h t r ypsi n and soybean

i nhi bi t or i ncr eased t he l abel i ng i ndex t o 12 . 5% i n

t hese f our exper i ment s . Neur i t e membr anes i so-

l at ed f r omNDRGt r eat ed wi t h t r ypsi n f or 30 mi n

i ncr eased t he l abel i ng i ndex onl y t o 1 . 80%; neur i t e

membr anes f r om NDRG t r eat ed f or 60 mi n i n-

cr eased t he l abel i ng i ndex onl y t o 0. 98%.

Si mi l ar obser vat i ons wer e made wi t h r epl at ed

Schwann cel l s. I n t hi s exper i ment cont r ol neur i t e

membr anes at 1 . 2 PDE uni t s st i mul at ed Schwann

cel l s t o a l abel i ng i ndex of 17 . 65% ( t l . I %) ,

wher eas t r ypsi n- t r eat ed neur i t es ( 0 . 05% f or 30

mi n) r esul t ed i n a l abel i ng i ndex of 5 . 32%( ±0. 9%) .

Cont r ol beds i n t hi s exper i ment had a l abel i ng

i ndex of 1 . 5%.
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Tr ypsi n and heat i nact i vat i on of t he neur i t e

mi t ogen. I n f our separ at e exper i ment s, addi t i on of neu-

r i t e membr anes t o pr i mar y Schwann cel l cul t ur es i n-

cr eased t he l abel i ng i ndex f r om<0 . 2 t o 12 . 5%af t er a 2-

d i ncubat i on wi t h membr anes . I f , however , t he gangl i a

and neur i t es wer e f i r st i ncubat ed wi t h t r ypsi n ( 0. 05% at

34° C) f or 30 or 60 mi n bef or e i sol at i ng t he membr anes,

most of t he mi t ogeni c act i vi t y was abol i shed. Heat i ng

neur i t e membr anes at 60° C f or 10 mi n al so i nact i vat es

t hei r mi t ogeni c ef f ect .

The ef f ect of t r ypsi n suggest s t hat t he mi t ogeni c

act i vi t y on t he neur i t e sur f ace i s a pr ot ei n; i n

agr eement wi t h t hi s assumpt i on, we f i nd ( Fi g . 4)

t hat t he mi t ogeni c act i vi t y i s sensi t i ve t o heat

denat ur at i on and i s abol i shed by heat i ng t he mem-

br anes at 60° C f or 10 mi n.

Because neur i t es ext end up t o 1 cm i n l engt h

and as neur i t es ar e known t o act i vel y pi nocyt ose

a var i et y of mat er i al s i n cul t ur e ( 4) , we consi der ed

i t possi bl e t hat t r ypsi n mi ght be act i ng i nt r acel l u-

l ar l y . We t her ef or e char act er i zed t he ef f ect of t r yp-

si n on [ ' 1] f ucose- l abel ed pr ot ei ns ( whi ch ar e ex-

t er i or l y l ocat ed) and on LDH, an i nt r acel l ul ar

mar ker .

We used [ 3H] f ucose t o l abel pr ot ei ns as most

sur f ace pr ot ei ns ar e gl ycosyl at ed; and i n pr evi ous

exper i ment s wi t h super i or cer vi cal gangl i on neu-

r i t es, ni ne par t i cul at e- associ at ed pr ot ei ns but onl y

one sol ubl e pr ot ei n wer e f ound t o be l abel ed wi t h

f ucose and ver y l i t t l e gl ycol i pi d l abel i ng was de-
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t ect ed wi t h t hi s pr ecur sor ( 9) . I n i ni t i al exper i -

ment s, we exami ned t he t i me- cour se f or r el ease of

[ 3Hj f ucose i nt o t he medi umdur i ng i ncubat i on of

NDRGwi t h 0. 05%t r ypsi n at 34° C. Af t er 60 mi n,

- 35- 40% of t he t ot al count s was r el eased i nt o t he

medi um; sl i ght l y mor e count s wer e r el eased af t er

i ncubat i on wi t h 0. 2%t r ypsi n at 34° C f or 60 mi n.

Bot h neur i t es and gangl i a cont r i but ed equal l y t o

t he count s appear i ng i n t he t r ypsi nat e . I n a cont r ol

i ncubat i on wi t h 0. 05%bovi ne ser umal bumi n, onl y

3% of t he t ot al count s wer e r el eased. Fi nal l y, t he

appear ance of count s i n t he t r ypsi nat e was expo-

nent i al , wi t h appr oxi mat el y hal f t he count s r e-

l eased af t er 10 mi n.

Appr oxi mat el y 60% of t he [ 3 H] f ucose count s

wer e t r ypsi n i nsensi t i ve. Of t hese count s, - 20%

r epr esent TCA- sol ubl e mat er i al , pr esumabl y

[ 3H] f ucose or phosphor yl at ed der i vat i ves . The r e-

mai nder r epr esent s mat er i al i naccessi bl e t o t r ypsi n

whi ch may or may not be on t he cel l sur f ace .

By cont r ast t o [ 3H] f ucose- l abel ed pr ot ei ns, LDH

appear s t o be r el at i vel y i nsensi t i ve t o ext er nal

t r ypsi n . I n t wo exper i ment s i n whi ch i nt act NDRG

wer e t r eat ed wi t h 0. 05% t r ypsi n ( cont r ol s wer e

i ncubat ed wi t h 0. 05% bovi ne ser umal bumi n) f or

1 h, we f ound no si gni f i cant decr ease i n neur i t e

LDH act i vi t y ( 98 . 0 ± 6% compar ed t o cont r ol ) .

These f i ndi ngs, i . e . , t he decr ease of neur i t e count s

and t he i nsensi t i vi t y of neur i t e LDHact i vi t y, wi t h

t i me of t r ypsi n t r eat ment , ar e gr aphi cal l y i l l us-

t r at ed i n Fi g . 5 . I n addi t i on, PDE act i vi t y al so

decr eases - 25% af t er a 60- mi n i ncubat i on wi t h

0. 05% t r ypsi n ( dat a not shown) . I f , however , neu-

r i t es wer e di sr upt ed f i r st , ei t her by homogeni zi ng

i n 0. 05% t r ypsi n or by i ncubat i ng a super nat ant

f r act i on ( cyt opl asm- enr i ched f r act i on) i n 0. 05%

t r ypsi n, LDH val ues wer e r educed t o 20%of con-

t r ol val ues ( i ncubat ed wi t h 0. 05% bovi ne ser um

al bumi n) . Thus, i f t he t r ypsi n had been t aken up

i n any si gni f i cant quant i t y, we woul d have ob-

ser ved a decr ease i n LDH act i vi t y .

I n summar y, t he t r ypsi n appear s t o be act i ng on

ext er nal l y l ocat ed mar ker s ( [ 3H] f ucose and PDE)

under condi t i ons i n whi ch t he neur i t e mi t ogen i s

al most compl et el y i nact i vat ed. We concl ude t hat

at l east one component i nvol ved i n t he mi t ogeni c

ef f ect of neur i t e on Schwann cel l s i s a t r ypsi n-

sensi t i ve pr ot ei n l ocat ed on t he neur i t e sur f ace, i n

a manner t hat makes i t r eadi l y accessi bl e t o ext er -

nal t r ypsi n .

Fi nal l y, we det er mi ned whet her any mi t ogeni c

act i vi t y mi ght be i n t he t r ypsi nat e . I n t hi s exper i -

ment , af t er a 30- mi n i ncubat i on wi t h 0. 05%t r yp-
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Rel ease of neur i t e f ucopept i des dur i ng t r yp-

si n t r eat ment . NDRGs l abel ed wi t h [ 3 H] f ucose as de-

scr i bed i n Mat er i al s and Met hods wer e t r eat ed wi t h

0 . 05% t r ypsi n at 34° C f or t he t i mes i ndi cat ed . Neur i t es

wer e col l ect ed as descr i bed i n Mat er i al s and Met hods,

and t hei r cont ent of [ 3 H] f ucose and LDH was det er -

mi ned . LDH r ecover y was 98% af t er 60- mi n i ncuba-

t i on wi t h t r ypsi n . Thi s gr aph demonst r at es t hat t her e

i s a pr ogr essi ve decl i ne i n t he r adi oact i ve cont ent of [ 3 H] -

f ucose- l abel ed neur i t es dur i ng i ncubat i on wi t h t r ypsi n,

but t hat t he LDHact i vi t y i s not af f ect ed, i . e . , i t i s t r ypsi n

i nsensi t i ve . Resul t s f r omt wo exper i ment s ar e shown.

si n, 0 . 05%soybean i nhi bi t or and concent r at ed me-

di um wer e added t o t he t r ypsi nat e t o t er mi nat e

t he act i on of t he t r ypsi n and r econst i t ut e medi um.

Thi s mat er i al was added t o Schwann cel l s . Af t er

24 h t he pr ocedur e was r epeat ed i n t he pr esence

of t r i t i at ed t hymi di ne, and t he cel l s wer e pr ocessed

f or aut or adi ogr aphy . We obser ved no i ncr ease i n

t he l abel i ng i ndex over backgr ound i n t hi s exper -

i ment . Thi s i s not a r esul t of a t oxi c ef f ect of

t r ypsi n on Schwann cel l s, as t hi s l evel of t r ypsi n i n

medi umdoes not i nhi bi t pr ol i f er at i on, even i n t he

absence of soybean t r ypsi n i nhi bi t or . Appar ent l y,

t r ypsi n i nact i vat es t he mi t ogeni c si gnal r at her t han

si mpl y r el easi ng i t i n act i ve f or m f r om t he neur i t e

sur f ace.

Recover y of Neur i t e Mi t ogenf r om Tr ypsi n

Tr eat ment

Exper i ment s car r i ed out t o det er mi ne t he r ecov-

er y t i me of t he neur i t e mi t ogen al so demonst r at e

i t s t r ypsi n sensi t i vi t y . I n t hi s exper i ment , Schwann

cel l s wer e pl at ed ont o Fal con di shes f or 24 h and

t hen r i nsed of f and r epl at ed ont o unensheat hed

neur i t es whi ch wer e t r eat ed wi t h 0 . 1% t r ypsi n or

0 . 1%t r ypsi n wi t h 0 . 1%soybean i nhi bi t or f or 1 h.

Resul t s ar e shown i n Tabl e I . I t can be seen t hat

st i mul at i on of Schwann cel l s by t he t r ypsi n- t r eat ed

neur i t es l ags behi nd t he cont r ol neur i t es t r eat ed

si mul t aneousl y wi t h t r ypsi n and soybean i nhi bi t or

by 24- 30 h. Cont r ol cel l s had a l abel i ng i ndex of

0 . 05% i n t hi s exper i ment . Essent i al l y si mi l ar r e-

sul t s wer e obt ai ned wi t h a 0. 05%t r ypsi n t r eat ment ,

i . e. , st i mul at i on l agged behi nd cont r ol s by - 30 h .

The l ag per i od i n cont r ol cul t ur es r epr esent s bot h

( a) r ecover y t i me f r om r epl at i ng f or Schwann cel l s

and ( b) t he l ag per i od af t er i nt er act i on wi t h neu-

r i t es f or t he cel l s t o pr ogr ess i nt o S phase . I n t he

case of t r ypsi n- t r eat ed neur i t es, Schwann cel l s

have pr esumabl y r ecover ed f r om r epl at i ng l ong

bef or e t he mi t ogen has been r enewed, and t he

addi t i onal l ag per i od obser ved wi t h t hese neur i t es

must t her ef or e r epr esent t he t i me r equi r ed by t he

neur i t es t o r egener at e t he mi t ogeni c si gnal af t er

t r ypsi n t r eat ment ; t hi s pr ocess appear s t o r equi r e

1- 2 d .

Schwann cel l s r epl at ed ont o t r ypsi n- t r eat ed neu-

r i t es i ni t i al l y l ack t he l ongi t udi nal or i ent at i on of

cel l s pl at ed ont o cont r ol neur i t es . Cel l s set t l e ont o

t r ypsi n- t r eat ed neur i t es but assume a r andom or i -

ent at i on wi t h r espect t o t he neur i t es . Af t er 10- 15

h, Schwann cel l s begi n t o or i ent l ongi t udi nal l y,

but t her e i s a l ong l ag bef or e di vi si on ensues .

Ther ef or e, wher eas bi ndi ng and st i mul at i on may

be r el at ed t hey appear t o be separ abl e event s at

l east i n t hei r t i me- cour se f or r ecover y . We al so

i nvest i gat ed whet her t he r eexpr essi on of t he mi -

t ogen demonst r at ed any par t i cul ar spat i al di st r i -

TABLE I

Schwann Cel l I nt er act i on wi t h Tr ypsi n- Tr eat ed

Neur i t es

Schwann cel l s wer e r epl aced ont o unensheat hed neur i t es

whi ch had been pr et r eat ed wi t h 0 . 1% t r ypsi n f or 1 h, or

wi t h 0 . 1% t r ypsi n- 0 . 1%t r ypsi n i nhi bi t or f or 1 h i n MEM.

Af t er r emoval of t he medi um, Schwann cel l s wer e added

as descr i bed i n Mat er i al s and Met hods . At t he t i mes

i ndi cat ed, t he cul t ur es wer e i ncubat ed wi t h [ 3H] t hymi -

di ne, f i xed f or aut or adi ogr aphy, and t he per cent of l a-

bel ed nucl ei was det er mi ned.

ND, not det er mi ned .
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Ti me of l abel i ng

h

Cont r ol neur i t es

l abel i ng

Tr ypsi n- t r eat ed neu-

r i t es

i ndex

18- 36 4 . 20 0. 19

36- 48 22 . 23 0. 62

48- 60 40 . 75 4. 56

60- 72 ND 39 . 63



but i on . Thus, t he appear ance of l abel ed cel l s on

t he neur i t e coul d be used as a bi ol ogi cal assay t o

det er mi ne wher e t he mi t ogen was r ei nser t ed i nt o

t he pl asma membr ane: near t he cel l soma, al l

al ong t he l engt h of t he ner ve f i ber , or at t he

per i pher y . We di d not obser ve any spat i al di st r i -

but i on, i . e . , l abel ed cel l s appear ed r andoml y al ong

t he l engt h of t he ner ve f i ber . Thi s suggest s t hat

new mi t ogen i s expr essed si mul t aneousl y ( wi t hi n

our t empor al r esol vi ng abi l i t y) al ong t he whol e

l engt h of t he neur i t e or t hat i f i t i s pr ef er ent i al l y

i nser t ed i n one l ocat i on i t r api dl y di f f uses al ong

t he f i ber ( 12) .

Addi t i onal exper i ment s suggest t hat t he mi t ogen

i s a pr ot ei n . Schwann cel l s r epl at ed ont o al dehyde-

f i xed neur i t es ( 1%gl ut ar al dehyde or 4%f or mal -

dehyde f or 10 mi n) f ai l t o bi nd or di vi de . Resul t s

f r om an exper i ment i n whi ch cel l s wer e seeded

ont o cont r ol or gl ut ar al dehyde- f i xed neur i t es ar e

shown i n Fi g . 6 a and b . I t may be seen t hat t he

cel l s wer e unl abel ed wi t h [ 3H] t hymi di ne and r an-

doml y or i ent ed t o t he al dehyde- f i xed neur i t es ; i n

t hi s r egar d, t hey r esembl e t r ypsi n- t r eat ed neur i t es .

Cel l s seeded ont o al dehyde- f i xed neur i t es coul d

st i l l pr ol i f er at e af t er t he addi t i on of chol er a t oxi n,

a known mi t ogen ( 22) , whi ch i ndi cat es t hat t he

l ack of cel l di vi si on i n t he pr esence of f i xed neu-

r i t es was not si mpl y a t oxi c phenomenon. Because

a var i et y of t r eat ment s t hat denat ur e or dest r oy

pr ot ei ns ( ext er nal t r ypsi n, heat , and al dehyde f i x-

at i on) i nact i vat e t he mi t ogeni c si gnal , we concl ude

t hat one or mor e pr ot ei ns on t he neur i t e sur f ace

ar e necessar y f or t he mi t ogeni c r esponse .

I s t he St i mul at i on by Neur i t es Medi at ed by

Cycl i c AMP i s not mi t ogeni c f or pr i mar y

Schwann cel l s and i s weakl y mi t ogeni c f or r epl at ed

Schwann cel l s ( 26) , al t hough i t i s a mor e pot ent

mi t ogen f or t he Schwann cel l s pr epar ed by Raf f et

al . ( 22) . We have exami ned whet her cAMP may
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Schwann cel l i nt er act i on wi t h cont r ol or gl ut ar al dehyde- f i xed neur i t es . ( a) Schwann cel l s wer e

r epl at ed ont o l i vi ng neur i t es and, af t er 44 h, i ncubat ed wi t h t r i t i at ed t hymi di ne f or 12 h . I t may be seen

t hat cel l s dr amat i cal l y al i gn and f or m f asci cl es wi t h t he neur i t es . Ther e i s a subst ant i al i ncr ease i n t he

number of l abel ed nucl ei . Schwann cel l s whi ch do not appear t o have est abl i shed cont act wi t h neur i t es

r emai ned unl abel ed. ( b) Schwann cel l s wer e r epl aced ont o gl ut ar al dehyde- f i xed neur i t es and, af t er 60 h,

wer e i ncubat ed f or an addi t i onal 24 h wi t h t r i t i at ed t hymi di ne . Schwann cel l s do not i ncor por at e l abel

under t hese condi t i ons and do not bi nd or i nt er act wi t h t he f i xed neur i t es . I n most ar eas, cel l s appear t o

mai nt ai n a compl et el y r andom or i ent at i on wi t h r espect t o t he f i xed neur i t es . Tol ui di ne bl ue st ai n . x 270.

774

	

THE JOURNAL OF CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 84, 1980

Cycl i c AMP?



be i nvol ved i n t he mi t ogeni c r esponse t o neur i t e

membr anes, possi bl y as a " second messenger , " by

exami ni ng whet her i nhi bi t i on of cAMP phospho-

di est er ase can pot ent i at e t he r esponse t o mem-

br anes . I nhi bi t i on of CAMP phosphodi est er ase

( t he enzyme t hat degr ades cAMP) by t heophyl l i ne

or i sobut yl met hyl xant hi ne ( I BMX) shoul d pot en-

t i at e ef f ect s t hat ar e medi at ed by cAMP ( 32) . The

r esul t s i n Tabl e I I show t hat t hese i nhi bi t or s had

no ef f ect on t he mi t ogeni c r esponse . These r esul t s

suggest t hat t he mi t ogeni c r esponse i s cAMP i n-

dependent . These r esul t s ar e consi st ent wi t h t he

l ack of r esponse by t hese cel l s t o di but yr yl cAMP

( 26) and st udi es i n whi ch st i mul at i on of chi ck non-

neur onal cel l pr ol i f er at i on by sympat het i c neur ons

( 34) or of r at Schwann cel l s by a pi t ui t ar y gr owt h

f act or ( 22) ar e i ndependent of changes i n i nt r acel -

l ul ar l evel s of cAMP.

DI SCUSSI ON

Ther e i s a gr owi ng body of evi dence t hat many

cel l - cel l i nt er act i ons may r epr esent cont act - me-

di at ed phenomena ( f or r evi ew, see r ef er ence 11) .

The r esul t s pr esent ed i n t hi s paper ar e consi st ent

wi t h t hi s hypot hesi s : t he neur onal st i mul at i on of

Schwann cel l pr ol i f er at i on appear s t o r equi r e con-

t act and be medi at ed by a pr ot ei n( s) on t he sur f ace

of t he neur i t e. Thi s i s i ndi cat ed by t he l ack of

st i mul at i on acr oss a t hi n di aphr agm of col l agen,

r ecover y of mi t ogeni c act i vi t y f r om neur i t e ho-

TABLE I l

Ef f ect of I nhi bi t or s of cAMPPDE on Mi t ogeni c

Response

phyl l i ne

Schwann cel l s wer e r epl at ed i nt o Si l ast i c mi cr owel l s . 3 d
af t er pl at i ng, neur i t e membr anes ( 0. 30 PDE uni t s) wer e
added wi t h or wi t hout t he phosphodi est er ase i nhi bi t or s
I BMX ( 4 x 10- 6 M) or t heophyl l i ne ( 10 - 3 M) . Af t er 24

h t he pr ocedur e was r epeat ed i n t he pr esence of 1 pCi /
ml of t r i t i at ed t hymi di ne, and cul t ur es wer e subsequent l y

pr ocessed f or aut or adi ogr aphy . Al l exper i ment s wer e

car r i ed out i n dupl i cat e . I ndi vi dual det er mi nat i ons ar e

shown .

ND, not det er mi ned .

mogenat es i n t he pel l et ( membr ane) f r act i on but

not super nat ant f r act i on, and i nact i vat i on of t he

mi t ogen by ext er nal t r ypsi n . These exper i ment al

appr oaches ar e si mi l ar t o ones used i n ot her i nt er -

act i ng syst ems and wi l l be consi der ed i n t hat con-

t ext .

A r equi r ement f or cel l cont act has of t en been

demonst r at ed i n t r ansf i l t er exper i ment s . For ex-

ampl e, successf ul t r ansf i l t er i nduct i on by spi nal

cor d of mouse ki dney t ubul es was demonst r at ed

acr oss t hi n Mi l l i por e f i l t er s ( Mi l l i por e Cor p . , Bed-

f or d, Mass. ) wi t h por e si zes down t o 0. 1 mi cr on

( 13, 14) . These r esul t s wer e t aken as evi dence f or

cel l i nduct i on vi a di f f usi bl e f act or s . However , r e-

cent l y, r esul t s f r om t hi s t ype of exper i ment have

been quest i oned, as r ef i nement i n f i xat i on t ech-

ni ques has shown t hat cel l ul ar pr ocesses do pene-

t r at e i nt o Mi l l i por e f i l t er s ( 35, 36) .

I n t he case of sensor y neur i t e st i mul at i on of

Schwann cel l pr ol i f er at i on ( 39) or sympat het i c

neur onal st i mul at i on of non- neur onal cel l s ( 20) ,

co- cul t i vat i on of cel l s i n t he same di sh was i nsuf -

f i ci ent t o i nduce di vi si on, suggest i ng t hat cont act

mi ght be i mpor t ant f or st i mul at i on. We r eexam-

i ned t hi s i ssue by cul t ur i ng cel l s on a t hi n col l agen

sheet t hat al l owed di f f usi on of r el at i vel y l ar ge

mol ecul es but pr event ed penet r at i on of neur i t es

and t her ef or e cel l - cel l cont act . Use of t hi s col l agen

" f i l t er " has sever al advant ages . Because col l agen

i s essent i al l y t r anspar ent under t hese condi t i ons,

cel l s ar e r eadi l y vi sual i zed. Col l agen can be pr e-

par ed as a ver y t hi n sheet ( 6 i t m or l ess) and

pr ovi des an i mpor t ant and physi ol ogi cal subst r at e

f or t hese cel l s ( 5) . The l ack of st i mul at i on of

Schwann cel l s when neur ons ar e gr own t r ansf i l t er

suppor t s t he concept t hat cont act i s necessar y f or

st i mul at i on. Al so, i n exper i ment s i n whi ch

Schwann cel l s ar e r epl at ed ont o bar e neur i t e gan-

gl i a, i t i s our i mpr essi on t hat onl y cel l s t hat est ab-

l i sh cont act wi t h t he neur i t es subsequent l y i ncor -

por at e t r i t i at ed t hymi di ne ; cel l s a shor t di st ance

away f r om t he neur i t es r emai n unl abel ed ( see f or

exampl e, Fi g. 6 a) .

A mor e r ecent appr oach t o t he st udy of cel l

i nt er act i ons has been t he use of i sol at ed mem-

br anes as a model f or t hese i nt er act i ons . For ex-

ampl e, cel l membr anes pr epar ed f or chi ck neur al

r et i na compet i t i vel y bl ocked, i n a st age and si t e

speci f i c manner , homot ypi c cel l aggr egat i on ( 21) .

I n anot her st udy t he nor mal devel opment al pat -

t emof t he sl i me mol d, Di ct yost el i um di scoi deum,

was al t er ed by t he addi t i on of pl asma membr anes

( 30) . Fi nal l y, i n a ser i es of st udi es whi ch compl e-

SALZER ET AL.

	

Sur f ace Local i zat i on of t he Neur i t e Mi t ogen 77 5

Addi t i ons

%

Exp I

Label ed nucl ei

Exp 2 Exp 3

None 1 . 56- 1 . 45 0. 26 0 . 12- 0. 20

I BMX 2 . 26- 1 . 71 ND 0 . 16- 0 . 07

Theophyl l i ne ND 0. 25- 0 0 . 05- 0. 01

Neur i t es 8 . 59- 11 . 47 2. 24- 1 . 67 3 . 34- 3 . 48

Neur i t es + I BMX 8 . 43- 7 . 21 2. 82- 3 . 88 1 . 29- 0 . 94

Neur i t es + t heo- ND 1 . 88- 1 . 49 1 . 21- 1 . 51



ment our own i t was f ound t hat pl asma mem-

br anes f r om3T3 cel l s i nhi bi t f i br obl ast pr ol i f er a-

t i on ; membr anes i sol at ed f r om t r ansf or med cel l s
( SV40 t r ansf or med 3T3 cel l s, SV3T3) whi ch do
not exhi bi t cont act i nhi bi t i on of gr owt h showed

l ower i nhi bi t or y act i vi t y when added t o 3T3 cel l s,

and SV3T3 cel l s di d not r espond t o t he addi t i on

of membr anes ( 40) . Recent wor k i ndi cat es t hat t he

membr anes can bi nd t o t he 3T3 f i br obl ast s i n a

sat ur abl e manner ( M. A. Li eber man and T . Wool -

sey, unpubl i shed obser vat i ons, summar i zed i n r ef -

er ence 6) . An ext r act f r om sol ubi l i zed membr anes

has been pr epar ed and shown t o i nhi bi t gr owt h i n

a manner t hat r esembl es t he act i vi t y of membr anes

( 41) .

We have f ound t hat st i mul at i on of Schwann cel l

pr ol i f er at i on by neur i t e membr anes i s hi ghl y spe-

ci f i c and pr ovi des a conveni ent model f or t he

i nt er act i on of Schwann cel l s wi t h neur i t es ( 27) .

We have al so f ai l ed t o obser ve any mi t ogeni c

act i vi t y associ at ed wi t h cyt osol - enr i ched f r act i ons .

Fur t her mor e, we have pr esent ed suggest i ve evi -

dence t hat st i mul at i on of Schwann cel l pr ol i f er a-

t i on by neur i t e membr anes i s i ndependent of

cAMP.

Our r esul t s di f f er somewhat f r omt hose r ecent l y

descr i bed f or a chi ck sympat het i c non- neur onal

cel l popul at i on. Hanson and Par t l ow ( 16) r epor t ed

t hat soni cat es or homogenat es of neur ons st i mu-

l at ed non- neur onal cel l di vi si on . However , t hei r

non- neur onal cel l s show a hi gher basal l evel of

pr ol i f er at i on and undoubt edl y r epr esent a mi xed

cel l popul at i on . Al so, i t i s uncl ear whet her t he

st i mul at i on i n t hese exper i ment s r esi des i n mem-

br ane f r agment s or i n cyt opl asm. Fi nal l y, t hi s

st i mul at or y act i vi t y has si gni f i cant heat st abi l i t y

and i s not compl et el y speci f i c si nce si mi l ar pr ep-

ar at i ons f r omnon- neur onal cel l s ar e st i mul at or y

( 15) .

Ther e ar e a number of par al l el s bet ween our

f i ndi ngs and st udi es on pancr eat i c epi t hel i al - mes-

enchymal i nt er act i on ( r evi ewed i n r ef er ence 28) ,

especi al l y st udi es on mesenchymal f act or . Par t i c-

ul at e f r act i ons f r om mesoder mal t i ssues but not

ot her t i ssues st i mul at e t he di f f er ent i at i on and di -

vi si on of pancr eat i c epi t hel i um ( 25) . Al so, t hi s

act i vi t y i s heat l abi l e and t r ypsi n sensi t i ve, and

coul d not be r epl aced by a var i et y of sol ubl e

mi t ogens ( 23) . Exper i ment s i n whi ch mesenchy-

mal f act or was coval ent l y l i nked t o Sephar ose

beads st r ongl y suggest ed t hat i t st i mul at ed pr ol i f -

er at i on by an i nt er act i on wi t h t he epi t hel i al cel l

membr ane ( 19) . I t may be, t her ef or e, t hat cel l - cel l
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i nt er act i ons cont r ol l i ng cel l pr ol i f er at i on dur i ng

devel opment ar e gener al l y medi at ed by sur f ace

pr ot ei ns .

Par t of t he evi dence f or t he sur f ace l ocal i zat i on

of t he neur i t e mi t ogen i s based on exper i ment s

wi t h ext er nal t r ypsi n. We have used a concent r a-

t i on of 0 . 05% t r ypsi n, whi ch i s a r el at i vel y l ar ge

quant i t y . I t i s i mpor t ant t o not e, however , t hat

cel l s ar e gr own on a col l agen subst r at e, and neu-

r i t es ar e t i ght l y packed t oget her i nt o f asci cl es so

t hat t her e i s a l ar ge amount of pr ot ei n i n each di sh

and t he membr anes may not be compl et el y acces-

si bl e t o t he medi um. We have not syst emat i cal l y

st udi ed t he ef f ect of di f f er ent concent r at i ons of

t r ypsi n on t he i nact i vat i on of t he mi t ogen, but

t her e i s a mor e compl et e i nact i vat i on of t he mi t o-
gen when NDRGs ar e i ncubat ed wi t h t r ypsi n f or

60 mi n ( r at her t han 30 mi n) , and t her e i s good

agr eement wi t h t he ki net i cs of [ 3 Hl f ucose r el ease .
These r esul t s suggest t hat , f or t hi s par t i cul ar t i ssue
cul t ur e syst em, we ar e j ust bel ow sat ur at i ng l evel s

of t r ypsi n . Al so, under t he condi t i ons of t r eat ment ,

neur i t es r emai n at t ached t o t he col l agen and show

nor mal vi abi l i t y, agai n suggest i ng t hat t he l evel of

t r ypsi n used i s not t oxi c .

The act i on of t r ypsi n i s l i kel y t o be conf i ned t o

t he cel l sur f ace. These r esul t s do not di st i ngui sh

whet her t he mi t ogeni c ef f ect i s caused by a si ngl e

pr ot ei n on t he neur i t e sur f ace, or whet her sever al

pr ot ei ns ar e r equi r ed f or t hi s ef f ect ( 42) . The st i m-

ul at i on of Schwann cel l s by neur i t es mi ght r equi r e

sever al sur f ace pr ot ei ns act i ng t oget her , and t hese

woul d al l be i nact i vat ed by t r ypsi n. Al t er nat i vel y,

i t i s possi bl e t hat t he mi t ogen i s not a pr ot ei n and

t hat t he act i on of t r ypsi n i s t o di sr upt t he gener al

ar chi t ect ur e of t he neur i t e membr ane, and i n t hi s

way anot her component such as a gl ycol i pi d i s

i ndi r ect l y af f ect ed . Heat t r eat ment s and al dehyde

f i xat i on coul d al so exer t t hei r ef f ect s i n t hi s man-
ner . Tr ypsi n mi ght el i mi nat e a component neces-

sar y f or t he nor mal cel l ul ar r ecogni t i on of neur i t es

by Schwann cel l s, and st i mul at i on mi ght be af -

f ect ed secondar i l y . For exampl e, Schwann cel l s do

not appear t o i nt er act wi t h t r ypsi n- t r eat ed neur i t es

or bi nd t r eat ed membr anes . I t i s l i kel y t hat bi ndi ng

of t he neur i t e membr anes i s necessar y f or t he

mi t ogeni c ef f ect of t he membr anes and t hat t he

ef f ect of t r ypsi n may be pr i mar i l y t o bl ock bi ndi ng

( and possi bl e i nt er nal i zat i on) and i n t hi s way abol -

i sh t he mi t ogeni c act i vi t y of t hese pr epar at i ons .

Resol ut i on of t hese al t er nat i ve i nt er pr et at i ons wi l l

r equi r e sol ubi l i zat i on and ul t i mat el y pur i f i cat i on

of t he mi t ogeni c act i vi t y; never t hel ess, t hey each



post ul at e a cr i t i cal r ol e f or t he neur i t e cel l sur f ace

i n t he mi t ogeni c st i mul at i on of Schwann cel l s .

Most cel l sur f ace pr ot ei ns appear t o be gl yco-

syl at ed ( 18) , and gl ycopr ot ei ns have been post u-

l at ed t o be i mpor t ant i n medi at i ng cel l - cel l i nt er -

act i ons ( 24) . For t hese r easons, we ar e pr esent l y

exami ni ng whet her t he mi t ogen i s a gl ycopr ot ei n .

I n pr el i mi nar y st udi es, i n whi ch neur i t e mem-

br anes wer e t r eat ed wi t h per i odat e, under condi -

t i ons i n whi ch car bohydr at es ar e known t o be

oxi di zed ( 10, 31) , t he mi t ogeni c ef f ect of t he neu-

r i t e membr anes was subst ant i al l y r educed . Our

st udi es al so suggest t hat t hi s t r eat ment i nact i vat ed

wheat ger m aggl ut i ni n ( WGA) bi ndi ng act i vi t y of

t he membr anes, wher eas addi t i on of gl ycer ol t o-

get her wi t h per i odat e pr ot ect ed bot h t he mi t ogeni c

and WGA- bi ndi ng act i vi t y of t he neur i t e mem-

br anes . These dat a suggest t hat t he mi t ogen may

i ndeed be a gl ycopr ot ei n . Fur t her wor k wi l l be

necessar y t o est abl i sh t hi s poi nt .

The neur i t e al so cont r ol s t he pr oduct i on of t he

basal l ami na' and myel i n ( 1, 29, 37) . I t wi l l be of

i nt er est t o det er mi ne whet her t he f act or t hat r eg-

ul at es myel i nat i on i s di st i nct f r om t he mi t ogeni c

si gnal . The abi l i t y of sympat het i c ner ve f i ber s t o

st i mul at e di vi si on and t hei r i nabi l i t y t o i nduce

myel i nat i on i s one of sever al si t uat i ons whi ch

suggest t hat t hese si gnal s ar e di ssoci abl e. We ar e

hopef ul t hat appr oaches si mi l ar t o t hose descr i bed

i n t hi s paper wi l l hel p el uci dat e whet her t he con-

t r ol of myel i n f or mat i on i s al so medi at ed by con-

t act bet ween t he axon and t he Schwann cel l .

We gr at ef ul l y acknowl edge numer ous t hought f ul di scus-
si ons wi t h Dr . Pat r i ck Wood, t he assi st ance of Mr s . A.
K. Wi l l i ams wi t h el ect r on mi cr oscopy, t he hel p of Dr .
G. Mi nt z who assayed wheat ger m l ect i n bi ndi ng, and

t he i nval uabl e secr et ar i al ski l l s of Mi ss Suzanne Wi nkl er
dur i ng t he pr epar at i on of t hese manuscr i pt s . Thi s wor k
was suppor t ed by gr ant s f r om t he Nat i onal I nst i t ut es of
Heal t h GM 18405 and NS- 09923, and t he Nat i onal
Sci ence Foundat i on BM- 77- 15972 . J . Sal zer was sup-
por t ed by t he Medi cal Sci ent i st Tr ai ni ng Gr ant TO- 5-
GM02016.
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