
Axonal Tr anspor t of t he Cyt opl asmi c Mat r i x

The Cyt opl asmi c Mat r i x i n Neur ons I s Speci al i zed

t o Suppor t t he El ongat e Shape of Neur i t es

The cyt opl asmi c mat r i x i s of t en hi ghl y speci al i zed, maki ng
i t possi bl e t o cl ear l y r el at e par t i cul ar aspect s of t he cyt opl asmi c
mat r i x t o t he speci al i zed f unct i ons of cel l s . For exampl e, i n
st r i at ed muscl e cel l s t he cont r act i l e component s of t he cyt o-
pl asmi c mat r i x domi nat e t he cel l st r uct ur al l y and f unct i on-
al l y . Neur ons ar e anot her exampl e of cel l s i n whi ch speci al i -
zat i ons of st r uct ur e and f unct i on can be cl ear l y r el at ed t o
par t i cul ar aspect s of t he cyt opl asmi c mat r i x ( 36, 37) . The
pr i mar y f unct i on of neur ons i s t o convey i nf or mat i on f r om
one l ocat i on i n t he or gani sm t o anot her . Pat hways f or i nf or -
mat i on t r ansf er i n t he ner vous syst em ar e pr ovi ded by spe-
ci al i zed neur onal ext ensi ons, t he axons and t he dendr i t es .
Axons, i n par t i cul ar , ar e speci al i zed t o convey i nf or mat i on
over ver y l ong di st ances, met er s i n some cases . Accor di ngl y,
i n t he axon t he cyt opl asmi c mat r i x i s speci al i zed t o gener at e
and suppor t t he ext r emel y el ongat e shape of t he axon dur i ng
devel opment , r egener at i on, and mat ur i t y .

To gener at e and mai nt ai n t he gr eat vol ume of cyt opl asm
wi t hi n t he axon, neur ons must pr oduce t r emendous amount s
of pr ot ei n ( 32) . Essent i al l y al l axonal pr ot ei ns ar e synt hesi zed
i n t he neur on cel l body and t hen conveyed i nt o t he axon by
axonal t r anspor t , whi ch pr ovi des a l i f el i ne f or t he axon and
i t s t er mi nus ( 25, 36) . Axonal t r anspor t i s a pr ocess t hat i s
i ni t i at ed when t he axon f i r st devel ops and t hat cont i nues
t hr oughout t he l i f e of t he neur on . To meet t he needs of l ar ge
ani mal s, whi ch r equi r e l ong axons, axonal t r anspor t has be-
come one of t he most hi ghl y devel oped mechani sms f or t he
i nt r acel l ul ar t r anspor t of mat er i al s i n met azoan cel l s .

St udi es of Axonal Tr anspor t wi t h Radi oi sot opes

Reveal Pr ocesses at t he Mi cr oscopi c Level

Al t hough axonal t r anspor t occur s on a scal e t hat i s pr oper l y
measur ed i n mi cr omet er s, i t i s possi bl e t o st udy i t by macr o-
scopi c met hods i n whi ch t he uni t used f or measur ement i s
t he mi l l i met er ( 12) . Axons ar e of t en gr ouped t oget her i n
par al l el bundl es, and i n l ong ner ves a bundl e of axons may
ext end f or 10 cm or mor e. Axonal t r anspor t can be st udi ed
i n t hese l ong axons by r adi oi sot opi c l abel i ng met hods .

St andar d r adi oi st opi c l abel i ng met hods can be empl oyed t o
st udy t he synt hesi s, t r anspor t , and met abol i sm of axonal
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cyt opl asmi c mat r i x pr ot ei ns ( 11, 32) . Label ed pr ecur sor s, such
as [ 35 S] met hi oni ne, ar e mi cr oi nj ect ed i n t he vi ci ni t y of t he
neur onal cel l bodi es, wher e t hey ar e r api dl y i ncor por at ed i nt o
neur onal pr ot ei ns, pr oduci ng a pul se of l abel i ng i n vi vo . I t
t hen i s possi bl e t o st udy t he pul se- l abel ed pr ot ei ns, whi ch ar e
sel ect i vel y t r anspor t ed i nt o t he axon, by r emovi ng t he ner ve
cont ai ni ng t he l abel ed axons and di vi di ng i t i nt o consecut i ve
1- t o 3- mmsegment s ( 1) . By t hi s met hod t he di st r i but i on of

l abel ed pr ot ei ns wi t hi n t he axons can be det er mi ned at var i ous
i nt er val s af t er l abel i ng ( see Fi g. 1) . Bi ochemi cal met hods can
t hen be used t o det ect speci f i c l abel ed pr ot ei ns i n t he ner ve
segment s . Thi s appr oach has pr ovi ded a r at her compl et e
pi ct ur e of t he ki net i cs of axonal t r anspor t ( Tabl e I ) .

The r at es of t r anspor t of t he r adi ol abel ed pr ot ei ns ar e
measur ed i n mi l l i met er s per day. However , t hese r at es r epr e-
sent t he aver age r at e of pr ocesses t hat occur at t he l evel of
mi cr omet er s per second . For exampl e, axonal t r anspor t of t he
pr ot ei ns of t he cyt opl asmi c mat r i x and f i br obl ast l ocomot i on
occur at about t he same r at e . When measur ed mi cr oscopi -
cal l y, t hi s r at e i s 0 . 01 um/ s . I n t he axonal t r anspor t exper i -
ment s t he r at e i s 1 mm/ d. I n l ong axons i t i s possi bl e t o
di st i ngui sh bet ween r at es of t r anspor t t hat di f f er by as l i t t l e as
0 . 1 mm/ d. When t r ansl at ed i nt o mi cr oscopi c t er ms, t hi s
means t hat i t i s possi bl e t o di st i ngui sh t wo pr ocesses t hat
di f f er i n t hei r aver age r at es by as l i t t l e as 0 . 001 j m/ s. Thus,
t he axonal t r anspor t par adi gmcan pr ovi de i nf or mat i on about
t he dynami c pr oper t i es of t he cyt opl asmi c mat r i x at a l evel of
r esol ut i on usual l y l i mi t ed t o mi cr oscopi c met hods .

Fast and Sl ow Axonal Tr anspor t

St udi es of t he t r anspor t of pr ot ei ns i n axons demonst r at e
t hat t r anspor t ed pr ot ei ns f al l i nt o t wo di st i nct cat egor i es on
t he basi s of t hei r r at es of t r anspor t ( 3, 25, 35) . One gr oup of
pr ot ei ns i s car r i ed by f ast axonal t r anspor t at r at es r angi ng
f r om 50 t o 400 mm/ d ( 0 . 5- 4 Am/ s) . The ot her gr oup i s
t r anspor t ed by sl owaxonal t r anspor t at r at es r angi ng f r om< 1
t o 5 mm/ d ( 0 . 01- 0 . 05 um/ s) . Fast and sl ow axonal t r anspor t
component s di f f er bi ochemi cal l y and cyt ol ogi cal l y . Fast ax-
onal t r anspor t conveys t he membr anous or ganel l es of t he
axopl asm, and sl owaxonal t r anspor t conveys t he component s
of t he cyt opl asmi c mat r i x ( Tabl e I ) .

FAST AXONAL TRANSPORT :

	

Al l pr ot ei ns car r i ed by f ast
axonal t r anspor t ar e component s of membr anous or ganel l es,
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such as smal l vesi cl es, secr et or y gr anul es, dense bodi es, mul -
t i vesi cul ar bodi es, and mi t ochondr i a ( 14) . The movement of
t hese membr anous or ganel l es can be obser ved di r ect l y wi t h
t he l i ght mi cr oscope, and t hei r r at e of movement cor r el at es
exact l y wi t h t hat pr edi ct ed f r omst udi es wi t h r adi oi sot opes ( 1,
13) . The membr anous or ganel l es move bi di r ect i onal l y i n t he
axon, ei t her or t hogr adel y f r omt he cel l body t owar d t he axon
t er mi nus or r et r ogr adel y f r omt he axon t er mi nus t owar d t he
cel l body . Al t hough i ndi vi dual membr anous par t i cl es can
move bi di r ect i onal l y, each par t i cl e has a pr ef er r ed di r ect i on.
For exampl e, vesi cl es t hat suppl y t he pr esynapt i c t r ansmi t t er
st r uct ur es move or t hogr adel y, and endocyt i c vesi cl es cont ai n-
i ng wor n- out pr ot ei ns f r om t he axon t er mi nus move r et r o-
gr adel y ( 14, 25) .

SLOW AXONAL TRANSPORT : Sl ow axonal t r anspor t
di f f er s f r omf ast axonal t r anspor t i n i t s r at e and t he mat er i al s
t r anspor t ed by i t ( 3, 35, 64) . No membr anous pr ot ei ns have
been det ect ed movi ng at t he sl ow r at es ( 61) . Conver sel y, no
pr ot ei ns of t he cyt opl asmi c mat r i x have been det ect ed movi ng
wi t h t he most r api dl y movi ng membr anous el ement s ( 58) .
Al l pr ot ei ns of t he cyt opl asmi c mat r i x, i ncl udi ng t he cyt o-
skel et al pr ot ei ns and t he sol ubl e pr ot ei ns of t he axon, move
by sl ow t r anspor t ( 11, 12) . Thi s segr egat i on of t he axonal l y
t r anspor t ed membr anous el ement s f r om t hose of t he cyt o-
pl asmi c mat r i x pr ovi des new i nsi ght s i nt o t he nor mal or
physi ol ogi cal associ at i ons bet ween t he pr ot ei ns of t he cyt o-
pl asmi c mat r i x and t he membr anous or ganel l es . Many of
t hese associ at i ons wer e not r eadi l y pr edi ct ed f r om pr evi ous
el ect r on mi cr oscope and bi ochemi cal st udi es of axons.

ACTI N AND CLATHRI N ARE TRANSPORTED BY SLOW

TRANSPORT AND NOT WI TH THE MEMBRANOUS ELE-

MENTS BY FAST AXONAL TRANSPORT : El ect r on mi cr o-
scope anal yses of i nt r acel l ul ar ar chi t ect ur e demonst r at e an
i nt i mat e associ at i on bet ween t he component s of t he cyt o-
pl asmi c mat r i x and t he membr anous or ganel l es ( 18) . Two
el ement s of t he cyt opl asmi c mat r i x i n par t i cul ar , t he act i n
mi cr of i l ament s and t he cl at hr i n basket s, appear t o have a
par t i cul ar l y cl ose associ at i on wi t h membr anous or ganel l es ( 2,
51) . However , st udi es of axonal t r anspor t have demonst r at ed
unequi vocal l y t hat nei t her act i n nor cl at hr i n i s car r i ed al ong

TABLE I

Rat e Component s of Axonal Tr anspor t and Cyt ol ogi cal St r uct ur es

St udi es on t he ki net i cs of i ndi vi dual pr ot ei ns i n axonal t r anspor t have l ed t o t he i dent i f i cat i on of a number of axonal pr ot ei ns and t he r at es at whi ch t hey move .

By l ooki ng at t he pr ot ei ns t hat move coher ent l y i n axonal t r anspor t , we can r el at e r at e component s of axonal t r anspor t t o t he composi t i on of speci f i c cyt ol ogi cal

st r uct ur es .
For gener al r evi ews on t he composi t i on and or gani zat i on of f ast axonal t r anspor t , see r ef er ences 3, 14, 25, 35, and 61 . For sl ow axonal t r anspor t , see

r ef er ences 3, 5, 11, 21, 25, 34, 35, and 37 . For t r anspor t of speci f i c pr ot ei ns, see sel ect ed r ef er ences : act i n ( 4, 6) , myosi nl i ke pr ot ei ns ( 63) , spect r i n ( f odr i n) ( 39) ,

neur of i l ament pr ot ei ns ( 30) , t ubul i n ( 8, 15, 59) , MAPs ( t au) ( 60) , cl at hr i n ( 20) , gr owt h- associ at ed pr ot ei ns ( GAPs) ( 3) , cal modul i n ( 10) , ner ve- speci f i c enol ase

( NSE) , and cr eat i ne ki nase ( CK) ( 9) .

wi t h t he r api dl y movi ng membr anous or ganel l es i n t he axon .
I nst ead, t hese pr ot ei ns ar e car r i ed excl usi vel y by sl ow axonal
t r anspor t ( 4, 20) . Thi s suggest s t hat t he i nt er act i ons bet ween
t hese cyt opl asmi c mat r i x pr ot ei ns and t he r api dl y movi ng
membr anous or ganel l es must be t r ansi ent . That i s, t he r api dl y
movi ng membr anous or ganel l es move t hr ough t he cyt o-
pl asmi c mat r i x wi t hout f or mi ng per manent associ at i ons wi t h
t he cyt oskel et on and wi t hout pi cki ng up any of t he cyt oskel -
et al pr ot ei ns as t hey move al ong .

These obser vat i ons ar e i nconsi st ent wi t h model s of axonal
t r anspor t t hat i nvoke cyt opl asmi c st r eami ng or bul k t r anspor t
of t he axopl asm ( 9, 11, 35) . I f membr anous or ganel l es i n t he
axopl asm wer e pr opel l ed by cyt opl asmi c st r eams, t hen sol ubl e
pr ot ei ns, whi ch ar e pr esent i n t he aqueous phase, woul d be
swept al ong i n t he st r eams t hat move t he membr anous or gan-
el l es. However , no sol ubl e pr ot ei ns or any ot her pr ot ei ns t hat
ar e component s of t he cyt opl asmi c mat r i x ar e car r i ed al ong
wi t h t he membr anous or ganel l es . I nst ead, t hese pr ot ei ns move
ent i r el y by sl ow axonal t r anspor t ( 9, 11) . Some smal l mol e-
cul es, such as ami no aci ds, have been f ound movi ng by f ast
axonal t r anspor t , but t hey pr obabl y ar e cont ai ned wi t hi n t he
r api dl y t r anspor t ed membr anous vesi cl es ( 23) . Rat her t han
by cyt opl asmi c st r eami ng, i t seems l i kel y t hat t he membr a-
nous or ganel l es ar e moved t hr ough t he axopl asmby speci f i c
f or ce- gener at i ng st r uct ur es pr esent i n t he cyt opl asmi c mat r i x .
These f or ce- gener at i ng st r uct ur es, whi ch may i ncl ude act i n
and myosi n, pr obabl y act di r ect l y on t he membr anous or gan-
el l es i n cycl es of at t achment , cont r act i on, and det achment
( 14, 22) .

SCa AND SCb REPRESENT DI FFERENT STRUCTURAL

COMPARTMENTS I N THE CYTOPLASMI C MATRI X : The
membr anes of t he r api dl y t r anspor t ed or ganel l es act as a
nat ur al boundar y t hat pr event s mi xi ng of pr ot ei ns of t he
sl owl y t r anspor t ed cyt opl asmi c mat r i x wi t h t he r api dl y t r ans-
por t ed or ganel l es . However , t her e al so ar e ot her nat ur al
boundar i es wi t hi n t he axon t hat separ at e t he el ement s of t he
cyt opl asmi c mat r i x i nt o subcompar t ment s . I n st udi es on sl ow
axonal t r anspor t , t hese subcompar t ment s ar e di st i ngui shed
by t hei r coher ent r at es of movement . Two maj or r at e subcom-
ponent s of sl ow axonal t r anspor t have been st udi ed i n det ai l :
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Rat e component Rat e Pr ot ei n composi t i on Cyt ol ogi cal st r uct ur e

mm/ d

Fast 50- 400 Membr ane- associ at ed mat er i al s Membr anous or ganel l es

Cl r t hogr ade 200- 400 Na* - K` ATPase, t r ansmi t t er - associ at ed en- 50- nm t ubul ovesi cul ar st r uct ur es,

( 1- 3 um/ s) zymes, GAPS dense- cor e vesi cl es

Mi t ochondr i a 50- 100 F1 ATPase, a smal l amount of spect r i n Mi t ochondr i a

Ret r ogr ade 200 Lysosomal hydr ol ases, NGF, and ot her Pr el ysosomal st r uct ur es ( mul t i vesi cul ar

mat er i al s obt ai ned by endocyt osi s and mul t i l amel l ar bodi es)

Sl ow 0 . 2- 8 Cyt oskel et al and associ at ed pr ot ei ns Cyt omat r i x

SCb 2- 8 Act i n, cl at hr i n, spect r i n, myosi nl i ke pr o- Mi cr of i l ament s, cl at hr i n compl ex, met -

t ei ns, NSE, CK, cal modul i n, al dol ase, abol i c enzyme compl ex, car r i er

pyr uvat e ki nase compl ex ( ?)

SCa 0 . 2- 1 Tubul i n, neur of i l ament t r i pl et , t au pr o- Mi cr ot ubul e- neur of i l ament net wor k

( 0 . 002- 0 . 01 Am/ s) t ei ns, spect r i n



sl ow component a ( SCa) ' and sl ow component b ( SCb) ( 5,
11) .

I n Fi g. l , t he sl owl y t r anspor t ed pr ot ei ns ar e shown as t wo
separ at e and di st i nct waves of r adi oact i vi t y, SCa and SCb .
SCa, whi ch i s t he sl ower of t he t wo movi ng waves, i s t r ans-
por t ed at r at es of about 1 mm/ d . SCb gener al l y moves f i ve t o
t en t i mes f ast er t han SCa . Si mpl e di f f usi on cannot account
f or t he coher ent movement of t he pr ot ei ns compr i si ng t he
t wo di f f er ent SCa and SCb waves ( 11) . I n r adi oi sot opi c l abel -
i ng exper i ment s, di f f usi on of pr ot ei ns f r om t he cel l bodi es
woul d appear as an exponent i al l y decl i ni ng cur ve ext endi ng
out al ong t he axons . However , t he l abel ed pr ot ei ns i n bot h
SCa and SCb ar e di st r i but ed as separ at e waves t hat move
uni di r ect i onal l y away f r om t he cel l body. The separ at i on
bet ween t he waves i ncr eases wi t h t i me because t hey move at
di f f er ent r at es .

Anal yses of t he pr ot ei ns cont ai ned wi t hi n t hese waves by
t wo- di mensi onal pol yacr yl ami de gel el ect r ophor esi s ( 2D
PAGE) demonst r at e t hat t he pat t er ns of pr ot ei ns i n SCa and
SCb di f f er gr eat l y ( Fi g . 2) . SCa has a r el at i vel y si mpl e pr ot ei n
composi t i on . By cont r ast , SCb has an ext r emel y compl ex
composi t i on, and mor e t han 200 pol ypept i des can be r e-
sol ved . Anot her i mpor t ant f eat ur e t hat di st i ngui shes SCa and
SCb i s t hat each t r anspor t component cont ai ns pr ot ei ns t hat
can be consi der ed speci f i c ei t her t o SCa or SCb . I n f act , onl y
a f ew pr ot ei ns ar e t r anspor t ed coor di nat el y wi t h bot h SCa
and SCb . '

SCa consi st s pr i nci pal l y of t ubul i n and t he neur of i l ament
pr ot ei ns . Cer t ai n t au pr ot ei ns, whi ch ar e a speci al i zed subset
of mi cr ot ubul e- associ at ed pr ot ei ns ( MAPS) and br ai n spect r i n
( f odr i n) , ar e al so f ound i n SCa ( Tabl e I and Fi g . 2) . Except
f or br ai n spect r i n, none of t hese SCa pr ot ei ns i s r epr esent ed
i n SCb. I n cont r ast , SCb cont ai ns act i n, cl at hr i n, cal modul i n,
spect r i n, and a var i et y of met abol i c enzymes, such as enol ase,
al dol ase, and cr eat i ne phosphoki nase ( Tabl e I and Fi g. 2) .
Most of t hese SCb pr ot ei ns ar e not det ect abl e i n SCa. The
smal l number of SCb pr ot ei ns, such as act i n, pr esent i n SCa
r epr esent a t r ai l i ng component of t he SCb wave ( see Fi g. 5) .
Each of t he waves i n sl ow t r anspor t cor r esponds t o a di f f er ent
cl ass of pr ot ei ns t hat ar e associ at ed wi t h each ot her but r emai n
par t i t i oned f r om t he pr ot ei ns wi t hi n t he ot her wave . Thi s
i ndi cat es t hat t he SCa and SCb waves each cor r espond t o a
subcompar t ment i n t he cyt opl asmi c mat r i x ( 5) .

What i s t he st r uct ur al basi s of t he compar t ment al i zat i on of
t he pr ot ei ns of t he cyt opl asmi c mat r i x? I t seems t hat pr ot ei ns
of t he cyt opl asmi c mat r i x ar e compar t ment al i zed because of
t hei r af f i ni t y f or par t i cul ar st r uct ur es wi t hi n t he cyt opl asmi c
mat r i x ( 35, 61) . The SCb pr ot ei ns ei t her ar e i ncor por at ed i nt o
t hese st r uct ur es or bi nd t o t hei r sur f aces . I n t he axon, t he
cyt opl asmi c mat r i x cont ai ns t he cyt oskel et al pol ymer s ( mi -
cr ot ubul es, neur of i l ament s, mi cr of i l ament s) and a var i et y of
l ess def i ned gr anul of i l ament ous st r uct ur es t hat ar e or gani zed

' Abbr evi at i ons used i n t hi s paper : 2D PAGE, t wo- di mensi onal pol y-
acr yl ami de gel el ect r ophor esi s ; I DPN, , B- i mi nodi pr opr i oni t r i l e ;
MAPs, mi cr ot ubul e- associ at ed pr ot ei ns ; SCa, sl ow component a;
SCb, sl ow component b.
' The anal yses of SCa and SCb pr esent ed i n t hi s paper f ocus pr i mar i l y
on one set of neur ons, t he r et i nal gangl i on cel l s of adul t mammal s .
I n t hese neur ons, SCa and SCb ar e compl et el y separ at e, per mi t t i ng
t he st r uct ur al subcompl exes i n SCa and SCb t o be di st i ngui shed by
t hei r r at es of movement . I n some ot her neur ons, t he SOand SCb

waves ar e much br oader and t end t o over l ap, causi ng t he di st i nct i on
bet ween SCa and SCb t o be bl ur r ed ( 30, 46, 66) .
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The movement of sl owl y t r anspor t ed pr ot ei ns i s i l l us-
t r at ed i n axons of gui nea pi g phr eni c ner ves . These dat a demon-
st r at e t he or der l y pr ogr essi on of t he SCa wave i n phr eni c axons

over 2 mont hs . The SCa wave does not spr ead as i t pr ogr esses
al ong t he axons . A mi xt ur e of [ 3 H] l ysi ne and pr ol i ne was i nj ect ed
i nt o t he cer vi cal spi nal cor d t o l abel t he phr eni c mot or neur ons .

Then t he di st r i but i on of sl owl y t r anspor t ed pr ot ei ns was measur ed

by t he anal ysi s of consecut i ve 3- mmsegment s of t he phr eni c ner ve .
Tr anspor t pr of i l es 16 ( a) , 32, and 64 d ( b) af t er i nj ect i on ar e shown .

At 16 d, bot h t he f ast er - movi ng SCb wave and t he sl ower - movi ng

SCa wave ar e appar ent . Lat er onl y t he SCa wave, whi ch r epr esent s

t ubul i n and neur of i l ament pr ot ei ns, i s seen . To mor e ef f ect i vel y

compar e t he di st r i but i ons of t he r adi oact i vi t y i n SCa at 32 and 64

d, t he dat a wer e nor mal i zed and pl ot t ed i n such a way t hat t he

peaks of t he waves coi nci de ( c) . Each poi nt i s t he mean of f i ve

det er mi nat i ons . The r esul t s ar e r epr oduced wi t h per mi ssi on f r om

M. Bl ack ( 6) .

by t he pr i mar y cyt oskel et al pol ymer s ( 20, 55) . Anal ysi s of t he
axonal t r anspor t of t he cyt opl asmi c mat r i x pr ot ei ns has pr o-
vi ded us wi t h a r easonabl y det ai l ed under st andi ng of t he
dynami cs of t hei r associ at i on wi t h t he st r uct ur al el ement s i n
t he axopl asm.

St r uct ur al Hypot hesi s of Axonal Tr anspor t

The possi bi l i t y t hat cyt opl asmi c mat r i x pr ot ei ns move i n
t he f or m of pol ymer s and/ or supr amol ecul ar compl exes f ol -
l ows f r om t he st r uct ur al hypot hesi s of axonal t r anspor t ( 33,
35, 61 ) . Thi s hypot hesi s hol ds t hat pr ot ei ns ar e act i vel y t r ans-
por t ed i n t he axon ei t her as an i nt egr al par t of a movi ng
cyt ol ogi cal st r uct ur e or i n l ong- t er m associ at i on wi t h t hese
st r uct ur es . For r evi ews of st udi es deal i ng wi t h t hi s hypot hesi s,
see Lasek ( 34, 37) , Br ady and Lasek ( 11, 12) , Lasek and Br ady
( 35) , and Tyt el l et al . ( 61) . These st udi es cor r el at e SCa and
SCb wi t h di f f er ent cyt ol ogi cal st r uct ur es and demonst r at e t hat
each of t hese st r uct ur es must have speci f i c af f i ni t i es f or par -
t i cul ar axonal pr ot ei ns. The t est of any hypot hesi s i s t hat i t i s
pr edi ct i ve and t hat t he pr edi ct i ons gener at ed ar e t est abl e . I n
t he f ol l owi ng sect i on we pr ovi de exampl es of some of t he
t est abl e pr edi ct i ons t hat have been made f r omt he st r uct ur al
hypot hesi s .

SPECI FI C PREDI CTI ONS OF THE STRUCTURAL HY-

POTHESI S: The st r uct ur al hypot hesi s pr edi ct s t hat pr ot ei ns
t hat ar e st abl y associ at ed dur i ng t hei r t r ansi t wi t hi n t he axon
have an equal l y st abl e st r uct ur al count er par t i n t he axon . Thi s
pr edi ct i on can be t est ed f or any set of pr ot ei ns t hat have
coor di nat e t r anspor t ki net i cs by anal yzi ng t he composi t i on of
st r uct ur es i n t he axon . I f t he hypot hesi s i s cor r ect , t hen i t
shoul d be possi bl e t o i dent i f y a st abl e axonal st r uct ur e wi t h
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2D PAGE of t he sl ow component s of axonal t r anspor t . Fl uor ogr aphs showi ng t he maj or pol ypept i des of opt i c ner ve
r esol ved i n 2D PAGE af t er l abel i ng of t he r et i na wi t h [ " Sj met hi oni ne wi t h an i nj ect i on sacr i f i ce i nt er val of 40 ( SCa) or 6 d ( SCb) .
Compar abl e segment s of opt i c ner ve wer e anal yzed and pr ocessed i dent i cal l y . The maj or i dent i f i ed pr ot ei ns ar e i ndi cat ed f or
each r at e component . SCa i ncl udes neur of i l ament pr ot ei ns ( n6, t ubul i n ( T; a and 0 i ndi cat e al pha and bet a subuni t s) , MAPS ( m) ,

br ai n spect r i n ( f odr i n) ( s) , and a smal l amount of act i n ( a) t r ai l i ng behi nd t he SCb wave . SCb i ncl udes many mor e pol ypept i des,
but onl y a f ew have been i dent i f i ed . These ar e act i n ( a) , cal modul i n ( ca) , ner ve- speci f i c enol ase ( 9e) , cr eat i ne ki nase ( ck) , cl at hr i n
( cl ) , and spect r i n ( s) . I n addi t i on, t wo enzymes have been i dent i f i ed t hat ar e r el at i vel y basi c pr ot ei ns and ar e not r esol ved on
st andar d t wo- di mensi onal gel s, al dol ase ( al ) and pyr uvat e ki nase ( p) . The pol ypept i de compl ex i ndi cat ed by t he number 70 has
not yet been i dent i f i ed . I t i s ver y st r ongl y l abel ed wi t h [ " Sj met hi oni ne i n SCb but does not t r ai l i nt o SCa si gni f i cant l y ( see SCa

f l uor ogr aph) .

t he same composi t i on as t hat pr edi ct ed by t he axonal t r ans-
por t ki net i cs . Hof f man and Lasek ( 30) pr ovi ded t he f i r st
successf ul appl i cat i on of t hi s hypot hesi s when t hey deduced
t he composi t i on of t he neur of i l ament s f r omst udi es of axonal
t r anspor t . They demonst r at ed t hat SCa cont ai ns t hr ee pr o-
t ei ns, t he t r i pl et , whi ch move coor di nat el y i n t he axon. They
pr oposed t hat t he t r i pl et pr ot ei ns ar e t he subuni t s of t he
neur of i l ament s . Thi s pr oposal was made on t he basi s of
sever al f act or s, i ncl udi ng t he t r anspor t ki net i cs and t he abun-
dance of t he t r i pl et pr ot ei ns i n t he axons. At t he t i me of t hi s
pr oposal , t he composi t i on of neur of i l ament s was unknown,
and t he t r i pl et pr ot ei ns had not been pr evi ousl y r epor t ed i n
t he l i t er at ur e. Subsequent r esear ch pr oved t hat t he t r i pl et
pr ot ei ns ar e t he subuni t s of neur of i l ament s ( 40, 67) .

I n a r ever se appl i cat i on, t he st r uct ur al hypot hesi s has al so
been usef ul i n pr edi ct i ng t he t r anspor t pr oper t i es of pr ot ei ns
f r om knowl edge of t he composi t i on of char act er i zed axonal
st r uct ur es. I f t he composi t i on of an axonal st r uct ur e i s known,
t he st r uct ur al hypot hesi s pr edi ct s t hat al l of t he pr ot ei ns t hat
ar e st abl y associ at ed wi t h t hat st r uct ur e wi l l move coor di -
nat el y i n t he axon . Thi s pr edi ct i on has been t est ed i n mi cr o-
t ubul es . For exampl e, mi cr ot ubul es consi st of t ubul i n and
MAPs, and t he MAPs bi nd t i ght l y t o mi cr ot ubul es but not t o
monomer i c t ubul i n ( 24) . The st r uct ur al hypot hesi s pr edi ct s

t hat MAPs wi l l move coor di nat el y wi t h t ubul i n i n t he axon
i f t he t ubul i n moves i n t he f or mof mi cr ot ubul es . Tyt el l et al .
( 60) t est ed t hi s pr edi ct i on and f ound t hat t ubul i n and one set
of MAPs, t he t au pr ot ei ns, ar e t r anspor t ed coor di nat el y i n
r et i nal gangl i on cel l s ( see Fi g . 2) . Thi s suggest s t hat t ubul i n
and t au pr ot ei ns ar e t r anspor t ed as component par t s of mi -
cr ot ubul es and pr ovi des suppor t f or t he val i di t y of t he st r uc-
t ur al hypot hesi s . These obser vat i ons al so suggest t hat t au
pr ot ei ns ar e t he most abundant MAPs on t he mi cr ot ubul es
of r et i nal gangl i on cel l axons . The axonal t r anspor t st udi es
i ndi cat e t hat MAP 1 and MAP 2 ar e pr esent i n much smal l er
amount s t han t he t au pr ot ei ns i n t hese axons . Thi s i s consi st -
ent wi t h i mmunocyt ochemi cal st udi es t hat demonst r at e t hat
MAP 2 i s much mor e abundant i n dendr i t es t han axons ( 7,
42, 62) .

We have demonst r at ed t hat i t i s possi bl e t o make speci f i c
pr edi ct i ons based on t he st r uct ur al hypot hesi s. Fur t her mor e,
when t hese pr edi ct i ons have been t est ed t hey have been f ound
t o be accur at e . Al t hough t he hypot hesi s must under go f ur t her
anal ysi s, our exper i ence suggest s t hat i t can pr ovi de a t heo-
r et i cal f r amewor k f or under st andi ng how t he mul t i pl i ci t y of
st r uct ur es t hat compr i se t he cyt opl asmi c mat r i x move i n
neur ons and i n ot her cel l s . One of t he i mpor t ant aspect s of
t he st r uct ur al hypot hesi s i s t hat i t cal l s at t ent i on t o t he st r uc-
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t ur al r el at i onshi ps of t he t r anspor t ed pr ot ei ns- i . e. , t o t hei r
associ at i ons wi t h speci f i c bi ndi ng si t es on st r uct ur es of i nt er est
t o cel l bi ol ogi st s- r at her t han t o t he i ndi vi dual pr ot ei ns t hem-
sel ves . Consequent l y, as conf i dence i n t he hypot hesi s has
gr own i t has become i ncr easi ngl y cl ear t hat cyt ol ogi cal st r uc-
t ur es, not i ndi vi dual pr ot ei ns, ar e t he bi ol ogi cal l y r el evant
uni t s of axonal t r anspor t .

STRUCTURAL COUNTERPARTS OF SLOW AXONAL

TRANSPORT: Tabl e I pr ovi des a l i st of st r uct ur es t hat may
cor r espond t o axonal l y t r anspor t ed pr ot ei ns i n t he axon . I t
shoul d be not ed t hat t he degr ee of conf i dence whi ch shoul d
be at t ached t o t he st r uct ur al r el at i onshi p i n t hi s l i st var i es .
For exampl e, i t has been di r ect l y demonst r at ed t hat t he
r api dl y t r anspor t ed pr ot ei ns ar e conveyed i n t he membr anous
el ement s whi ch ar e i ncl uded i n Tabl e I ( 14, 25) . The evi dence
suppor t i ng t he pr oposal t hat neur of i l ament pr ot ei ns, t ubul i n
and act i n, ar e t r anspor t ed i n t he f or m of pol ymer s i n SCa
r emai ns i ndi r ect but r easonabl y st r ong ( 5, 11, 32, 60) . We ar e
l ess cer t ai n about t he cyt ol ogi cal count er par t of many of t he
SCb pr ot ei ns ( 9- 11, 21) .

SCb i s f ar mor e het er ogeneous i n i t s composi t i on t han SCa
( Fi g. 2) , suggest i ng t hat t he SCb pr ot ei ns compr i se an equal l y
het er ogeneous set of st r uct ur es . The mi cr of i l ament s ar e pr ob-
abl y one i mpor t ant set of st r uct ur es t hat cont r i but e t o t he
or gani zat i on of t he SCb pr ot ei ns, but t her e must be ot her s.
Recent el ect r on mi cr oscope st udi es have i dent i f i ed a gr anu-
l of i l ament ous mat r i x i n t he axon t hat coul d encompass t he
het er ogeneous const el l at i on of pr ot ei ns t hat i s pr esent i n SCb
( 20, 55) . These st r uct ur es ar e di st r i but ed i n t wo l ocat i ons .
One set of gr anul of i l ament ous el ement s i s associ at ed wi t h t he
cor t i cal r egi on of t he axon under l yi ng t he pl asma membr ane,
t he ot her wi t h t he mi cr ot ubul e domai ns ( 20, 28, 55) .

Axonal Tr anspor t Ki net i cs Pr ovi de I nf or mat i on

about t he Associ at i ons bet ween Pr ot ei ns and

St r uct ur es i n t he Axon

The cor r el at i on of par t i cul ar st r uct ur es wi t h SCa and SCb
per mi t s us t o ext r act i nf or mat i on about t he r el at i ve move-
ment s of t hese st r uct ur es wi t hi n t he axon ( 34) . That i s, t he
axonal t r anspor t par adi gm pr ovi des an assay f or t he r el at i ve
st r engt h of associ at i ons among st r uct ur es wi t hi n t he cyt o-
pl asmi c mat r i x ( 10, 12) . I f t he associ at i ons ar e r el at i vel y st abl e,
t he st r uct ur es move coor di nat el y as a si ngl e wave i n t he axon .
I n cont r ast , i f t he associ at i ons ar e t r ansi ent , t he st r uct ur es can
move separ at el y and f or ma separ at e t r anspor t wave ( 5) . For
exampl e, t he mi cr of i l ament s t r anspor t ed i n SCb must move
separ at el y and mor e r api dl y t han t he mi cr ot ubul es and neu-
r of i l ament s i n SCa, because SCa and SCb move separ at el y i n
t he axon ( 4) . Al t hough mi cr of i l ament s pr obabl y i nt er act wi t h
t he mi cr ot ubul es and neur of i l ament s, t hese i nt er act i ons must
be r el at i vel y t r ansi ent compar ed wi t h t he i nt er act i ons bet ween
t he mi cr ot ubul es and t he neur of i l ament s, whi ch move t o-
get her i n t he axon ( 5, 11, 34) .

Wher eas t he separ at i on bet ween t r anspor t waves can be
r el at ed t o t he st r engt h of associ at i ons bet ween movi ng st r uc-
t ur es i n t he axon ( 34) , changes i n t he shapes of t he waves
may pr ovi de i nf or mat i on about t he associ at i ons bet ween pr o-
t ei ns and st r uct ur es t hat ar e t r anspor t ed i n t he waves ( 21) .
The st r engt h of t he associ at i ons bet ween pr ot ei ns and axonal
st r uct ur es r anges f r om ext r emel y st r ong bonds, whi ch ar e
ef f ect i vel y nondi ssoci abl e, t o r el at i vel y weak bonds, whi ch
r eadi l y di ssoci at e . Pr ot ei ns t hat have st r ong af f i ni t i es f or ax-
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onal st r uct ur es ar e gener al l y cl assed as i nsol ubl e . I n cont r ast ,
pr ot ei ns t hat have weak af f i ni t i es f or st r uct ur es i n t he axon
can r eadi l y ent er t he aqueous phase and ar e cl assed as sol ubl e .
By anal yzi ng t he det ai l ed wave shapes of axonal y t r anspor t ed
pr ot ei ns i t i s possi bl e t o compar e t he r el at i ve af f i ni t i es bet ween
t hese pr ot ei ns and t he t r anspor t ed st r uct ur es. I t i s not ewor t hy
t hat t he i nf or mat i on obt ai ned i n t hese anal yses r ef l ect s t he
associ at i ons bet ween pr ot ei ns and st r uct ur es under physi ol og-
i cal condi t i ons i n si t u ( 34) .

Axonal Tr anspor t of SCa : Axonal Cyt oskel et al

Pr ot ei ns Ar e I ncor por at ed i nt o St abl e Pol ymer s

That St abi l i ze t he Axonal Cyt opl asmi c Mat r i x

NEUROFI LAMENT PROTEI NS EXEMPLI FY PROTEI NS

THAT ARE STABLY ASSOCI ATED WI TH A TRANSPORTED

STRUCTURE : The neur of i l ament pr ot ei ns have been par -
t i cul ar l y usef ul f or under st andi ng t he r el at i onshi p bet ween
axonal t r anspor t ki net i cs and t he st r uct ur al associ at i ons of
pr ot ei ns . I n axons, t he neur of i l ament pr ot ei ns ar e st abl y
assembl ed i nt o neur of i l ament s and t her e i s l i t t l e, i f any,
di f usi bl e monomer ( 38, 47, 48) . Thus, t he neur of i l ament
pr ot ei ns exempl i f y t he subset of axonal pr ot ei ns t hat have an
ext r emel y hi gh af f i ni t y f or a t r anspor t ed st r uct ur e i n t he axon .

The t r anspor t ki net i cs of t he neur of i l ament s i s r el at i vel y
si mpl e ( 5, 30) . Radi ol abel ed neur of i l ament pr ot ei ns move
al ong t he axon as a bel l - shaped wave t hat exhi bi t s t he same
pr oper t i es as t he SCa wave i l l ust r at ed i n Fi gs . 1 and 3 . Thi s
wave mai nt ai ns i t s shape as i t moves al ong t he axon and does
not l eave a t r ai l behi nd i t ( 32) . The shape of t he wave f or m
appar ent l y r ef l ect s t he var i ous st eps i n t he i ncor por at i on of
l abel ed pr ecur sor i nt o neur of i l ament s bef or e t hei r t r anspor t
i n t he axon . Once i n t he axon, t he neur of i l ament pr ot ei ns
move uni di r ect i onal l y t owar d t he t er mi nus, wher e t hey ar e
speci f i cal l y degr aded ( 32, 52) .

Neur of i l ament s have anot her pr oper t y t hat af f ect s t hei r
t r anspor t t hr ough t he axon . They ar e l i nked t o each ot her by
cr oss- br i dges and f or m a net wor k ( 43, 44) . The cr oss- br i dges
appar ent l y ar e dynami c ( i . e. , t hey can det ach f r om adj acent
neur of i l ament s and r eat t ach) ( 44, 45) . Despi t e t he dynami c
nat ur e of t he i ndi vi dual cr oss- br i dges, t he hundr eds or t hou-
sands of cr oss- br i dges t hat ar e l ocat ed al ong t he l engt h of t he
neur of i l ament s may r est r i ct t he capaci t y of neur of i l ament s t o
sl i de past each ot her . Thi s may expl ai n why t he l abel ed
neur of i l ament wave does not spr ead ver y much dur i ng t he

FI GURE 3 I l l ust r at i on of
t he ki net i cs of SCa and SCb
i n r at and gui nea pi g r et i nal
gangl i on cel l s ext r apol at ed
f r om r esul t s obt ai ned at a
number of i nt er val s af t er
sl owl y t r anspor t ed pr o-
t ei ns had been l abel ed i n
t hese cel l s . The di st r i bu-
t i on of r adi oact i vi t y i s
shown as i t woul d appear
i f t he opt i c ner ve and t r act

wer e 30 mml ong and t he ani mal wer e sacr i f i ced 12 d af t er i nj ect i on .
The i ndi vi dual pr ot ei ns wer e anal yzed by t he met hod descr i bed i n
Bl ack and Lasek ( 5) . The upper cur ve i s t he di st r i but i on of t ot al
t r anspor t ed r adi oact i vi t y i n SCa and SCb, and t he i ndi vi dual di st r i -
but i ons of neur of i l ament pr ot ei ns ( Nf p) , t ubul i n, and act i n ar e
not ed .

E

di st ance



l ong per i ods t hat i t t akes t he neur of i l ament s t o move over
di st ances of cent i met er s i n t he axon .

One of t he most i mpor t ant f unct i ons of neur of i l ament s i n
t he axon i s t hei r cont r i but i on t o t he st abi l i t y of t he cyt o-
pl asmi c mat r i x ( 34, 38, 47) . Neur of i l ament s pr ovi de st r uct ur al
st abi l i t y because t hey r emai n pol ymer i zed and because of
t hei r t endency t o f or m st abl e net wor ks ( 44) . Thi s may be an
exampl e of a l ar ge cl ass of mechani sms t hat mai nt ai n st abi l i t y
wi t hi n t he axonal cyt opl asmi c mat r i x . The t endency of t he
pr ot ei ns i n t he axon t o f or m st abl e st r uct ur es may be a speci al
adapt at i on r el at ed t o t he f act t hat st r uct ur es of t he cyt opl asmi c
mat r i x ar e i n t r ansi t f or mont hs and, i n some cases, f or year s.
St abl e bonds i n t he cyt opl asmi c mat r i x ensur e t hat t hese
st r uct ur es r et ai n t hei r i nt egr i t y dur i ng t hei r l ong j our ney f r om
t he cel l body t o t he axon t er mi nus .

STABLE MI CROTUBULES ADD STABI LI TY TO THE AX-

ONAL CYTOPLASMI C MATRI X : I n r et i nal gangl i on cel l s,
t ubul i n exhi bi t s axonal t r anspor t ki net i cs ver y si mi l ar t o t hose
of t he neur of i l ament pr ot ei n . The t ubul i n moves at t he same
r at e as t he neur of i l ament pr ot ei ns, suggest i ng t hat mi cr ot u-
bul es and neur of i l ament s move coor di nat el y ( Fi g. 3 and
r ef er ence 5) . Fur t her mor e, t he shapes of t he t ubul i n wave and
t he neur of i l ament wave ar e ver y si mi l ar . The si mi l ar i t y be-
t ween t he shapes of t he t ubul i n wave and t hat of t he i nsol ubl e
neur of i l ament pr ot ei ns suggest s t hat t ubul i n i s r el at i vel y st abl y
associ at ed wi t h t he t r anspor t ed mi cr ot ubul es. I n f act , bi o-
chemi cal anal yses of axonal l y t r anspor t ed t ubul i n i n r et i nal
gangl i on cel l s i ndi cat e t hat >60%of t he axonal l y t r anspor t ed
t ubul i n i s i nsol ubl e under condi t i ons t hat nor mal l y sol ubi l i ze
mi cr ot ubul es f r om br ai n ( 8, 15) . Fur t her mor e, t hi s col d-
i nsol ubl e t ubul i n appear s t o be i n t he f or m of mi cr ot ubul es
( 54) . The st abi l i t y of t he axonal t ubul i n i n t he col d- i nsol ubl e
mi cr ot ubul es may be due t o t he pr esence of an unusual
i sof or m of a- t ubul i n t hat i s bi ochemi cal l y di f f er ent f r om
sol ubl e br ai n a- t ubul i n ( 15) .

These obser vat i ons ar e consi st ent wi t h t he pr edi ct i on t hat
axonal l y t r anspor t ed t ubul i n i n r et i nal gangl i on cel l s i s pr i -
mar i l y i n t he f or m of mi cr ot ubul es and t hat t her e i s a r el a-
t i vel y smal l pool of t ubul i n i n t he aqueous phase of t hese
axons . Fur t her mor e, t he sur pr i si ng obser vat i on t hat most of
t he pol ymer i zed t ubul i n i n r et i nal gangl i on cel l s i s st abl y
pol ymer i zed r ei nf or ces our pr oposal t hat t he el ement s com-
pr i si ng t he cyt opl asmi c mat r i x of t he axon ar e ext r emel y
st abl e.

MI CROTUBULES AND NEUROFI LAMENTS FORM A

RELATI VELY STABLE NETWORK I N THE AXON: I n r et -
i nal gangl i on cel l s, t he l abel ed t ubul i n wave moves coor di -
nat el y wi t h t hat of t he l abel ed neur of i l ament pr ot ei ns, sug-
gest i ng t hat mi cr ot ubul es and neur of i l ament s move t oget her
i n t he axon ( Fi g . 3) . El ect r on mi cr oscope and bi ochemi cal
st udi es i ndi cat e t hat t hese t wo set s of st r uct ur es ar e l i nked by
cr oss- br i dges ( 53, 57) . Neur of i l ament s t end t o associ at e wi t h
ot her neur of i l ament s, and mi cr ot ubul es t end t o associ at e
pr ef er ent i al l y wi t h mi cr ot ubul es . However , t he neur of i l a-
ment s ar e al so l i nked t o t he mi cr ot ubul es i n t hose r egi ons
wher e t he di f f er ent pol ymer s l i e next t o each ot her .

The cr oss- br i dges bet ween t he l i near pol ymer s keep t hese
st r uct ur es al i gned so t hat t he pol ymer s f or m an or der ed
net wor k ( 18, 29) . Thi s net wor k has t wo i mpor t ant pr oper t i es :
i t def i nes t he shape of t he axon ( 44) and i t di r ect s t he move-
ment of par t i cl es so t hat t hey move par al l el t o t he l ong axi s
( 1, 13) . Cr ossl i nki ng bet ween t he el ement s of t he cyt opl asmi c
mat r i x al so pl ays an i mpor t ant r ol e i n t he t r ansl ocat i on of t he

cyt opl asmi c mat r i x . I t has been suggest ed t hat t he component s
of t he cyt opl asmi c mat r i x ar e moved by a f or ce- gener at i ng
syst emt hat i s an i nt egr al par t of t he cyt opl asmi c mat r i x wi t hi n
t he axon ( 3, 37) . The pr esence of act i n and a myosi nl i ke
pr ot ei n i n SCb suggest s t hat SCb cont ai ns t he f or ce- gener at i ng
st r uct ur e f or movement of t he cyt opl asmi c mat r i x ( 4, 63) . I f
t hi s i s t he case, t hen t he f or ce must be di st r i but ed f r om t he
mot i l e compl ex i n SCb t o t he ot her component s of t he
cyt opl asmi c mat r i x . The ext ensi ve syst em of cr oss- br i dges
bet ween t he mi cr ot ubul es and neur of i l ament s i s pr obabl y
i mpor t ant i n di st r i but i ng t hese f or ces f r om t he mot i l i t y st r uc-
t ur es t o t he component s i n t he net wor k ( 32) .

The cr oss- br i dges on t he neur of i l ament s and mi cr ot ubul es
consi st of di f f er ent pr ot ei ns. The neur of i l ament cr oss- br i dges
ar e f or med f r om r egi ons of t he neur of i l ament subuni t s t hat
ext end out f r om t he pr i mar y st r uct ur e of t he neur of i l ament
( 65) . I n par t i cul ar , t he 200, 000- dal t on subuni t of t he neur o-
f i l ament t r i pl et has been shown t o cont r i but e t o t hese cr oss-
br i dges. The cr oss- br i dges on mi cr ot ubul es consi st of t he
MAPS ( 24) . The composi t i on of t he MAPS i s di f f er ent i n
di f f er ent r egi ons of t he ner vous syst em ( 7, 42, 62 ; Br ady, S.
T. , unpubl i shed obser vat i ons) . I n r et i nal gangl i on cel l s t he
most abundant MAPS ar e t he t au pr ot ei ns ( 60 ; see al so Fi g.
2) . I n cont r ast , MAP 2 i s par t i cul ar l y abundant i n dendr i t es
and i s much l ess abundant i n axons ( 42, 60) . Di f f er ences i n
t he MAP composi t i on i n di f f er ent r egi ons of t he neur on and
i n di f f er ent neur ons may i nf l uence t he amount of cr ossl i nki ng
bet ween t he pol ymer s i n t he axon .

Compar i sons of t he axonal t r anspor t ki net i cs i n di f f er ent
neur ons suggest t hat t he amount of cr ossl i nki ng bet ween
neur of i l ament s and mi cr ot ubul es var i es subst ant i al l y . For
exampl e, i n r et i nal gangl i on cel l s t he t r anspor t di st r i but i ons
of t ubul i n and t he neur of i l ament pr ot ei ns ar e ver y si mi l ar ,
suggest i ng t hat t hese st r uct ur es ar e t i ght l y cr ossl i nked ( Fi g. 3) .
I n cont r ast , i n vent r al mot or neur ons and dor sal r oot gangl i on
cel l s, t ubul i n has a mor e compl ex di st r i but i on t han t he neu-
r of i l ament pr ot ei ns ( 30, 46) . I n t hese neur ons, most of t he
t ubul i n i s t r anspor t ed coor di nat el y wi t h t he neur of i l ament
pr ot ei ns, but a si gni f i cant f r act i on moves mor e r api dl y,
spr eadi ng t he wave or t hogr adel y t owar d SCb . Thi s mor e
r api dl y movi ng t ubul i n may r epr esent a di st i nct popul at i on
of mi cr ot ubul es composed of a di f f er ent set of i sof or ms t han
t he t ubul i n movi ng wi t h t he neur of i l ament s ( 59 ; Br ady, S. T. ,
and Obl i nger , unpubl i shed obser vat i ons) . The di f f er ences be-
t ween t hese t wo popul at i ons of mi cr ot ubul es may af f ect t hei r
af f i ni t y f or neur of i l ament s, wi t h t he r esul t t hat one popul at i on
i s mor e t i ght l y cr ossl i nked t o t he neur of i l ament s .

#, #' - I MI NODI PROPRI ONI TRI LE I NTERFERES WI TH

THE COORDI NATE MOVEMENT OF MI CROTUBULES AND

NEUROFI LAMENTS I N THE AXON: The i mpor t ance of
t he cr oss- br i dges bet ween mi cr ot ubul es and neur of i l ament s
f or t he coor di nat e movement of t hese st r uct ur es i s f ur t her
suppor t ed by st udi es wi t h phar macol ogi cal agent s t hat cause
segr egat i on of t he neur of i l ament s and mi cr ot ubul es . For ex-
ampl e, t he neur ot oxi n #, #' - i mi nodi pr opr i oni t r i l e ( I DPN)
causes t he neur of i l ament s and mi cr ot ubul es t o segr egat e ( 26,
27, 49) . The neur of i l ament s become l ocat ed al most excl u-
si vel y at t he per i met er of t he axon and t he mi cr ot ubul es ar e
l ocat ed at t he cent er of t he axon ( 49) . At appr opr i at e doses,
I DPN sel ect i vel y bl ocks movement of t he neur of i l ament s but
has ver y l i t t l e ef f ect on t he t r anspor t of t ubul i n and SCb
pr ot ei ns ( 26) . The neur of i l ament s accumul at e i n l ar ge masses
at t he pr oxi mal end of t he axon near t he cel l body ( 27) .
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Appar ent l y, neur of i l ament s can be t r anspor t ed f r om t he cel l
body i nt o t he axon but r equi r e an associ at i on wi t h t he mi cr o-
t ubul es t o cont i nue movi ng wi t hi n t he axon.

SPECTRI N CROSSLI NKS STRUCTURES I N BOTH SCa
AND SCb : Br ai n spect r i n ( f odr i n) may be a par t i cul ar l y
i mpor t ant cr ossl i nki ng component i n t he cyt opl asmi c mat r i x
of t he axon . Spect r i n has unusual t r anspor t ki net i cs because
i t i s di st r i but ed i n many di f f er ent r at e component s ( 3, 39) . A
smal l amount of i t moves i n t he axon at r at es as f ast as 50
mm/ d, whi ch woul d pl ace i t i n associ at i on wi t h t he membr a-
nous el ement s . The bul k of t he spect r i n moves by sl ow
t r anspor t and i s di st r i but ed bet ween SCa and SCb, suggest i ng
t hat spect r i n has a hi gh af f i ni t y f or st r uct ur es i n bot h SCa and
SCb ( 39) . I t i s not sur pr i si ng t hat spect r i n i s i n SCb, because
act i n mi cr of i l ament s ar e maj or component s of SCb and spec-
t r i n bi nds t o mi cr of i l ament s . However , mor e spect r i n moves
i n SCa t han i n SCb ( 39) .

The coor di nat e t r anspor t of spect r i n wi t h SCa suggest s t hat
spect r i n makes st abl e associ at i ons wi t h st r uct ur es t r anspor t ed
i n SCa ( i . e . , mi cr ot ubul es or neur of i l ament s) . Thi s possi bi l i t y
was unexpect ed because neur of i l ament s and mi cr ot ubul es ar e
di st r i but ed uni f or ml y t hr ough t he cr oss sect i on of t he axon,
and i mmunocyt ochemi cal st udi es have suggest ed t hat spect r i n
i s pr esent pr i mar i l y beneat h t he pl asma membr ane ( 39) . The
appar ent i nconsi st ency bet ween t he axonal t r anspor t r esul t s
and t he i mmunocyt ochemi cal r esul t s has r ecent l y been r e-
sol ved . When spect r i n i s i nj ect ed i nt o cel l s i t becomes con-
cent r at ed i n t he r egi ons cont ai ni ng i nt er medi at e f i l ament s,
suggest i ng t hat i t bi nds t o t he i nt er medi at e f i l ament s ( 16) .
Quant i t at i ve anal yses of t he di st r i but i on of spect r i n i n t he
squi d gi ant axon i ndi cat e t hat most of t he axonal spect r i n
( - 80%) i s pr esent i n t he cent r al axopl asm and t hat t he r e-
mai nder i s l ocat ed i n t he cor t ex ( Fat h, K. , and R. J . Lasek,
unpubl i shed obser vat i ons) . These r esul t s i ndi cat e t hat , al -
t hough spect r i n i s concent r at ed i n t he cor t i cal axopl asm, most
of i t i s mor e wi del y di st r i but ed t hr oughout t he axopl asm. Thi s
obser vat i on poi nt s up t he l i mi t at i ons of i mmunocyt ochemi cal
met hods, whi ch t end t o f ocus at t ent i on on hi ghl y concen-
t r at ed ant i gens whi l e deemphasi zi ng l ess concent r at ed ant i -
gens t hat may be mor e abundant . Fur t her mor e, t hese obser -
vat i ons pr ovi de anot her exampl e of howaxonal t r anspor t can
pr ovi de novel i nsi ght s i nt o t he st r uct ur al associ at i ons bet ween
pr ot ei ns and t he cyt opl asmi c mat r i x .

Axonal Tr anspor t of SCb : Pr ot ei ns That Act i vel y

Exchange bet ween t he Cyt opl asmi c Mat r i x and

t he Aqueous Phase

The t r anspor t of i nsol ubl e pr ot ei ns such as neur of i l ament
pr ot ei ns i s not compl i cat ed by t he st ochast i c event s t hat occur
when pr ot ei ns ar e f r ee t o ent er t he aqueous phase of t he
axopl asm. However , many pr ot ei ns of t he cyt opl asmi c mat r i x
have a l ar ge sol ubl e component ( 9, 10, 21) . These pr ot ei ns
exi st i n equi l i br i um bet ween t he aqueous phase and bi ndi ng
si t es l ocat ed i n t he cyt opl asmi c mat r i x . When t hey ar e i n t he
aqueous phase, t hey ar e subj ect t o di f f usi on and pot ent i al
i nt er act i ons wi t h ot her st r uct ur es i n t he axon . These i nt er ac-
t i ons t end t o r et ar d t he movement of t he pr ot ei ns, wi t h t he
r esul t t hat t he di f f usi bl e pr ot ei ns f al l behi nd t he st r uct ur e t hat
conveys t hemt hr ough t he axon ( 21) .

Many of t he pr ot ei ns of SCb ar e sol ubl e . For exampl e,
sol ubl e enzymes of i nt er medi ar y met abol i smhave been i den-
t i f i ed among t he pr ot ei ns of SCb ( e . g . , enol ase, cr eat i ne phos-
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phoki nase, al dol ase, pyr uvat e ki nase) , and i t seems l i kel y t hat
many of t he uni dent i f i ed pr ot ei ns i n SCb cor r espond t o t he
component s of t he pat hways of i nt er medi ar y met abol i sm ( 9,
11) . Al t hough many of t he pr ot ei ns of SCb ar e sol ubl e, al l ar e
not . Pr ot ei ns such as cl at hr i n and spect r i n ar e gener al l y con-
si der ed t o be bound wi t hi n t he cyt opl asm and not f r ee t o
di f f use i nt o t he aqueous phase ( 20, 39) . Thus, any model of
t he t r anspor t of t he pr ot ei ns i n SCb must expl ai n howpr ot ei ns
t hat ar e st abl y associ at ed wi t h t he cyt opl asmi c mat r i x move
coor di nat el y wi t h pr ot ei ns t hat can exchange wi t h t he aqueous
phase .

SCB CONTAI NS A CARRI ER STRUCTURE THAT OR-

GANI ZES THE SOLUBLE PROTEI NS OF THE AXO-

PL ASM:

	

Car ef ul anal ysi s of t he ki net i cs of 20 di f f er ent SCb
pr ot ei ns demonst r at es t hat t hese pr ot ei ns exhi bi t a gr eat deal
of coher ence i n t he f r ont of t he axonal l y t r anspor t ed wave as
i t advances al ong t he axon ( Fi g . 4) . Thi s f r ont r epr esent s t he
aver age maxi mumr at e at whi ch each of t he l abel ed pr ot ei ns
moves wi t hi n t he axon ( 21) . The behavi or of t he SCb pr ot ei ns
suggest s t hat t hey ar e t r anspor t ed by a common car r i er st r uc-
t ur e . However , most of t he SCb pr ot ei ns appear t o associ at e
and di ssoci at e f r omt he car r i er st r uct ur e as i t moves t hr ough
t he axon . These pr ot ei ns have an assymet r i c t r anspor t wave.
For exampl e, act i n has a ver y br oad di st r i but i on and a l ong
t ai l t hat f ol l ows t he movi ng wave ( Fi g . 5) .

The assymet r y of t he wave f or mexhi bi t ed by pr ot ei ns such
as act i n suggest s t hat t he t r anspor t of t hese pr ot ei ns i s i nf l u-
enced by f or ces t hat r et ar d t hei r movement i n t he or t hogr ade
di r ect i on ( 21) . Thi s ef f ect i s expect ed i f a r el at i vel y l ar ge
pr opor t i on of t hese pr ot ei ns i s i n t he aqueous phase and i f
t hese pr ot ei ns can exchange wi t h t he pr ot ei ns t hat bi nd t o t he
movi ng car r i er st r uct ur e . Act i n has exact l y t hese pr oper t i es .
I n t he squi d gi ant axon, 50%of t he axopl asmi c act i n i s i n t he

FI GURE 4 The di st r i but i on of r adi oact i vi t y cur ves 4 ( l ef t ) and 6

( r i ght ) d af t er i nt r aocul ar i nj ect i on f or each of 20 SCb pr ot ei ns have

been super i mposed t o demonst r at e t he si mi l ar i t y of t he di st r i but i on

i n t he advanci ng f r ont of t he SCb wave and t he r ange i n var i at i on

of t he cur ves t r ai l i ng behi nd t he SCb peak. The r ange i n var i at i on

may r ef l ect di f f er ences i n t he af f i ni t y t he SCb pr ot ei ns have f or t he

car r i er st r uct ur e ( see t ext ) . Gui nea pi g opt i c ner ves, opt i c chi asma

( OC) , and t r act s wer e cut i nt o 1- mm segment s and homogeni zed,

and sequent i al segment s wer e el ect r ophor esed on gr adi ent SI DS

pol yacr yl ami de gel s af t er t he appr opr i at e i nj ect i on- sacr i f i ce i nt er val .

Radi oact i vi t y pr esent i n i ndi vi dual SCb pr ot ei n bands was det er -

mi ned as descr i bed by Gar ner and Lasek ( 21) . The di st r i but i on of

r adi oact i vi t y i n i ndi vi dual SCb pr ot ei ns was det er mi ned as f ol l ows :

f i r st , t he t ot al r adi oact i vi t y f ound i n a par t i cul ar SCb band was

summed over t he ent i r e l engt h of t he vi sual syst em, t hen t he

amount of r adi oact i vi t y i n t hat SCb band i n each segment was

pl ot t ed as per cent t ot al r adi oact i vi t y . Ei ght t o t en ner ves wer e used

f or each t i me poi nt .
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Radi oact i vi t y di st r i but i on cur ves of t wo i dent i f i ed SCb

pr ot ei ns, act i n and cl at hr i n, ar e char act er i st i c of t wo maj or cl asses

of di st r i but i on cur ves . Act i n ( sol i d l i nes) has a br oad di st r i but i on,

suggest i ng t hat i t may be abl e t o di ssoci at e f r om t he SCb car r i er

st r uct ur e and t r ansi ent l y i nt er act wi t h ot her el ement s i n t he

aqueous phase . Cl at hr i n ( br oken l i nes) , on t he ot her hand, has a

shar pl y t r i angul ar di st r i but i on, suggest i ng a st abl e associ at i on wi t h

t he car r i er st r uct ur e ( or an i nt egr al r ol e) . Di st r i but i on cur ves wer e

pl ot t ed as descr i bed i n t he l egend t o Fi g . 4 . Per cent r adi oact i vi t y 9

d af t er i nj ect i on was nor mal i zed t o al l ow f or t he pr opor t i on of t he

cur ves t hat had exi t ed t he vi sual syst em.

f or mof di f f usi bl e monomer and t he r emai nder of t he act i n i s
pol ymer i c ( 48) . These obser vat i ons suggest t hat t he shape of
t he t r anspor t wave i s pr edi ct abl y r el at ed t o t he af f i ni t y of t he
pr ot ei n f or t he car r i er st r uct ur e t hat conveys t he SCb pr ot ei ns .
Fur t her mor e, t he coor di nat e t r anspor t of t he sol ubl e pr ot ei ns
wi t h SCb and not wi t h SCa i ndi cat es t hat t he car r i er st r uct ur e
has a hi gher af f i ni t y f or t hese pr ot ei ns t han do t he mi cr ot u-
bul es and neur of i l ament s .

The wave f or m of some of t he SCb pr ot ei ns, such as
cl at hr i n, suggest s t hat t hese pr ot ei ns make st abl e associ at i ons
wi t h t he car r i er st r uct ur e f or SCb. Cl at hr i n has a t r i angul ar
wave f or m r esembl i ng t hat of t he neur of i l ament pr ot ei n ( cf .
Fi gs . 1 and 5) . The si mi l ar i t y of t he t r anspor t wave of cl at hr i n
and t hat of t he i nsol ubl e neur of i l ament pr ot ei ns suggest s t hat
cl at hr i n has a st abl e associ at i on wi t h t he car r i er st r uct ur e i n
SCb and t hat i t i s nondi f f usi bl e . Bi ochemi cal anal yses of
axonal l y t r anspor t ed cl at hr i n suppor t t hi s suggest i on ( 20 ;
Her i ot , K. , and R. J . Lasek, unpubl i shed obser vat i ons) .

I DENTI FI CATI ON OF THE PROTEI NS COMPRI SI NG

THE CARRI ER STRUCTURE FOR SCB PROTEI NS:

I dent i f i cat i on of t he car r i er st r uct ur e ( Fi g . 6) t hat or gani zes
t he pr ot ei ns of SCb woul d be an i mpor t ant st ep t owar d
under st andi ng t he cyt opl asmi c component s t hat or gani ze t he
sol ubl e pr ot ei ns of t he cyt opl asm. The i nsol ubl e pr ot ei ns t hat
move coor di nat el y wi t h t he f r ont of SCb pr ovi de i mpor t ant
cl ues t o t he composi t i on of t he car r i er st r uct ur e because t hese
pr ot ei ns ar e st abl y associ at ed wi t h t he car r i er and pr obabl y
cont r i but e t o i t s st r uct ur e . Cl at hr i n i s an i nt er est i ng exampl e
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Schemat i c r epr esent at i on of t he car r i er st r uct ur e wi t hi n t he axon as pr oposed i n t he t ext . The mul t i di mensi onal bl ocks

r epr esent t he car r i er st r uct ur e i t sel f ; t he smal l er geomet r i c f or ms r epr esent i ndi vi dual pr ot ei ns of t he cyt opl asmi c mat r i x t hat ar e

car r i ed by and associ at ed wi t h t he movi ng st r uct ur e . The col or ed f or ms i l l ust r at e t he di st r i but i on of pul se- r adi ol abel ed pr ot ei ns

and car r i er st r uct ur e as t hey move down t he axon . As can be seen, t he r adi ol abel ed car r i er st r uct ur e uni t s move as a much mor e

di scr et e and cohesi ve wave t han t he ot her pr ot ei ns . The di st r i but i on of t he l at t er t ends t o spr ead as t hey move, t o a degr ee

cor r el at ed wi t h t hei r r el at i ve af f i ni t y f or t he movi ng compl ex .
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of t he pr ot ei ns t hat r emai n st abl y associ at ed wi t h t he car r i er
st r uct ur e because i t i s mul t i val ent . I t not onl y bi nds wi t h hi gh
af f i ni t y t o act i n mi cr of i l ament s and ot her pr ot ei ns ( 56) but
al so associ at es wi t h speci al i zed membr anes ( 50, 51) . Cl at hr i n
can sel f - assembl e ( 31) , and i t may exi st i n mor e t han one
st r uct ur al f or m( 17, 56) . These pr oper t i es suggest t hat cl at hr i n
coul d be a mul t i f unct i onal component of t he car r i er st r uct ur e .
One of t hese f unct i ons may be t o pr ovi de a dynami c l i nkage
wi t h t he pl asma membr ane .

Two ot her pr ot ei ns have t r anspor t ki net i cs t hat suggest t hat
t hey f or m par t of t he car r i er st r uct ur e ( 21) . These pr ot ei ns
have nomi nal mol ecul ar wei ght s of 200, 000 and 500, 000 . The
500, 000 Mr pr ot ei n i s one of t he mor e pr omi nent pr ot ei ns i n
SCb, suggest i ng t hat i t may be r el at i vel y abundant i n t he
axon . Fur t her mor e, i t s l ar ge subuni t si ze suggest s t hat i t coul d
have many bi ndi ng domai ns . Pr ot ei ns wi t h many bi ndi ng
domai ns can st r uct ur e many addi t i onal pr ot ei ns and cr ossl i nk
component s of t he cyt opl asmi c mat r i x .

Al t hough act i n has a l ar ge sol ubl e component i n t he axo-
pl asm, i t may al so cont r i but e t o t he car r i er st r uct ur e . A st abl y
pol ymer i zed f or m of act i n has been i dent i f i ed i n t he axon
( 48) . Fur t her mor e, mi cr of i l ament s bi nd many di f f er ent cyt o-
pl asmi c pr ot ei ns, i ncl udi ng met abol i c enzymes such as al dol -
ase, wi t h r el at i vel y hi gh af f i ni t y ( 41) . Thus, mi cr of i l ament s
coul d pr ovi de a l ar ge number of si t es f or bi ndi ng ot her SCb
pr ot ei ns t o t he car r i er st r uct ur e .

Summar y and Concl usi ons

The cyt opl asmi c mat r i x of neur ons consi st s of t he same
basi c component s t hat ar e f ound i n t he cyt opl asmi c mat r i x
of ot her cel l s . However , dur i ng t he evol ut i on of t he neur on
many of t he cyt opl asmi c mat r i x pr ot ei ns became hi ghl y spe-
ci al i zed. I n many cases, t hese speci al i zat i ons appear t o be
di r ect l y r el at ed t o t he uni que capaci t y of neur ons t o gener at e
axons. I n f act , some of t he maj or cyt opl asmi c mat r i x pr ot ei ns,
such as t he neur of i l ament pr ot ei ns, appear t o be t ar get ed
speci f i cal l y f or t he axon.

Most of t he speci al i zed pr oper t i es of t he axonal cyt opl asmi c
mat r i x can be r el at ed, ei t her di r ect l y or i ndi r ect l y, t o one
basi c pr oper t y of axons, t hei r unusual l engt h . I t appear s t hat
dur i ng t he evol ut i on of neur ons t he basi c mechani sms of cel l
l ocomot i on have changed t o al l ow t he ef f i ci ent movement of
t he axonal cyt opl asmi c mat r i x f r omt he cel l body t hr ough t he
axon . The cyt opl asmi c mat r i x i s t r anspor t ed at r at es si mi l ar
t o t hose of f i br obl ast l ocomot i on and axonal el ongat i on. I t i s
l i kel y t hat t he mechani sms under l yi ng t he movement of t he
axonal cyt opl asmi c mat r i x have many si mi l ar i t i es wi t h t hose
under l yi ng f i br obl ast l ocomot i on. For exampl e, bot h of t hese
pr ocesses pr obabl y i nvol ve t he i nt r acel l ul ar t r ansl ocat i on of
cyt ol ogi cal st r uct ur es . I n axons, t he t r anspor t of t he cyt o-
pl asmi c mat r i x i s mani f est ed ext er nal l y onl y when t he axon
i s el ongat i ng. However , st udi es wi t h r adi oi sot opi c pr ecur sor s
r eveal t hat t hi s t r anspor t oper at es cont i nual l y .

Sl ow t r anspor t i s r esponsi bl e f or t he t r ansl ocat i on of t he
cyt opl asmi c mat r i x wi t hi n t he axon . Det ai l ed anal yses of t hi s
pr ocess i ndi cat e t hat i t i nvol ves t he concer t ed act i on of many
di st i nct st r uct ur es act i ng syner gi st i cal l y . Al t hough t he syst em
i s i nt er act i ve, t wo subcomponent s of sl ow t r anspor t , SCa and
SCb, can be cl ear l y di st i ngui shed on t he basi s of t hei r r at es of
movement . SCa, whi ch moves at about 1 mm/ d, cor r esponds
t o t he l ong cyt oskel et al pol ymer s, mi cr ot ubul es, and neur o-
f i l ament s . SCb, whi ch moves at about 4 mm/ d, i s a much
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mor e het er ogeneous syst em consi st i ng of mi cr of i l ament s,
cl at hr i n, and a wi de var i et y of sol ubl e met abol i c enzymes .

The pr i nci pal f unct i on of SCa, t he mi cr ot ubul e and neu-
r of i l ament net wor k, i s t o pr ovi de t he st abl e scaf f ol di ng t hat
suppor t s t he st r uct ur e of t he axon and gi ves i t i t s di mensi ons .
The ext ensi ve syst em of cr oss- br i dges bet ween t he mi cr ot u-
bul es and t he neur of i l ament s al i gns t he pol ymer s and coor -
di nat es t hei r movement t hr ough t he axon . Thi s al i gned net -
wor k t hen or gani zes axonal mot i l i t y pr ocesses l ongi t udi nal l y
wi t hi n t he axon.

SCb cor r esponds t o a st r uct ur al compl ex t hat has di ver se
f unct i ons i n t he axon, one i mpor t ant f unct i on bei ng t he
ef f i ci ent t r ansl ocat i on of t he many sol ubl e pr ot ei ns wi t hi n t he
axon . The act i ve t r anspor t of t he sol ubl e pr ot ei ns appear s t o
be medi at ed by a car r i er st r uct ur e t hat f or ms t he st abl e cor e
t hat or gani zes al l of t he pr ot ei ns of SI CK

The axonal t r anspor t ki net i cs of SCb suggest s t hat t he
sol ubl e axonal pr ot ei ns associ at e speci f i cal l y but r ever si bl y
wi t h t he car r i er st r uct ur es and f or m supr amol ecul ar com-
pl exes t hat move coor di nat el y t hr ough t he axon . These supr a-
mol ecul ar compl exes ar e composed of a gr eat number of
pr ot ei ns, i ncl udi ng cont r act i l e pr ot ei ns ( act i n and myosi n) ,
cr ossl i nki ng pr ot ei ns ( cl at hr i n and f odr i n) , r egul at or y pr ot ei ns
( cal modul i n) , and met abol i c enzymes . I t may be t hat one of
t he pr i mar y f unct i ons of t hese supr amol ecul ar compl exes i s
t o speci f i cal l y associ at e a par t i cul ar col l ect i on of di ver se mol -
ecul es. Besi des al l owi ng t he coher ent t r ansl ocat i on of t hese
mol ecul es, t he speci f i c associ at i ons may cr eat e an i nt egr at ed
f unct i onal uni t . I ndeed, t he composi t i on of SCb suggest s t hat
t hese pr ot ei ns f or ma mechani cochemi cal " engi ne" t hat bot h
gener at es ener gy and conver t s i t t o t he f or ces r equi r ed t o
move t he cyt opl asmi c mat r i x t hr ough t he axon .
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