

















ABSTRACT

A cullur* sytMtn wat davalopad and charadadzad. which parntnad Iha blochannical
and Immunocytochamical analyalt ol lha omarantlallon ol oHgodandrocytat from thair
progamtora Thraa tacata ol IMa dittaranValion procaat wara Invaattgatad

1 Tha microtubula ataodatad protain MAPIB waa ahown to ba axprattad Immadittaly
balora landnal diftaranilatlon Sinca Inhibition ol MAPIB tynthatlt cautad tha thinning and
ralradlon ol otgodandrocyta procaatat. MAPtB appaart to tiabiaza lha axiantlon ol myatn
procaaaaa duhng myatnation

2 Oaladocarabrotida (OalCl la a charadaittlic tpid ol dlllartnilalad otgodandrocytaa and
It abundant In lha myatn mambrana. Iharalora tha blotynthatia and tramcking ol QalC waa
atudlad uaing tiuoraacantly-labalad caramidaa and brataldin A (BFA) Tha mataboHc lata ol
labalad caramidaa waa ralalad to lhalr tliat ol aocumulatlon m lha Oolgl natworh and waa
thown to ba Inlluancad by Iha raoiganizatlon ol tha tacralofy pathway In ratponaa to BFA

3. Tha poaalbla rola ot aphilngollpld and protain Intaradlon with lha cytoakalaton In
myaUnallon during davalopmani waa Invaatlgalad In culturad calla and purhlad myahn

SphingoMplda ara anrichad In cytoakalatona oopurtlying with CN8 and PN8 myaNn and OalC
codittrtbulat with ollgodandrocyta cytotkalatal prolaint during davalopmam Incubatlont
with Ikioratcani tphingoupldt comirmad tha abiaty ol tphingotpidt to Intarad with lha
cytotkalalon. but tuggattad that ataoclallon probably dapandt on acyl chain compotitlon

Tha ImportarKa ol aphingollpida In myaHn aaaambly waa amphaaizad by thair markad
raducllon In lha hypomyaimaling nulaia nimpahakar (rah)

Myalln ataoclatad glycoprolain (MAO) attodatat with malura oHgodandrocyla
cytoakalatont. oolocalzing with microlubulat MAO mtarada with miciotubulat and aarly
laotorma ol myaUn batic prolain (MBP) In tha myatn cytoakalalon at aarly atagaa ol
myatnallon. microlllamanlt and 2'.3’-cyctc nuclaollda 3 phoaphohydiolata (CNP) baooma
ataodalad with lha cyloakalalon aa myatnallon prooaadt Cytoafcalalal myatn protalna
(axoapl CNP2) ara undaiphotphorylalad oomparad to datargani aolubla lorma. irktcallng
that cytoakalalal aaaodatlon may allhar raalrain phoaphorylatlon or charadariza apadHc

aubaala ol myatn prolaint
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11 MYELIN
I. HIMoNcalupacii
Th* pr«MDce ol a ahaatli surrounding narvt libras In lha vanabrat# narvoua syslam was
Initially raponad by Virchow (1854) Following Iha advam ol Improvad Nslologlcal lachniquas
and polartjallon microaoopy. Ranviar (1871) showad Ihal lha myaNn shaath was sagmaniad
and ha aalabllshad lha Involvamam ol Iha sagmaniad (uncllona ol Ihls mambrana (nodas ol
Ranviar) Msaaalory oonduellon. which Is Iha spadalliad lorm ol Impulaa conrhicllon lound In
myaSnaling asona

Mosl ol Iha aarly myaan woiti was panormad on parlpharal narvous syslam (PNS) «ssua
dua 1o Hs axparimanial aocasslbillty whan comparad lo lha camral narvoua ayslam (CNS).
Tha obaarvatlons ol Schmat and co-wortrars (1936) and Schmitt and Baar (1939) aslabSshad
that myaln Is a concamrlc. layarad aliuclura consisting ol a singla rapaaling unit Using
alactron microscopy S|Oatrand (1949) and Farnandai Moran (1960) conlirmad lha
mullllomallar nalura ol myalln and Qaran and Smin (1954) showad lhal lha lonnatlon ol
myauUn was dua to tha splraSno ol tha mambrana around tha nauronal axon to lorm tha
conttjacl Shaath Tha oomiguralion ol CNS myalln was subaaquanily shown lo ba similar to

that ol PNS myalln (Malurana. 1980. Patars. 1980)

Il.  CNS myalln

MyaHnatlon In lha CNS oommancas whan Iha diamalar ol axons haa raachad approximalaly
1(im. which la somawhal Mar than In Ilha PNS (Ralna. 1984) Bunga al al. (1981) showad
Ihal an oDgodandrocyla can mya«nala muttlpla axonal aagmaitts by axianding many shoval
shapad myalln procassas (Fig 1). Whan sludlad by alactron microaoopy. CNS myattn la
Initially to ba saan wrappad loosaly around an axonal aagmartt whan H lorma a loosa cup.
ona Up ol which (lha imura Tnnar longua’l wll work lla way undamasih lha olhar Tha
muHMsmattar smiclura Is lormad by hjrthar rotation ol Iha Innar longua around Iha axon and

al Tha sama Urna lha cyloplaam balwaan layara la comprassad lo a conllnuoua llttn ship












MYELIN-FORMINQ CELLS IN THE CNS

In Ih< past, most ttucSst on mysUn-lorming gta wors csrrtsd out to idua (rsviowsd by Wood
and Bung*. 1S84) Howavar tha study ol call Snaaga and davatopmam L vtim has baan
lactWatad by tba production ol highly apacHIc monoclonal anilbodlas raacling with molaculaa
charactahatlc ol aach davalopmanlal alaga, bafiar malhods tor Iha Isolation and cuSuring ol
highly purlflad gSal caS populations. lhs purtlicatlon ol polypapllda growth lactors and tha
cloning and charactarliallon ol Iha ganas aapaclaSy arprassad In gSal cans Thasa aludias
lad lo tha diaoovary ol tha osgodandrocyla lypa 2 ostrocyta (0-2A) bipolanilal proganlior caS
which can. undar approprlala condlllons. giva rtsa to althar oSgodandiocytas or Typa-2
astrocylas la yilCQ (Rail al al. 1S831 Tha olhar malor gsal oaS typa Intha CNS Is tha Typa-1

astrocyta. winch Is baSavsd to ba daitvad Irom a dinarani pnganHor (Ran. 1968)

I. Antibody marVara

Savaral monoclonal antibodias (mAbs) that can racogiwa oSgodandrocylaa and lhair
progarsiors hava baan daacrtbad Tha mAb A2B5 binds a lanaganglosida prasani m 0-2A
progarstors and nauions (Eisanbadh al al. 1879) as wall as Typa 2 aslmcytas (Ran. 1869).
Iharalora labaling ol caSs Irom araas olhar than nia opile nanra. which contains gsal calls
only. IS dinicuS to assign Anilbodiss rscognlalng Iha miannadlala lllamam pmaln vimanlin
slam 0'2A proganliora Irom |ha opile narva imracalkilarly (Ran al al. 1883) NSP4
racognlzas a lamlly ol glyooprolalns on iha surtaca ol 0-2A caSs (nranch-Conalani al al.
1966. Bahar at al. 1866) and anilbodlas lo 003 gangsoslda labal 0-2A progannora both |a
wiio and 10vnm (Lsvina and Qoldman. 1966a. Nonon and Farooq. 1869)

04 (Sommar and Schachnar. 1861. Schachnai al al. 1861) raoognlias suNatida
(galaclocarabrosida 3 suSala). sammoapids and an unknown ansgan In rodar» CNS (Banaal
al al. 1968. Oodlralnd al al. 1869) and labals a mora advancad davalopmaiaal slaga ol
proMarasng 0-2A proganaors 007. anolhar ral monoclonal anWiody raaonng simngly wNh
suSallda. Is also lhoughl lo raoognlis davalopfflanlally advancad proWaraling 0-2A

progarWors (Ban]amlna al al. 1667)
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Ditt*r*nttating 0-2A progenitors express myelin-speciftc lipids end proteins. The most
widely used antibodies against galactocersbrosids (QalC). a lipid characteristic of
oligodendrocytes and myelin in the CN8, are Ol (Sommer and Schachiw. 1061: 8chachr>er
et al.. 1961) and R*mAb (Rar>cht st al.. 1062). Ol and R-mAb noi or>ly recogr>ize QalC but
another two amd four Hpid antigens, respectively, however R-mAb recognizes an additior>al
unimown antigen (Banaal et al.. 1990). Therefore, Ol may be a better antibody against
QalC. as the other two lipids that It recognizes (mor>ogalactosyldiglycerids ar>d psychosine)
are normally minor oomponents in oUgoderKlrocytes.

Several antibodies against mysMo-speoific proteins have been described.

Most of the antibodies used for studyir>g cells of the 0-2A lineage In the CNS, with the
exception of A265, have also been used wNh Scfwwuvi ceHs in the PNS (desaen and Miraky,

1901)

1I- Id vitro studies
a) A2BS*04- calla (Q-2A proganttora)

Time-lapse miorocinematography Mudiss suggest that A2B6*" 04' oeNs are migratory At
smbryoriic day 10 (E10) 0-2A progenitors are found in cultures from brain but not from optic
nerve, which suggests that these osNs move into the optic nerve during later INe (for review
see Raff. 1060). Although 0-2A progenitors from brain have been isolated to high purity arvi
characterized by several laboratories (McKlrvion et al., 1090: Levi et al. 1001; Louis st al.
1002), most of the recent krx>wlsdos about 0-2A progertitors has originated from studies on
optic r>erve.

Wolswijk and Noble (1980) have identified two distinct precursor populations, the 0*

and 02-A*~li progenitors in young and mature optic r>erve cultures, respectively
0-2AP*N"*** gand 02-A**'* progenitor oeta differ In morphology (bipolar versus muRlIpolar).
average cell oyds time (10h versus 66h), average rale of migration (21mm h'* versus 4mm
h*n). time course of differentiation (3d versus 7d) and antigenic pher>otype (04* vimentin'*
versus 04 vimenlin*) Further characterization of 0 2-A* " progenitor oeHs (Wren el al..
1902) showed that they behave like a poputation of stem oeHs and are derived from a sub-

population of 0> KISk progenitors.
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bl Qé*QIC-calla (Pfoiinod~ndrocvf)
Cita in cuMurM Irom tarty poatnatai mouat ctrtbtllum wart labalad with tha Ol antibody
and aubtactad to oonvianiwnl-dapaodant immunocytoiyaia (Somniar and Schachnar. 1962);
tha raniaining (viabia) calla could ba Invnunolabalad with tha 04 antibody and cWfarantiatad
to OaiC” oUgodandrocytaa in almilar culturaa. calla with aavaral procaaaaa that wara
atainad with tha 007 nrtonoclonai antibody wara OaC'; thaaa calla wara activaly proMarattng
oomrrtttad olioodandfocyta proganltora (SkoW and Knapp, 1991). Thaaa atudlaa ahowad that
In cuMura, davalopmantally advarKtd propanilora with lha potaritial to diftarantiata to
oHgodarKIrocytaa co-axiat with oUgodarxIrocytaa

Tha 04-~ proganitor caN datirioa a tranaillonal inlarmadlata batwaan lha 0-2A call and tha
QelC**" oHgodandrocyta and ia tha aartiaat caN typa In lha cortical oKgodandrocyta caN Hnaaga
(Oard ar¥l Pfaidar. 1969. 1990) Tharafora, 04 la tha aariaal aurlaca markar raatrtctad to
calla daatinad to bacoma oHgodartdrocytaa In tha CNS and thaaa cada ara alao known aa
praoHoodarxJrocytaa

Oard and Ptartlar (1969). who larmad Iha 04+ OalC caMa pfoUgodandrocytaa. ahowad that
in thalr cuNura ayatam only 60% ot tha praoUgodandrocyta population ditlaranlialad to 04*
QalC” caNa and thara alwaya axiatad a qulaacant population o<04” OalC* caNa Whan thia
la conaidarad m combination with tha tindlnoa ol Wran at al, (1992) It ralaaa tha poaaibility
that In aduN CNS populattona ol 0-2A*"“* proganitora and 04+ OalC' praoUgodandrocytaa
may co-axlat with matura oUgodandrocytaa. thaaa two lypaa ol proganHora may hava rolaa m
call raplaniahmant. myain rapair and ramyaUnatlon

Pwotgodandrocyl« rMHn = high davalopnwnlal plaulcHy and undar appropriala cuNura
oondHlona can althar dinaranaala to orgodandrocytaa or da-dHlaranllata to 0-2A progamton
and tudhar divida, or baooma aatrocylaa (Molai al al. 19as. Trottar and Schachnar. 1968)
Qard and Plalllar. (1990) uaing bromodaonyuildina Inooiporallon Into nawly aynthaaliad
DNA. ahowad that In rat brain tha A2B6* 04’.04» OalC and 04* OatC» oaa phanotypaa
amarga In aaquanoa and only tha Ural two ara proWarallva Tha amarganoa ol OalC at lha

oaa lurlaoa m oagodandrocylaa may man, thalr withdrawal Irom aw oaa cyda



c\04* Gaie* calla foUoodandrocyf

In th« abt«nce of footal c«N sorum (FCS) moot collo In in optic norvo cuRur# oyotom dovolop
to oHgodondrocytoo (Rott ot 0i. 1063). MIUor ot «l., (1965) uood on io "ilE& oyotom thol totoHy
oxcludod nourono ond ohowod that In tho rat optic norvo tho throo typoo o( macrogHol collo
dovolop In o otrtet ooquonco: Typo-1 ootrocytoo oppoor firot ot E16. oHgodondrocytoo ot birth
and TypO'2 aotrocytoi botwoon P7 or>d PIO; thoy turthor domonotralod thot 0-2A
progomtoro givo noo to oHhor oHgodondrocytoo or Typo-2 ootrocytoo (ooo furthor). whoroao a
lotoUy dItloront progonltor coN givoo rloo to Typo-1 ootrocytoo

Tho olmoot olmuHanoouo appoorarteo ot OalC (RoM ot al. 1976), arxl 2'.3'-cycHc
nuclootido 3 -phoophohydrolooo (CNP) (Bonool and PfoHtor. 1965) and ovontual loot of
A2B5 by cuHurod 04* QolC' collo corroopond to tho oocond phaoo ot oNgodondrocyto
maturation for collo culturod from corobral oortox. Morphologically, thooo diflorontlating coHo
aro charactorizod by Ineroaooo In coll alzo and In tho numbor and diamotor of tholr
procooooo It lo rwt yot kr>own tor cortaln whothor tho appoorarteo ot CNP and OalC
colncidot wHh lho coooatlon of proUforatlvo activity for prooUgodondrocyloo In cuNuro (Oard
and Ptoiffor. 1969) or whothor thooo collo can, undor approphato oondHlono. do-dittororoiato
artd. tollowlrtQ coll diviolon. produco now myoHnating oHgodortdrocytoo (Wood and Burtgo
1991) Howovor. varlouo lo IUu otudioo uoing pootnatal rodont brain artd optic norvo havo
ouggootod that oHgodondrocytoo containing OalC artd ouNatido aro proHlorativo (tor roviow
o000 SKotf and Knapp. 1991).

Duboio Dalcq ot al. (1966) havo charactortzod tho maturation otagoo tor culturod
oHgodondrocytoo dortvod from olthor brain or oplic norvo on tho baolo ot tho ooquontlal
appoararteo and trartolocatlon ot myoHn-aoaoolatod glyooprotoln (MAO). protooHpld protoin
(PLP) and myoUn baoic protoin (MBP) from tho coll body to tho procooooo MAO appoaro
tirot and ito tranopon to tho prooooooo lo an oarty ovoro. PtP romaino aooooiatod with tho ooH
body tor oomo Umo. whHo MBP lo Iranoportod to tho coU prooooooo attor MAO but botoro
PLP

A oummary diagram of tho known routoo ot 0-2A progonNor ooN ditforontiation |y yltm lo

prooontod in Fig. 3.
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Preollgodendrocyte
04*

Low

Aduli 0~2A
04* Vimentin

Fi9 a CurrfiE vtiita on ti

Cdll« ol the 0-2A Knvage ariM as thpotanttal proganNora thal may dMda In tha praaanoa
baak; Ftmblaat Qrowlh Factor (bFQF) or Plalalal Darlvad Qrowth Factor (PDQF) or dWaranllata
lo atthar oligodandrooylaa or aalrooylaa. dapartding on tha oor>oantration d toalai oatf aarum
(FC8). PartrMlal 0-2A prooar>Nora daaltnad k>baooma ohgodandrooytaa In tha praaanoa of low
oonoaniratlona al FC8 undargo a bm«ad numbar of divMona. aoc|ulra an Intarmadlala phanotypa
oaltad tha 04* praoHgooanoérooyla and flnaHy dHlaranllala lo o«godardrooylaa 0*2A
proganttora In aduH animala ara darivad from parinatal 0-2A progartHora and divida
aaymatrtoaHy, giving rtaa lo thair own progany and oHgodandrooytaa. Undar appropriata
oondNlona. oHgodandrooytaa may ba abla lo danHllaraoHala by loHowlog tha ddlarantlation

palhaaiy In ravaraa (daahad arrowa).



lll.  Factors Involved In prolifsratlon and davsiopmant
ANhough invivo studiaa ara ot iMa In providing information regarding tha loci, general
timatabia of differentiation arvf dascriptiva aspects of davalopmant arxf fur>ction of
oligodarKirocytas. until tha last decade little was krk>wn about the different factors that
infkienoe the expansion of the progenitor cell population and oUgoderxirocyte differentiation.
Developments in cell culture technkyuee allowed the growth of oHgoderxirocytes (Me Carthy
arxJ de Vellis. 1080; Lisak et al.. 1081) and their progenitors from either brain or optic r>erve
(McKinnon et al.. 1000; Wolswi|k et al., 1001 ar>d others) in high purity. These techniques
have yielded considerable infoimatlon ooncemir>g the factors controlling 0*2A progenitor
proliferation, differentiation ar>d development. 0-2A development appears very complex as it
la ur>der the control of multiple growth arxj differentiation factors, the effects of which are only
beginning to emerge.

0-2A proliferation (a vitro is affected by a growth factor produced by the type of glial
fibrilary acidic protein positive (QFAP*) astrocytes noi expressing ganglioeides recognized by
A2B5 (Type-1 astrocytes. Raff, 1089). Wolswi|k et al.. (1901) demonstrated that platelet
derived growth factor (POQF) was secreted by Type 1astrocytes and was mitogenic for both

ar>d 0-2A*~** progeriilors; furthermore, when either of these 0-2A progenitors

were treated with POQF. they retairted their respective pherwtypes ar>d other oharacteristics.
Bbgler et al.. (1900) showed that cooperation between two mNogena. basic fibroblast growth
factor (bFQF) ar>d PDQF was able to promote oorttlnuous self rer>ewal ar>d inhibit
differentiation of 0-2A progertMor cells from optic nerve to oUgoderxfrocytas. MoKlrtnon el al.,
(1990) demonstrated that bFQF stimulated the proliferation of brain-dertved 0-2A progeriHors
artd rrtodulated the POQF-driven pathway of oligodertorocyte developmerH by Induclr>g
PDQF receptors on the cell surface

Irfeulin and Insulin growth factors appear to Influertoe oligodendrocyte development by
promotir>g cell proliferation arto by Infiuerwirtg the differerXiation ohotoe of uncommitted
progenitors to the okgodendrooytio pherxitype By acting in this manrtar. these regulatory
peplldee and oyoMc AMP {0A¥P) inoreaee the overall synthesis and aooumulalion of myelin,

aRhough oAMP does rtot affeol Wrteage decisions (reviewed by MoMorrts et al., 1990)
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N*uronai(y d«Hv«d factors may act In oonoart wHh othar orowth factor» to expand th«
population of 0-2A pioowiHor» (L#vina. 1989) and appMr to b* particularty mitoowic for
04* Gate pr«)liood«idrocyt»» (Oard and Ralffer, 1990). Prafarantlal dKlarwitlatton of brain
0-2A oalls to oligodandrocyt» i» achi»v»d by growth to high derwtim and i» unretated to tha
total numbar of cuNurad call», wharaa» 0-2A proganMor* aaadad at low dansNias diffarantiate
to Typa*2 aatrocytaa (Lavl at al.. 1991). Additionally, madlum oonditlonad by high-danalty
«ubouttura» of 0-2A oa>» contain» high-molaoular weight (>30 kOa) non-mitogan*c factor(a),
which are capable of inducing différentiation of 0-2A call» to oligodar>drocyt». wHh
prafarantlal diftarantlatlon of 0-2A proganHor» to ollgodandrooyta» occurring lor call» »aadacl
at althar high or low danaltla» Dliflarantiation to oHgodandrocyta» may therefor» be triggered
by direct honrwtypic Inlaraotion» and be addHioruilty dependant on the »aeration of short

range autoertrta or paraorir>a factors by 0*2A progar>Nor.

hr. Id vh» studla»

a) Q-2A DfoyanHors

Beginning at arourd 616. 0-2A progenitor call» war» first detected with antl-QD3 ~ fha
subvantrioular lone (Levina and Gtoldman, 1988a)

There laoiicumstantial evidenoe to suggest that the 0-2A progenitor» do rwt develop from
the neuroepithelial cell» of the optic stalk bi” instead migrate into the developing optic nerve
from the brain In support of this proposed migratory behavior, 0-2A ce*» have been shown
to be able to (oumey substantial dialarwea Into rwnnal CN8 tissue either from CN 8
transplants j wtwo or CN8 expiants b ylm (for reviews see Raff. 1989; DiA>oiS'Dalcq arKI
Armstrong. 1991). A» they migrate into whHa mawr. Ods* ®D3
express OalC. CNP and MBP within two days; interestingly Type-2 astrocytes (QD3*
OFAP¥*) oould not be iderrtilled iﬂ affu In cerebrum or oersbeMum. whUe this cell type was
readily Identlhed ld Kim (Curtis at al.. 1968) .

laoiated oorlloal 0-2A proger>ltors diflerentlate on a time schedule In y"lll tfwl
approximates the Mme eohedul» of myellnogenio artMly observed ta taita (Oanl «nd Pfeiffer,
1969). Although 0-2AP**"**®&* progenitor» were rx4 found In optic nerve after orre morrth,

0-2A*" progenftors persisted tor up to a year |o tdkQ Hek 0-2AF<HEN



proo*nHort may ba abta to auppoil tha g«naratton ot both diflaranttatad progany cana at waN
at thair own continuad raplanithmant through adult Ufa (Wran at ai.. 1992)

Although culturad 0-2A caNt from optic narva (Rati at al..1963) and brain (McKIrw®on at al..
1990; Hardy and Raynokte. 1991) hava tha potantlai to ganarata atthar olgodandrocytat m
tha abtanca of PCS or Typa-2 attrocytat in tha pratanca of 10-20% PCS (Raff. 1909). It It
ttlll unclaar whathar thata proganitort bacoma othar than oHgodandrocytat lo wiwo (Skoft.
1992). What la alto unknown la whathor tha 0-2A Hnaaga rapratantt tha only routa tor tha
ganaratlon of oligodandrocytaa in tha r>aonatal CNS. WIINamt at ai., (1991) ualng a ratroviral
vactor (Prica. 1987) idartiiflad a bipotantlal progar>itor with tha ability to gar>arata both
naurona and oUgodandrocytaa In tha carabral cortax. Thia auggatta that nauront and gHa ol
tha 0-2A Nnaaga probably artta from tha tama proganitor caN In tha CNS. at waa pravioutly

tuggaalad by othart (for raviaw taa Camaron arxl Pakte, 1991).

b> QUflodandfQcytaa

Robadaon (1899). axpartmanling with ailvar Impragnation of CNS tiaaua. providad tha firat
damonatration of oHgodarvirocytaa by daacrtblno ‘amaN brarwhing caNa of vary characlarfallc
aapact diatrtbutad throughout lha whHa manar of brain® Ramon y Cayal (1913) daaertbad 'a
third aiamant' in addition to aatrocytaa arkj naurona in CNS calla ar>d ar>othar Spanlah
hlatologlal. dal Rio Hortaga (1919) ahowad that thla third aiamani comprtaad okgodandroglia
and microgla. which originatad from tha nauroactodarm and maaodarm. raapactivaly Tha
ganaaia of oiigodandrocytaa io ylyg waa Ir'tlaly atudiad morphologically by tha uaa of
aiactron microacopy Thaaa atudlaa wara couplad with othara whara dividir® oaia wara
labalad wNh (3M)-thymtdina and thair davatopmantal fata waa loHowad by auloradMgraphy
(ravfawad by Poiak at al.. 1982)

OlKyodandrocytaa mainly davaiop during poatnalal Ufa arxf thia la ralatad to myalr*adon In
tha diffarani parta ot tha CNS Caka from tha aubvantrtcular layar, a CNS araa oorMialir>g of
immalura oaNa. migrata to varioua localiorta m lha brain prior to diffararwation (Sturrook,
1982. Pataraon. 1983) Tha \a kUfi aaquanca of okgodandrocyta dmaranualion @i m tha
following ordar aubvanfrioular oaM. gaoblaaia. oMgodandroblaaia, igM oNgodandrocytaa.

madlum oNgodandrooytaa and flnaNy dark oligodandrocytaa Tha formation ot «ght
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oMgodwdrocytas oorrsaponda to tho pMiod ol n»)td myrtkwtlon; thoM orti» aro tha largasi In
tha davalopmanlal aariaa. with cyloplaam rich In organallaa and microlutpulaa, auggaativa o(
high matabollc activity (FadaroW. 1B86) Maturation Into madlum and dark ollgodandrocylaa
takaa a tuithar ona and Ihraa waaka. raapaohvaly, and lha dark calla hava danaa nuclal and
cyloplaam and aro laaa malabolioally aolkra than thak light and madium countarparta

Aa malura ollgodandrocylaa ara in Intimala contact wHh myallnalad axona. lhair
raplacomani mual Involva oonaldaiabla dialuibanca to lha gllal-axon spatial arrangamanl and
it would ba raaaonabla to axpact that tha tumovar In tha population d dark oMgodandrocytaa
In Iha CN8 la rathar slow (Slurrook. 1986) Indaad, adoradlographlc data Indicala that In
adult mica lha ollgodandroglial tumovar Hma la balwaan ona and two yaara (Imamolo at al..
1978: Kaplan and Hinda. 1980). which la oonakJarably alowar than that of aalrocytaa
(Pataraon. 1983)

Dua to tha high dagrao ol hataroganalty ol dmaranllating 0-2A caka in tha CN8 that
probably raaulta in dlllarani rataa ol myaknallon In ddlarant araaa. It la atm unolaar to what
axtant culturad oUgodandrocylaa raaambla lhalr In 1dUC oounlarparta Although
ollgodandrooyta oulluraa Irom lha optic narva hava lha advantagaa ol high purity and
approximataly aynohronoua dHlaranllallon. lhay ara not thought to ba rapraaanlallva ol lha
alluallon In brain, whara myaknallon prooaada along a oaudoroatral gradlanl. oooutring at
dmeram timaa and ralaa among, and within. Irada and oortioal araaa (8koll at al. 1976): on
Iha olhar hand, wall oharadariiad oulturaa Irom oarabral hamlapharaa may rapraaani mora
raallallc modala ol 0-2A proganllior dlllaranSiallon and malabolic adivlly In kitoi Long-lami
aurvival and aynihaala ol myallo-llka mambrana by oullurad ollgodandiooylaa horn lal oorlax
waa aohlavad by growing highly purlllad oak populallona on a a*>alralum derivad Horn lyaad
gka. FC8 and high oonoanirallona ol Iranalanin (Roma at al.. 1986) Under lhaaa oondklona.
a myalln-llka mambrana waa produced lokowtng a aimkar davalopmanlal pallarn to that
obaarvad In klko and lha membrana had Iha ainjdural oharaolarlalloa d looaaly oompadad
CNSmyvNn

The piolllaraliva and dWaranllallon roulaa lor CN8 gkal oaia are rather oomplax. as spallai

and topographic oonaldarallona musk ba taken imo acooum m addllloo to Iha vartaly ol

growth and dHlaramiallon lectors praaam In CMS llaaua (ravlawad by Ddxxa-Daloq and






1.3 MYELIN PROTEINS

Th« olgo<lnd(ocyt« tp«dfic protcin« PtP. MBP. CNP and th« MAQ mak« up approxtmat«dy
80% of th« total CNS myalln protain (Eytar. 1972). CNP. MBP and MAQ ar« pr«a«nt In both
CNS and PNS myoKn, although MBPa it tound at a lowar l«v«i ot «xxpraaaton In PNS myain

Po la uniqu« to PNS my«Nn and PLP and OM20 «v«r« onc« thought to b« uniqu« to CNS
my«Mn unlil Puckat «t al. (1967) ahowad thM Schwann caUt «xpraaa PLP at vary low lavait
and Agrawal and Agrawal. (1991) furihar damonatralad thai PLP at w«N at DM20 ara
praaant In Schwann caNt and PNS myain. albalt al much raducad lavato oomparad wHh CNS
myain Tha putativa ditpoalllon ot Iha ma)or myain prolaina wNhin tha thaath It thown In

Fig 4 and tha main «truclural taaturat ot thata prolaint wiN ba ditcuttad

I. PLPandOM20

PLP la tha ma)or Iniagral protaln ot tha CNS myain thaath and m toma apadat N rapratania
«t much at SO% ot tha total myain protaln Foich ar>d Laat (1961) oolnad tha larm
prolaoipld to datcrtba protaln« which wara aokibl« m orgadc totvantt but inaolubi« In wMar,
«van whan davold ot thair rk>n-oovalar>tty aatodatad oomplax ipld PLP waa tha onty myain
protaln tound in chlorotorm-mathanol «xtracta ot bovin« braln whita mattar (Cambi «t

al .1963)

a) Strudura

PLP la «tramaly hydrophobie aryf modal« oonatructad on tha baalt ot aaquanoing data
tuggatt thai tMt prolain may form thraa Irantmambrana tagmani« travaraing tha bilayar.
wtlh a highiy ohargad domain on tha «xtraoalular aéda and rartdom loopa m tha Iniraoaiular
«paca (Lauraan «t al. 1964. Fig 4). Howavar. on tha baai« ot tmmunooytoohamlcal labaimg
ot oigodandrocyt« by raaldua-apaoHic anllbodl«. Hudaon «t al, (1969) hava auggaatad a
vary tfttcrani modal. poaMaéng onty two iranamambrarw domalna, «<Rh tha ramaindar of tha

molaouta «tpoaad al tha «xtraoaiular laga PLP la highty oonaarvad aoroaa apadac. ral and
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CNS:
Oligodendrocyte

Fki 4: Mobrulcr cifacnITdkm 0> mvlin

A aohemetlc oroM-M(Ak>n ol my*Knd*d exon* In the CNS end the PN8 (upper oenire). The
myeNn eheelh le en»>bled to Mueliele the delelled eltuolure ot oompeoled legrere (tower lett) end
how the CNe end PN 8 polypeptidee ete Ineeited In the putetive membtene (tower right)

N end C: emtoo end oarttoxy termini, reepeotlvely. IHU: Immunogtotoulln homology unit. Note
the preeenoe ot e etngle IHU In Po end ttve IHUe In MAQ.

(FlomLemke. teeS)



human PLP (»«eh 278 amino acida) aro klontioal and «uoh oliong oonianrallon Impliaa Ihal

tha oirucluro o( PLP iovary importarli ter Hafunction (Lamka. 1988).

b) Bioaynthaala

Tranaofipllon ol lha aingla rat PLP gana baglna poalnalally ooincidani wih Iha onaal o
myallnallon: lha MW of Iha malura polypaplida aa datarmlnad from Iha amino add aaquanca
ofcONActenaala30.0liDa(Milnaralal.. 1986; Nalamith al al.. 1988)

DM20, a prolain with a MW ot 28.8 kOa. laa produd of Iha aama gana aa PLP bul ia tound
In amanar quamniaa In CN8 myalln (Laaa and Broaton.1984) DM20 la axpraaaad prior lo
PLP Kkl varioua apaoiaa (Qardkiaf and MaddIn, 1988; Van Doraaalaar, 1987; Kronquial al al.,
1987) but aa davalopmanl procaada, PLP baoomaa tha moal abundani of lIha Iwo. DM20 la
tha produd of an akamallvaly apkoad mRNA whioh laoka Iha oodkig ragion ter raaiduaa 116-
181 (Nava al al.. 1987); a aaoondary aplloa oHa wkhin lha lhird aaon of lha PLP gana la
utilliod for DM20 aynihaala. whioh laa muoh laaa oommon machanlam lhan lha vridaapraad
prooaaa of Indapandanl axon apkclno (Diahl al al.. 1986)

La Vkia al al. (1990) hava aalabllahad Ihal Inral, PLP and DM20 mRNAa hava aaaanllally
Idanfloal davaiopmanlal profkaa poalnalally. alltiough Iha DM20 mRNA la axpraaaad al lowar
lovala Ihan tha PLP mRNA TMa may maan lhal Iha machanlam raoponaibla for akaring lha
PLP/DM20 ptolain rallo during davatopmanl oooura poallranacriplionally

PLP land aynlhaaliad aa a pracuraor. akioa tha primary Iranalalion produd la Iha aama
alza aa lha malura prolain (Coknan al al. 1982) In HUIS axparimanla auggoal thai PLP la
aydhaaljad on bound polyaomaa. kiaarla kilo Iha rough andoplaamic ralloulum (RER) In a
aignal raoognklon partida (8RP)-dapandanl marxiai and la aubaaquanlly lianaporlad Ihrough
lha Qofgl apparatua te Iha plaama mambrana (Oiknan al al.. 1982).

Raoanlavldanoa(Timaflalal.. 1992) ahowkig Ihal Iha DM20 mRNA la praaani ki 10d dd
ral ambryoa al apadfic araaa d lha davatopkig braki. auggaala Ihal aoma d Iha produda d
lha PLP/OM20 gana may hava addHlonal rdaa during lha oompailmanlallzallon and
dklaranllallon d 8ia naural tuba Andhar raport (Ikanaka al al, 1992) auggaala Ihal akioa
DM20 mRNA waa ddadad by Iha pdymaraaa ohaki raadlon (PCR) ki mouaa braki ai EI 1,

0M20 cannd ba a produd d dlgodandrooylaa atona; kidaad. DM20 mRNA «aa praduoad



by aNth« caNa o< tha narvout tyttam, including gHa. and in parlpbaral sciatic nan/a.

e) Poattranalaiionai modificationa

PLP is posttransiationally acylalad on at iaast ona rasidua (1M) and acquiras two molaculas
of palmitata par pofypaplida chain. Bizzozaro arxt Laaa (1966) hava Idantiflad palmitoyl-CoA
as tha Kpid donor in purifiad myaMn. It is now known that fatty acylation is widaspraad
amor>("t mambrana protalrw (Schmidt. 1963) Shiasirtgar. (1992) has proposad that such
covaiant attachmant may ansura that tha appropriata fatty acid is locatad In tha oorract
position adiacant to tha transmarrbrana sagrrtant of tha protain In tha bilayar Attachad Ipid
may ba r>acassary tor maintair>ing tha lipid-protain intaractions which, tor a structura as
spaciaNzad as CNS myaHn. must ba of paramount imporianca imarastingly. PLP (ar>d

DM20) ara not acylatad In Schwann caNs or PNS myaHn (Agrawal and Agrawal. 1991).

Il. Tha MBPS
This profain family oonsists of highly chargad axtrtnaic mambrana prolains localizad on tha
cytoplasmic taca of tha myain mambrana. whara thay form Iha ma)or dansa Una of oompact
myaHn (Fig. 4). Tha MBPS oorwiltula approximataly 30 and 10% of Iha total CNS arxl PNS
myakn protain. raspactivaiy

in rodanis tour MBPs shahrig common amino add saquanca with MWs of 2t .6, 16 5.17.0
and 14.0 kDa wara Initially idantHiad (Barbarasa at al.. 1977). Tha 21.S ark] 17.0 kOa
spadas ara Iha laast aburxlar)t In matura myaMn Nawman at ai.. (1967) idaniifiad a fifth
MBP (17.0 kOa) by tha usa of cDNA dorkng; this vartant is axprasaad at a much lowar lavai
than tha 17 0 kDa MBP mar>tionad abova It has also baan suggastad that rat brain may
contain a 23 0 kDa MBP which appears to ba tranalalad from a mRNA not oodirH) for any of

tha othartormaof MBP (Agrawai at ai. 1966)



appears to be cxrnsktorabla saquancs homology batwaan tha MBPS from dHfaranl apaciaa:
for Inalanca. thara is 90% oonsarvation batwaan tha bovina and rat MBPs Saquanca
axamtnation via tha avsilabla oDNA and ganomic donas (da Fart» at al.. 1986) showed that
there are no cyslalnyl rasiduas in MBPs. tharafora these proteins have no capacity to form
Intramolaoular disulfida bridges However, although tha MBPs assantially form random ooils
In solution, there do exist regions of looallzad strudura; MBP assumes highly ordered
conformations in organic aolvani mixturss and upon binding to Mpld bUayars (Stoner.1984).
Most of tha ordered oonformatlon of tha MBPs Is In tha toim of ovaltapping B-tums forming a
pleated sheet and Stoner (1984) proposed that the folding of MBP arises from a halgiln
strudurs.

Tha laoaladrio points of tha MBPs sra >10. In MBP. 12 lysyl and 19 arginyl rasiduas are
randomly distributad along the polypaptida chain (Lass and Brostoff. 1984) and are oriantad
In a way that favors Inisradlon with tha phospholipids of the oytoplasmlo lace of myelin In
this rasped, tha MBPs may primarlty fundlon In oomprassing the cytoplasmic space to form
oompftol rnyvNn.

A portion of the MBP mdaoula may be partially embedded In tha membrane via the
covalanl linking of Ssr-64 wHh pdyphoapholnoalllda (Chang at al.. 1988), the last ndlon
however has bean ohsllangad whan shown that the 4 mol% stolohlomalry of Inositol with
MBP rulas out a covalent Hpid knkaga as a gansral mechanism tor attaohmant d this prdain
lo membrane Sankaram at al. (1989a) utllllad ohamloal binding assays snd spin-label
aladron spin raarTnama spadroaoopy to show that tha aladroatatic kitaradlon of MBP with
msmbrana bilayara formed by tha addle lipid dhnytlsloylphosphalldylglyoarol (DMPQ) was
obllgaloiy for binding and that MBP ooukt paitlaly panatrata the bilaysr Tha same workers
also showed that whan MBP la Incubated with cWfaiam Npld mixtursa. phoaphatidylssrina.
one of tha two ma)or nagativaly charged Nplds of myelin, la bound by MBP vrith high
apaolflolty

MBP oontalns a aingla Tip raakfus. whioh Is thought to serve as tha looal point for tha
known anoaphaMoganlo propartlas of thla profaln Sankaram sf al.. (1989b) daavad the
MBP mdaoula at tha Tip residua and aludlsd the Inlsradlona of the 12.8 kOa (N-larmInaO

and 6.8 kOa(C-lamilnal)lfagmanisw«hblIByarso« DMPQ Thak raaocs suggssfad thal the
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principal illaa ol Interaction ol the MBP molacula with tha «pld bitayar ware at taast parity
located In tha 12 6 kOa tragmant and that tha Tip raaldua muat ba Imporiant lor tha atructural

and functional propartiat of intact MBP

b) Bloaynihabla

In rodanta tha 32kb MBP pana la mada up o< aavan axona. altamata apMcing of which givaa
riaa to aach IntviduMi polypaptida: Mantabarry at al.. (1986) have ahown that thia g»"« I»
atao raponaibla tor tha axpraaalon ot tha (aama) MBPa In PNS myain,

Tranacriptlon ol tha MBP gana baglna during tha llrat poatnatal waak In tha CNS and PNS
(Rouatal and Nuaabaum. 1981. Jaaaan and Miraky. 1991). Zallar at at. (1965) uaad purillad
oHgodandrocylaa trom dittarant raglona ol tha CNS and ahowad that calta trom tha apinal
cord axpraaaad MBP prior to thoaa trom mld-braln or brain hamlapharaa. thua corralating lha
(O ylim axpraaalon ol MBP to that obaarvad la Idys

Thara la avidanca lor control ot MBP tynihaaia at tha laval ol Iranacripllon  Thyroid
hormona (Tg) waa ahown to Incraaaa MBP mRNA lavala by an unknown machanlam
(Shankar at al. 1987) and Bologa at at. (1986) ahowad that Iha production ol MBP la
comrollad by a aokjbla nauronal lector Further aupport lor Iha imiuanca ol naurona on
myakn protein aynihaala In tha CNS haa been providad by Mackkn at al. (1986) who
damonatratad that MBP and PLP mRNA lavala Incraaaa lourlold whan oagodandrocytaa are
oo-cu*urad wrih apinal cord naurona In ooniraal to ollgodandrocylaa. where lha praaanoa ol
naurona la not aaaanllal lor Iha nailakon ol Iranacripllon ol myalln prolalna, nauron Schwann
cak imaracHona are aaaanllal lor tha activation ol myain prolam aynihaala m Schwann caaa
(Jaaaan and Miraky. 1991).

Tha lavala ol lha 21.5 and 17 0 kOa MBP polypapadaa dacraaaa ralallva to lha lavala ol
lha 18 5 and 14 0 kOa tpaclaa between P15 and P60 mrat (Barbara« atal. 1976) Caraon
al al. (1983) have propoaad that Iha 21 6 and 17 0 kOa MBPa may play a more Impoilani
role m the early atag« ol myalln wrapping, amoa they are relatively abundant at Ihal Mna

in 10u hybrldldion hw ahown that MBP mRNAa era aagragalad arilhin Iha pwlpharai
raglona ol the ollgodandiocyla and d o « lo lha all« ol myain aaaaiiMy (Trapp al a |. 1968)

Whan oagodandiocylaa ara giown m ou8ura. MBP oan maiaiy ba daladad al tha oai body
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but whtn th« call matura* MBP la alao lound m tha 'hk* procaaaat and mambrana aliaalc,
whara Hla In cloaa aaaodalion with microtubulaa (Wllaon and Brophy. 1969). Colman at at,
(t 982) wata lha Ural to ahow oondualvaly that tlia MBPa ara aynihaaizad on Iraa polyaomaa,
by laolaling rat brain RNA Irom Iraa or bound polyaomaa and uaing H to program a
whaalgarm tranalallon ayatam Thaaa authora auggaatad Ihal aagragatlon ol MBP mBNAa
Into lha pahpharal myaUnaling raglona ol lha oUgodandrocyla pravania lha highly chargad
MBPa Irom aaaoclating non-apacllically wllh Intracalkjlar mambranaa Qlllaapia al at.
(tggoa) damonalralad that In ollgodandrocylaa Irom rabbit apinal cord. MBP la alao

aynihaaizad on Iraa polyaomaa

C) Poattranalatlonal modIllcallona
A numbar ol anzymaa lound In oompact myalin uaa MBP aa aubairala and lha producia ol
thaaa raacllona ara highiy modulad MBP molaculaa Tha poaliranalallonal modllicallona ol
MBP ineluda acalylallon, mathylallon and phoaphorylallon (Moacarallo, 1990) which glvaa
riaa lo charga haiaroganaity

MBP waa ahown lo ba acalylalad on Iha N larminal alanina In all apadaa aaaminad ao lar
Mathylallon on Arg-106 Irxiraaaaa durtng activa myallnallon (Crang and Jachobaan. 1903)
and dacraaaaa aa lha animal maturaa (Chandakar al at, 1986), auggaating thal MBP
malhylallon may hava a rola durtng myallnallon

Tha microhalarogahally ol MBP waa liral damonalralad by Martanaon al at. (1989) who
raaolvad MBP Inlo multipla banda on uraa gala pH t0 8. Tha aourca ol charpa
nUcrohalaroganaHy waa aacrtbad lo daamidallon, phoaphorylallon and loaa ol C larminal
argimna  Contlnuoua )o vivo aharallon In Iha atructura ol lha MBP motaoula through
rmcrohalaroganalty ganaralad |[DIUu la a poaalblllly which may Intluanca Iha atructura ol
myalln

Tha ID zlag phoaphorylallon ol MBP la a vary rapid avani wMh a aimovar rala ol mmulaa
(Oaa Jardii» and Mora«. tOM). bul oniy a ama« parcamaga ol Iha total MBP la lound m lha

phoaphorylalad lorm lo«M (Martanaon al al . t9U) MBP phoaphorylallon haa alao baan

damonalralad lo”  (Kobayaaia, 1964) Aahoogh Iha aaad rola O« MBP phoaphorylallon la

unknown. 8haa baan propoaad Ihal whan MBP la ma phoaphorylalad lorm oompaca myalln



m»y b* trrn»iknlly OMtabOzad. causing a ravarsibla separation ot the apposed cytoplasmic
laces (the major dense line) at spedile areas (Turner el al .1984) This would suggest a
possible regulatory role lor endogenous myeUn phosphatases such as PL2, which was
discovered by Yang el al., (1987). The regulation ol MBP
phosphorylallorvdephosphorylation events lo idyg may create ttexibisty In the structure ol

myein and make this membrane a more dynamie sinjdure

. TheCNPa

CNPs (EC 3.1.4.37). once referred to as the Wowgram (Woltgram and Kotortl. 1988) doublet
Irom SDS-PAQE studies (Waenheldl and Malotka. 1980) are not unique lo the nervous
system CNPs were Inlllally reported In spleen, pancreas, thymus and brain and they have
since been found In lymphoid tissue (Sprinkle el al. 1985). adrenal medulla (Tlrell and
Cottee. 1988) and circulating blood lymphocytes (Bernier et al.. 1987). CNP activity Is
highest In the corpus callosum, an area o( the brain characterized by Its high myelin contera
(Kurthara and. Takahashi. 1973) AShough the assodallon ol CNP with myein was known
lor some «me. purllicallon required drastic sokidlsallon procedures such as detergent pre-
Irealmenl steps (Wells and Sprinkle. 1981) In order to release tNs enzyme Irom lIts strong
binding lo the membrane

CNP Is expressed exclusively by olgoderxirogla In the CNS and Is not presera In compact
myeln. but 1s concentrated within specific regions ot the olgodendrocyte arai myeMn
Inisrrxide (Tr~p el al. 1988) Recent in vitro svKjenc# suggests that CNP may have an
active rote during oUgodendrogUal process extension via Its strong Interaction with
Illamenlous actln (F aclin). as CNP and F-aclin disappear ooncormtantly Irom the oaH
extremllles upon maturation (Wilaon and Brophy. 1989).

Two CNP polypeplides are found lo myeSn. CNP1 and CNP2 Ctoning ol CNP1 Irom rat
brain (Bernier el al. 1987) and CNP2 Irom bovine brain (Vogel and Thompeon. 1987) haa
yielded MWs ol 44876 and 46592 Da. respectively Kinetic studies (Manhlew el al. 1980)
did nol reveal any slonmcanl dmerenees between the CNPs Irom the CN8 and PN8. but a

monoolonal andbody raised by Fu)lshiro el al.. (1988) reoognlzed CNP m the CN8 only,
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indicating that th« ntoiacular diNarancat batwaan tha CNPa from CNS and PNS do not
atgniflcantiy attact ita cMalytic aita. Tha ralaliva amounia of myaNn CNP| and CNP2 vary
batwaan apadaa, but CNP1 ialn graataat abundanca m tha myaHn of aN animala atudlad with
tha axcaption of bovina myaln. Elactrophoraala of tha nativa aruyma undar non-danaturtng
condHiona placaa tha Mr of CNP at approxlmataly 100 kDa, auggaating a dimartc atructura
(Spdr>kla at al.. 1900). Kurthara at al.. (1966) wara abla to datact a third form of CNP with an

apparam SOS-PAOE Mr of 45 0 kDa

a) Erwymlc raacllona

CNP catalyaaa tha hydrolyaia of 2'.3-cyoMc nuclaotldaa to form 2* nuclaotldaa and Shaadio
at al. (1964) hava ahown that only tha 2*-iaomar la formad CNP from CNS myaHn haa a
vary high apacific activity whan hydrofyzirH) 2*,3"*cyclc AMP (approximataly 1.000-4.400
pmolaa ! min /mg protain) aa waN aa 2*,3'-cycllc-OMP. -CMP arvi -UMP vrharaaa CNP from
adatlc rwrva lafar laaa activa (Kurihara and Taukada. 1967).

Tha laying aubatrata(a) and phyaiological rola(a) of CNP ara not known 2', 3'-cyclc
nuclaotldaa ara aruymatic RNA braakdown producta that do rtot aocumuiata m caMa (Olafaon
at al. 1969) artd although thair hydrofyaia la by no maana oonfir>ad to CNP, thla la tha or9y
CNS arKf PNS anzyn>a with tha capacity to produca 2 -rxrclaotldaa Takahaahl. (1961)
propoaad tha hydrolyaia of 2-r>uclaotldaa by a nuclaotida phoaphomonoaataraaa arxl
Nakamura at al.. (1979) aa wall aa Vogai and Thompaon. (1966) hava purtflad tNa aruyma
from brain

CNP may ba irtvolvad m RNA matabolam (Sprirtkia at ai.. 1967), aa thla aruyma haa baan
ahown to hava an addNional 5’-polynuclaotlda kirtaaa acvvtty Tharafora. CNP dNplaya two
of tha ihraa known activitiaa of RNA ligaaaa: 5°‘-poiynuclaollda klnaaa. 2*.3"“CycHc
phoaphodiaalaraaa and Mgaaa (Pick ar«d Hunaltz. 1966; Phizicky and Abalaon 1966).
Navarlhalaaa, at tha praaant tima CNP It an anigmatic. If abundant, anzyma of myaln and

olgodandrocytaa

b) Stoaynthaaia

Bamiar at ai.. (1967) hava ahown that in rat thymut a tingla mANA tpaolat oodat for both
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torra of CNP and Kurihara al al. (1988) damonalrated mat aaamativa ipuclng ot axon 1ol
tha CNP gana raaulta In tha ganaratlon ol a aacond mRNA Irom lha gana In mooaa bram.
which acoounia lor CNP1 and CNP2.

Karln and Waahnaldl. (1985) had tuggaatad that CNP 1l aynihaaUad on Iraa polyaomaa
bacauaa labalad CNP waa lound to accumulata raisidly In ral opile narra myalin attar Ha
=ynihaala. monanaln. a dnjg that atopa tranapori Irom tha Qolgl apparatus lo lha plaarna
mambrana. had no altad on lha appaaranca ol CNP In myaln. Qlllaapla al al.. (1990b)
Invsallgatad Iha sHa ol synihasis ol CNP In rat brain and thair oombinad data on Iha rapkt
kinatics ol Inoorporallon ol CNPa Inio lha ollgodsndrogllal plaarna mambrana and la»Uro
translation ol RNA Isolaiad Irom Iraa and bound polysomst. tuggaatad that synihatit ol
CNP muai occur on Iras polyaomaa aa waa pravtoualy ahown lor MBP (Cotman al al., 1982:
QlUatpla al al. 1990a) Qlllatpla al al. (1990b) alao thowad thai m coniratt lo MBP mRNAt
which ara anrtchad Madivaly myallnating procataat. CNP mRNAa ara nol amichad In tha
myakn-aaaodatad pool ol RNA and tuggaatad mal tha CNPa probably attodata with lha
cytoplatmlc aurtaca ol tha oHgodandrocyla plaarna mambrana through imaradlona wilh

mambrana-bound racaplora

rl Poawranalallonal modllleatlona

Moal ol lha addle ammo adda ol CNPa ara amidalad. giving lhaaa anzymaa Itoaladric
pointa ol 8 5-9 0 CNP2 In CNS mytHn only la tha only myaHn protain known lo ba
photphorylatad Ma cAMP-dapandanl mannar by an andoganoua myalln kinaaa (Bradbury
and Thonwaon. 1984) and Sar-74, Sar-177 and Sar-305 hava baan propossd aa posalbis
phoaphorylallon aNat (Vogal and Thompson. 1987) Bardar al al. (1987) hava Idanailsd a
CNP asquanca mal lahomotogout lo cyake nuclaollda binding that Irom olhar prolsint Tha
rala ol CNP phoaphorylallon Jox(2B larapid, tuggaaling mat ravartlbla CNP phoaphorylallon
may hava a physiological rois Mmyaln (Bradbury al al, 1984) CNP can bs pakdloylalad (o
vHro bul tha salanl lowdah mit occura (o Idia and Iha oonirlbiAlon ol Ida modMcallon lo tha
binding propsfVsaol CNP larnam unknown (Agrawal SI al . 1990a) CNP la laopranylalad by
a mavalonlc add darivallvt Mouhiisd Cg gloma oaSa (Braun al al.. 1991) and laapranylallon

aawal aa pamaioylalon may aaplaln why atihough >90% ol 9ia CNP la tydhaalzsd on Iraa
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poly»om«t in oll9od«ndrocyl«t (Qill*spi« «! al. 1990) and CNP hat no apparani
trantmambrana or othar atrongly hydrophobic domains (Barniar at al. 1967), CNP

astociatat raadliy y»ith mambranat

iv. Tha MAO poiypapikiaa
MAQ it a raiativaiy mirwr compor>anl of CNS myaNn. oomprtaing approxtmataiy 1% ol tha
total Shaath protaln (Ouarlat at al.. 1972); this protain can ba datactad at tha aaitast ttapat
ot myaNnation. batora mitf ol tha ma)or myaln protaint art datactably axprattad (Trapp at
al. 1961). Lactin bindirtg. partodata Schm staining and fooota incorporation hava ravaalad
oKlltipia CNS myalin glycoprotaint (Podutio and Brown. 1975) but MAQ it tha most
abur>dant artd bast charactarizad

Qlycoprotairtt ralatad to tha immunoglobulin gar>a tuparlamlly n>adiata caH turtaca
adhaaion among rtaural call typat arxl ara thought to play a kay roia In tha davalopmant of
tha CNS (Cunningham. 1967) MAQ it mambar of this gana tupartamily (PoNorak. 1967)
and It axprattad on tha turtaca of oiigodarMJrocytat in lha CNS. Additionally, MAQ hat
contidarabta taquanca homology with wat charactartzad can adhation moiaoulat such at

tha naural caii adhation moiacula (NCAM). Li and I-CAM (Edalman. 1964 WIINamt. 1968)

a) Btructura

Two MAQ polypaplidat daaignatad larga (L-MAQ) and tmaN (S-MAQ) hava baan idanlifiad
(Lai at al.. 1967. Salzar at al.. 1967) but at MAQ oonaittt of approximataly 30% N Inkad
carbohydrata. tha two potypaptidat oomigrata at a wida band with an approximata Mr of
100 0 kDa in SDS-PAQE Daglyootylatad L MAQ and S MAQ hava MWt of 669 and 64 0
KOa. raapaclivaly (Quartat at al.. 1963) An analysis of tha daducad MAQ amino add
taquanoat hat tuggaatad potantiai ttructura-lunclion oorraiatat (Salzar at ai.. 1967). Both
MAQ Itolorma ara pradMad to hava In oommon a larga. axtraoaNularty diapotad ardno
tarminai aagmani and a tingla irantmambrarta aagmanl (Fig 4) but thay diffar In thalr
carboxy-iarminal, praaumpUva cytoplatmic taquanoat Tha axtraoaNular aagmart oonlaina

Nva iffwnuf¥>globuin homology unNt (IHUt, a larm ooinad by Hunkapltar and Hood In 1996)
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and tN» portion of MAQ is bsUsvsd to msdiats binding to ths sxon.

Atoo prssent in ths octodomain of MAQ totha tnpaptide recognition sequence Arg-Qly-Aap.
which to a frequent determinant of the birtdir>g of ceN recognition and extraceliular matrix
molecuiee Such molecuiee are known to bind inlegrine. a family of heterodimehc surface
receptors (Johrtson et al.. 1989) and M is possibto that MAQ may bind to non* in a similar
fashion, thus lirkirg myelin arxj the rmirorwtl surface.

The role of MAQ in axon-Sohwarwi oeN interactiorw leadir>g to myelirwtion has been further
elucidated by experiments in which cultured Schwann cells were initially infected with
reoombirmnt viruses expressing MAQ ewnse or antisense RNA and subsequently induced to
myelinate by coculturing with neurone (Owens and Bunge, 1991). Electron microscopy
revealed that the cells expressing RNA in the antisertee orientation to MAQ mRNA failed to
~agrégate large axons ar>d initiate a myelin spiral, despite having formed the basal lamina
that normally triggers Schwartn cell differentiation; cells expressing RNA in the sense
orientation myelinated normally Thee« obeervatior's suggeated that MAQ may be the critioal

Schwann cell component induced by neural interaction which i

ates peripheral myelination

b) Biosynthesis

oDNAs tor both MAQ ieoforms have been isolated ar>d characterized, the MAQ mRNAs are
erxx>ded by a single ger>e whose primary transcript is altematively spliced (Lai et al.. 1967;
Salzer et al.. 1987) Frail and Brown, (1984) showed that the mRNA for each MAQ
polypeptide todevelopmentally regulated. L-MAQ mRNA appears before SSMAQ mRNA ar>d
remains the dominant mRNA speoiea during active myeHnation but as the rate of myelination
decreases, 8-MAQ mRNA becomes the dominant species It has been consistently
observed that in rats, glyoosylated MAQ in immature myeNn has a higher apparent molecular
ntass than in mature myelin and this developmerttal shift has also been observed In geibito.
and hamsters, but not in mloe (Campagrwni, 1988) However, as Hhas never been shown
that the MAQ apoprotein ratios ohenge durirtg developmenl. the possibility exists that
poettraneorlptional and poettrar>alatk>nMI regulation may determine the leveto of L- and 8-
MAQ loytko

In cultured oHgodendrooytes MBP and MAQ appear 5+7 days poetnataRy followed by PLP
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a) Stmctur*
Po t« highly con»ived (Sa«v«lm M =l 1989) and «= dirtribKloo is restridsd to compact
myalin iayara X-Ray dWraclion studiaa hava lad to Iha balial that Po acta as a =alructural
camanf Inoidar to bring In cloaa apposition both tha cytopiaamic and ths aatracailular facaa
ol PNS myalin (Lamka and Axal, 1986) Tranalaclion o( HalLa calla (not normally axpraaaing
Po) wHh Po cDNA ahowad that Iranalaotania mads substantial contact with thair non-
tranalactad countarpatla (D Urao at al.. 1990), atranglhaning lha notion that Po la an
adhaalon molacula. Rfcin at al.. (1990) also Iranaloolad Chinaaa hamstsr ovaiy cslla with a
plasmid containing Po cDNA and axamlnad lha aggragatlon propaitiaa o( Iranalsolania In
auapanalon; such calla lormad daamoaomaa and aggragatad via homophlllc Inlaracllona ol
Ilha axIracallular domalna ol Po. wharaaa non-lranalaolad calla did not. Ttiaaa axparlmanls
lad to Iha hypothaaia that Iha axtracallular IsaHats ol PNS myaNn may ba hsid logslhar by
homophilic inlaracllona ol Po molsculaa. Involving this prolain in myalin oompaction

As In tha MBPS, tha cytoplasmic domain ol Po la axtramaly basic. MBPS in PNS myalin
constaula only 5-18% ol lha total prolain and tha basic portion ol Po has baan propossd to

raplaca Iha lunclion ol MBP in at laast ona MBP mutant (saa lurthar).

b) BlosynthMia

Analysis of ths intron-sxon orjjanization of P© shows that this protain rsssmbiss a
primordial oaH-oall adhaalon molacula that must hava arisan vary salty in malaioan avokjllon
and givan has to tha Immunoglobulin gana aupailamily (VyiHams, 1967). In Iha Po gana, lha
ssqusnca anoodkig tha axlraoallular Imnmunoglobolin-ralalad domains is spill Into Ivro axons
ol similar alruolura and langih (Lamka at al.. 1988): this gana is highly oonaaivad and Its
siruoluraoonlormalopradlollonamadalormambarsollha Immunoglobulin gana auparlamity
(Amzsl and Potisok, 1979).
Po kiaaila Into Iha RER In a SRP-dapandanl mannar and Is Iranaportad through Qolgl to Iha
plaama mambrana. as la PLP Tha claavad amlno-larminal signal aaquanca In Po la
loHowsd by a ralallvaly hydrophoblo axiraoallulal domain, a aingla mambrana-spanning

domain and a vary baalo IntraoaHular domain (Lamka and Axal. 1966, D Uiao at al., 1990;

Fig. 4).



c) PosnransIMlon«l modHIcallont

Th» postIrn»bWon»( modMicillon» ol Po Includ» pho»pho(virtlon. acylallon

and lultatlon (Ev»dy »1 »1.. 1973; Wiggins and Morall, 1980. Matthiau at at.. 1975). Suzuki al
al . (1990) hava auggastad thal phoaphorylallon ot Pp. which la mainly via
caldunvcalmoduin-dapandanl protain Unaaa Il. may ba Importanl lof tha malniananca ol lha
ma)or dansa Ho» In PNS rnyaln All tha phoaphorylallon sitaa ol Po ara praaani at Iha

cytoptaamlc aurlaca



1.4 MYELIN LIPID METABOLISM AND MEMBRANE TRAFFIC

I. MysUnlipMI

Myelin 1» e very unueuel blologICBI itiembrene In m « Khee e very high lipid to protein rtUo It
compneee epproulmelely iS% ol the dry welghl ol brein In m«ure ret (3S% In hontien) end
40% Ol tolel brein apld In order ol ebundance. the main Mplde ol myelin are choleelerol.
GalC and elhanolamine plaamalooen QaC and eullallde are not myelln epecllic «plde but
ar# much morv abundanl In fny#Un than In olh#f msnntxaoas.

CNS and PNS myelin dlller leee In lhelr »pld compoelllone {Table t) than Iheir protein
oonYioelllone The main quaniHallve dMlerencee between CNS and PNS myelin Hplda are m
the aphingollplde PNS myelin Irom dlllereni epedee contalne leas oalactollpld and
conalderably more ol the phoephoUpld aphingomyeUn (SM) than CNS myein (Norton and
Cammer. tred) In conirael lo CNS myelin, the amounie ol SM and

pbo*phatkiyl«thano*amin« (PE) ara similar In PNS llasus

Myalln aphinooUpMa

All ephinoollpida poeaeee the tong chain amino alcohol tphingoelne backbone and. alter
phoepnoglycerldee. are the eeoond major olaaa ol Hplde In animal membranee Inrat CNS
myelin, the concentration ol ephingoUplde la directly proportional lo the amount ol myalin
preeam (Norton and Cammar. 1BS4)

fipthiny*mvlin

Sphingomyein (SM) la ayniheeUed by direci Iraneler ol the phoephorylchollne headgroup
Irom phoephalldylchollne (PC) lo ceramida (Car) by the eniyme ceramlda
phoephalldylchotne phoephochoc«nelraneleraee (ephingomye«n eynthaee; Klehimolo. t9B3)
Sludlee uaing highly purMled brain and Iver membrane Iracllone (Malgal. 1984; Maurlca.
1989) have revealed a aaoond pathway ol SM moaymheele In theee «aeuei Thie Involvea
the Iranaler ol phoephorylelhanolamine Irom PE lo Car. loHowed by melhylallon; athough
Ilhia aaoond pathway la minor, 8 may be ol high Importance In brain Ihat hae a high PE

comam Aa SM doaa not llIp-llap due to Ha highly polar head group (van Maer el al, 1987),

na eiioluelve locaMaHon on «le arioplaemic laallat mual be eelablehed during Moeynlhaela
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T«hl«l  Th-UnkHn'n'nnolllonmolnuMiinihiimjnCNSMIdPNSIIW In.
Indlvkludl Upkl class«« srs sxprssssd as psrcsnugss ol total ptiosptwipid
= Primary slhanolamins pissmalogsn «: Includsd wilh phosphslidylsorins

(From Norton arxt Cammsr. 1984)

CNS PNS
Componant % ol ilry walBtit
ProUin 30.0 28.7
Lipid 70.0 71.3

% ol llpKI wslghi

Chol«trrol 28 4 23.0

Tol OaiKtoHpid 27.8 221

Tot. PhoiphoUpid 438 54 9
Ethanoiamin«* 43.2 35.0
ChoHna 26.0 15.0
Sarin# 11.1 17.0
IrwaHol 1.4 «

SphingomyaMn 18.3 33.0



Mycin ptiotphotpklt v* «mlichcd In long chain lahy adds SM oonlalna larga amount of
24:1.18:0 arxJ 24:0, which art aynhaalzad by chain alongahon o laity addt tuch at palmitic
add (18:0) and olalc add (18:1) (Boyar. 1983) Howavar. Iha hincllon ol long chain (ally
addt In myalln It not citar (alao tat undar Tha Sacralory Pathway)

Qaiactocarabroilda

Myalln QalC It tynhatizad Irom UDP-Qal and Car by lha adlon ol Iha anzyma UDP-
galaclota:galadotyllrantlarata. Sullatida la lormad Irom QalC by carabrotlda
tullolranalarata by Irantlar ol tutala Irom photphoadanotina photphotuHala lo OalC, and
bolh anzymaa raquirt "boundary Hpldt" (mainly phoaphoupldt) lor adlvatlon (Boyar. 1983).
Tha work ol Brammar. (1984) thowad that brain OalC It lomiad Irom UDP-Qlu and Car
lollowing lha apimantallon ol UDP-QIlu lo UDP-Qal (via Iha action ol UOP-galadota-4'-
aplmaraaa). ralhar than by tynlhatlt ol UOP-Qal Irom Qal-1-P and UDP-Olu. Tha
Irtarconvartlon ol Iha two UDP-haxotat raquirat rtoollnamlda adanina dinuclaollda (NAD)
and procaadt via a 4-kalo Irtarmadlala.

Myalln gaiactoupldt ara alao anrichad In long-chain taturatad and monoanolc laity adda,
mainly Ci8-C28 Tha pratanca ol long chain tally acldt In myalin tpldt It lhoughi lo ba
Irnionan in mambrana compaction and mainlananca Brain Car can ba dividad Inlo lhota
with o hydroty tally adda and thoaa with non-hydroty laity addt Brain hydroxy laity addt
art darivad diradly Irom lhair corraaponding non-hydroxy countaipaila and Il It thought that
microaomal aruymat art raapontibla lor tupplying lha laity add mdallat lo aphingollpida.

Tha tlructurat ol typical myalln Car. QalC and SM tra ahown In Fig 8.
fl.nnlU'Xkl««

Myalln alto conlaint tmall (0.2%) but tignllicani amounlt ol gangllotidat
Monotlalogaladotyloaraidda (Qm i). which wat thown to ba Iha lundlonal raoaplor ol Iha
cholara toxin by dirad tctivallon ol adanylala cydata In murlna nauroblatlomt calla
(Qontlat al al. 1963), lalound amongal many tpadat and It anrtchad Mmyalln Myatn and
lha otgodandrocylat ol highar primalat and birdt uitqualy contain tlalogalaclotyloaramlda
(QM4 or 07). Qangllotidat ara baUavad lo hava luncllont In oaM-caM racognHkm.

commumecallon and growth m liUltt (Bramar al al . 1984) and H It pottibla
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that thaaa aphingol

ida may hava apacllic lunctlona In myalln In jdyO (Wlagandt. 1962)
Sung at at. (1991) hava ahown that axogenoua OM3 ganglioalda atimulataa procaaa
tormatlon and glyooprotain rataaaa by ou*urad bovtna oMgodandrocytaa PNS myalln alao
contalna ganglloaldaa (Ladaan at al, 1975) but at Itaa than hall tha total ooncanttallon
praaani INCNS myalln slaloayl laolotalraoaylcaramlda (Lm i) ! « charactariatic PNS myalln
oomponani In aoma apadaa

SphingoUpld bloaynlhaala In myallnaling caaa aharaa many common charadarlatica with
aphingollpid bloaynlhaala In othar call lypaa and lha bloaynlhaala ol aphingolplda la «<nkad

with Inltaeallular tranapon through Iha aacratory pathway

Il. Tha aacratory pathway
Dlacovarad by Cammo Qolgl In 1898. Iha Golgi apparalua haa long laadnalad cylologlala
bacauaa ol ha diatinct moiphology. comprlalng liai datamaa which lorm charactartallc alacKa
that ara Iniareonnaclad by dalarnal and lubulo-rallcular biidgaa In addhlon. numaroua amah
mambranaoua vaalclaa ara uaually lourxi aaaodalad with thia organaha At laaat tour Qolgl
aubcomparimanla. lha da-, mtditt-. Irana-Qolgl and lha Irana- Qolgl nalwortr (TON), an
axlanalva lubulovaalcular atructura. can ba Idanllllad by alactron microacopy Tha c/a*
conpanmania ara altuatad cloaaal to lha nuclaua and Iha Irana-alamania ara lha moat
diatant

Tha Qolgl appparatua la eurranlly attracting a lot ol allanllon bacauaa ol lia cantral tola In
diracling protain trahie within caHa (Rothman and Ord. 1990; Hopkina, 1992; Lobal at al..
1989) Tha ganaral pathway lor lha Iranapon ol aacralory prolalna Irom lhair alia ol
aymhaala to tha oah auilaoa lovolvaa al laaal thraa ciudal aorling and tranatocahon aiapa (lor
ravlaw aaa Hopklna. 1992): Initially, prolalna ara Inaartad Into tha luman ol lha ER via lha
aignal papllda/SRP/racaplor ayalam (Blobal and Dobbaralaln. 1976). Tha aacond atap Irom
tha ER to tha Qolgl la lar laaa undaratood but It la known to ba highly ragulalad Finally, Iha
TON lalha aka whara prolalna ara aortad to lha ptaama mamtorana or lyacaomaa (Snidar and
Rogara. 1986; Soaain al al.. 1990)

Work m aavaral laboratortaa haa auggaalad lhal aphingollplda may ba aodad ooordmalaly
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wHh proltins through th« Qolgi (Simont and van Mear. 1988; Simona arxl WandlIr*gar-Naas
1990; RoaanwaW at at.. 1992) A racant raport (Bartho at al.. 1991) auggaata that In laak
aaadNn(®. whara tranapori ot nawiy aynihaalzad Hplda and tatty adda from tha ER la via bulk
tranapori (without aorting). phoapholipKM oontalnirig fatty adda with chain langth of mora
than 16 carbon aloma ara tranapodad prafararialfy through tha Oolgl apparatua. Thia raauN.
togathar with tha Inability ot tha plaama mambrana to aynthaalza lortg-chain fatty adda, laada
to tha hypothaaia of a aorling fundlon of tha Qoigl. baaad on tatty add chain langih It lathan
poaaibia that myaUn protalna and aphingoUpida that contain tong chain fatty adda (auch aa
aphingomyaVn) may ba ootranaporlad and aortad through tha Oolgl an routa to myain

Fig 6 ahowa a modal dapiding traffic through tha diffarant Oolgl comparimanta Tha TON
alao parUdpataa in ratrlaval and ra utllizatlon of piaama mambrana componanta intamallzad
by aridocytoaia. auch aa manrK>aa-6*phoaphata ar>d tranafarrin racaptora (Durwan ar>d

Komfaid. 1986) and probably alao aphingoiipida (Kok at al. 1969)

lll. Tha uaa of Bralaldin A m atudiaa ot callular mataboilam ar>d traHic

MataboUc inhlbitora parmit Iha datallad atudy of kay malaboUc avanta via tha diaruptlon of
particular atapa in lha pathway. For axampla. lha lonophora monanain haa multipla
intracaHuiar atfacta but la moat ramarkabla lor blocklr” tha IntracaUular Irarwporl of aacratory
glycoprotalna, acting aomawhara batwaan lha proximal ar>d diatal raglona of tha Oolgl
(Tartakoff. 1963)

Tha formation and locaHzatlon of tha Oolgl oompla* appaara to invoiva tha diracl or Indlract
Infaraclion of lhia organaiia with microlubulaa Irtdaad, Ooigi organization ia loat during
mitoala. whan tha dapolymariaatton of microtubulaa cauaaa tha braakdown of thla oompiai
Info amalt. dlaparaad clualara (Lucooq and Warran, 1987). Ur>daratarMJing how Qoigl
atructura la dalarmirwd artd malrttalnad and how thia atructura ralataa to furwtlon la a
lundamantal problam In oaN biology Pharmacologic parturbation haa providad a lof of
information ragarding Oolgl atructura / function oorralataa Drugs auch as ooichidna and

nooodazola that dtorupl microlubula organization, raauN In tha fragmanlatlon and diaparaion
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Oolgl nalwoiti (TON). (Adapted trom OWimha and Simona. leeB)



o( Ih» Qolgl «pparalut (Krai». 1990) Aahough mtcrotubula partutting agarita Iragtnaia lha
Oolgl, Ihay do not abrégala lha Idanlily ol Ihla organalla ai a dialinci anllly (Ho al al. 1989).
nor do lhay »<act Ita lunellon (RogalaW al »1. 1984) In comraal. lha ablllly ol Bralaldin A
(BPA) lo cauaa loaa ot lha OoK"i compiar aa an Idaniillabla aniily haa addad a naw
dimansion lo our abIWy lo pailuib Ihia organalla

BFA ia a halarocycHc ladona producad by aavaral lung! (Hani al al.. 1963; Fig. 7a) which
dramalicaNy aliara Ooigi alruclura (Fu)iwara al al.. 1988) BFA adadlvaly slops aacralion
Irom lha ER and causas lha radlalrlbullon ol Oolgt prolaina Inlo Iha ER (Mlauml al al.. 1988;
Lippinooll-Schwartz al al. 1989», Ooma al al. 1989) MorphoK>gle»l changa» In Iha Qolgl
apparalui ara asan wHhin minul» »Har iha addlllon ol BFA la nDfli and In)IUm; imilally Iha
cislarnal sInidura Is loal and Is raplacad by awollan vacuola» Ihal glva risa lo long
lubulovaalcular axianalona. ihroughoul which Qolg) mambrana and oonlani ara daivarad lo
lha ER  WIIh oonsnuad BFA iraalmani no raoognizabla Qolgl alnjclura» ara asan In lha ca«
(Lippinooll-Schwaili al »1.. 1990) Dlaruptlon d lha Qolgl Is acoompanlad by caaaallon ol
anioiograd» Iranapon Irom lha ER /Qolgl tusad »yslam lo mora parlpharal organaaa»

Tha aaniaal known aWaclolBFAlslha dlsaodallon ol Iha 110 kOa cyloplaamically orlanlad
oosi prolain S-oop Irom Iha Qolgl parlpharal mambrana wilhin 30» (Donaldaon al al. 1990)
Tha »Had ol BFA on ina lormallon ol a oonllinuous tubular nalwoik balwaan lha»a two
organaMs nkghl ba »«plalnad K Iha rol» ol B-cop Is lo pravani luslon ol Qolgl and ER

mambranas (Ord. »1 »1. 1991) Palham. (1991) proposad lhal lormallon ol long tubular

slruduras amanallng Irom lha Qolgl and luaing with tha ER can probably ba axplalnad by lha
aliad ol BFA m unmasking Iha microlubul» molor ailachmani »Has lhal ara normally oovarad

by coal prolain» such as 8-0oop In this »canario, microlubula-inkad motors would carry

unooalad Oolgl lubulas In a ralrograda diradion (l.a. Irom Iha Qolgi lo Iha ER) and dia lo Iha
abaanca d coating prolalns. vasiclas would tail lo pinch m and paillcipata In aniarograda
transport, causing tha avadual lualon d lha ER wllh Iha Qolgl Tha lormallon ol Iha
TQN/andoaomal ayatam Is also Ihoughi lo occur by Iha axlanalon d tubular siniduras Ihal
amanaM Irom tha T<JN and procaad along miciotubulas lo kiaa wilh lysoaomaa (Wood »1 al.
1991). Howavar. tha dalyroaynalad microlubol» nalwoik. comprising alada microkjbulaa

odocamma with lha Qdgl In savsral call <na», may ba unaHadad (Burg»»» al |.. 1990).
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FHylr# 7b Proposed model for the effect of
&FA on organelle pathways of the central
vacuolar system

&FA causes the formation of tuDular
processes mediating membrane transport
Gross mixing of memprane does not occur,
rather, organellar components seem to fuse
and mix with distinct homotyplC memprane
systems Thus, as shown in the oottom panel,
Golgi stacks appear to fuse and mix with the
recycling ER/cls~Golgi network (CGN) tuPule
system, while the frans- Golgi network (TON)
appears to fuse and mix with the recycling
endosomal tupule system in BFA-treated
cells Lysosomes apparently remain apart
from these two mutually exclusive homotypic
memprane systems Thus, according to this
model, BFA Interferes with the heterotypic
memprane transport pathways (see top panel)
that in control cells connect nomotyplc
membrane systems to each other (After
Lippincott-Scwnartz et al. 199ia)



It tt now known thai BFA «tlocts not only lution of lh« dé-, and frana-Oolgi
conpfax with tha ER. but also of tha andosomal systam with tha TON. Whan tha andosornal
systam of Madin Dafby canina kWnay (MOCK) caNs was parturt>ad by BFA. aarty andosoinas
formad a tubular natwork and arxtocytosls. racycHng of racaptors to tha call surtaca and
dagradatlon of andocytosad matartal continuad as bafora in rat calls traatad with BFA tha
arviosoma TQN systam ooNapsad Into tha cantrosoma raglon. probably dhvan by tha motors
that n>adiata tha rwrmal movamant of arxJosomal matariai to tha vicinlty of tha Oolgl
apparatus A summary of tha known affacts of BFA Is prasantad In Fig 7b. BFA action is
spadas- and probably oaN spadfic and In ral and bovina calls both tha TON/andoaomal and
ER/CIS-. madlaf- arrt frana-Oolgl syslarm ara affactad. whlla In canina (MOCK) and rat
kangaroo kidnay (PtKi) calls tha Oolgl/ER systam is BFA raslslant whlla tha
TQN/andosomal systam ramalns sansitiva (Wood at al, 1991; Llpplrwott-Schwarti at al..
1991b; Hunzlkar at al., 1991). This maar"s that BFA has at laast ona mora sita of adlon than
was originally thought and shows that aach call typa rrxjst ba invastigatad for its panicuiar
rasponsa to BFA

As tha affacts of BFA ara ravarsibla (Palham. 1991) caMular racovary and organalla
raformalion tollowir>g BFA traatn>ani may also ylald Importara Insights ragarding tha forcas
that driva organalla spadtic oomporwnt ra-assambly mnd iha molacular ralatior*shlps irwolvad
In thasa procassas An axampla of a procass that may ba furlhar undarstood by axparlmants
Involving BFA is cytokinasls. which Involvas tha raassambfy of organaNas such as tha Qolgl

following mMosls

Iv. Fluoraacam Hpfd probas

A difficuN problam In mambrana biology has baan to dafina tha pathways and study tha
molaoular macharSsms by which lha many Ipid spadas mova from ona organalla to anothar
attar lhair blosynihaols, mainty bacausa tachnlquaa lor studyirig Hpld traffic tMthm oaSs hava
rtol baan avaMabla Thasa problams ara ourranlly baing sddrassad by tha usa of a sarlas of
flirorasoanl Npld analoguas m which ona of lha naturally occurring laity adds has baan

raplaoad by a Ikiorasoant molaoula. Drugs that disrupt mambrar» traffic also hava lha



pot«ntid K) oonlilbut« significantly to thsss studisi

a) 4-chk>ro>7«nllrobana>1,3-dlasols (NBD) lipMs

Qhosh and WhHsfxjuss. (1966) first dsscribsd 4-chloro-7-rtltrobsn2-1.3-dia20ls (NBD-
chlortds). a rsagsnt which rsacts with amino and thiol groups to form atabla, highly
fluorsscsnt dsrtvativss (Birkstt at al.. 1970; Prica at at.. 1975) NBD-chtorida and NBO-
fkiortda hava had muHipt« appUcatioris In tha analysis of protain structura and conformatiortal
changas, m tha chromatographic dataction of amino acids and m tha labaling of oolcamld to
study its Intaractloria with tha cytoskalaton (Chattopadhyay.1990)

Anothar important application of tha NBD group is its Incraasing usa to monitor lha
propartias of biological arxi modal mambranas Various synthatic Nplds hava baan praparad
by attaching NBD to tha polar haad or tha non polar fatty add chain of tha Hpld pracursor and
usirig this proba as an ar*alogua of tha rtativa lipid nnolacula Tha procassas studlad with
NBD Hplds includa sponlanaoua arxf protaln-madlalad transfar of Iplds batwaan vaslclas or
batwaan vaaldas and caM mambranas (Nicols and Pagano, 1961 ; Nicols ar>d Pagano. 1962;
Arvinia and Hlldar<Kand. 1964; Nicola. 1985; SchroH and Madsan. 1963). mambrana fusion,
aggragation arid lataral phasa saparalion by rasonanca anargy transfar ar>d ralatad mathods
(Ustar and Daamar. 1981. Hoaksira. 1982), intracallular lipid iransport and matabolism in
living calls ( Tanaka and Schroit. 1983; Lipsky and Pagano. 1965a. Slaight and Pagano.
1985), tha study of kpld monolayars (Balakrtshrian at al.. 1982) arid tha study of tha Qolgl
oon”u (Lipsky and Pagano. 1965b; Pagano. 1989; Pagano and Martin, 1966)

Tha most widaly usad NBO gfycarollplds and sphingolipids for studying Upld matabolism
and iritracaHular trartlsocation in Iving calte ara onas In which oria of tha naturaHy occurring
fatty adds has baan raplacad with N-]7-NBDI-8-amiriocaprolc acid (Cg NBD laity add,
Llpsky and Pagano. 1963) Amongst tha Ce-NBD-Hplds that Pagano has sludlad ovar tha
last dacada. Ce-NBD-caramida (Cg NBD-Car. Fig 6) has had tha graatast Impad In call
biology aludias as N Is both a vital Oolgi maikar and a good substrata for tha anzymas of at
laast two mataboic pathways Ctoarty, an impoilanl quastlon is how aoouralafy Ce-NBD-

Hplds mimic lhalr normal Iniracallular oountarparts. Iha following pdnis (1-4. Pagario and






Slwghl. lessa) auggaat that Ce-NBD-Npida ara good analoga:
1) Varioua Ce-NBD Mpida are matabollzed to products that claaaical biochamical pathways
prsdict and during oo-Ineubatk>n with their non-huoresoent radioactive counterparts there Is
no pralarred subetrate BO mol% ct Ce-NBO-Cer ted to cellular monolaysrs grown ia yjtiB
can be convened to Ce-NBD-gkicocerebrxjsida (Cs-NBD-OlcC) and Ce-NBO-aphingomyelin
(Ce-NBO-SM) within two hours o( Incubation at 37<C (LIpaky and Pagano, 1963) Cs-NBD-
Car la also metabolized io vivo and In expenments whare tNs Hpid analogue was rtlasoivsd In
saline and Injecrted In rat brain, the main metaboNc products were tluoreacent cerebroaldes
(Cbs), aultatidea and SM (01 Blase et al.. 1091).
2) The time required lor the Iranslocatlon ol newly synthesized Ituorescenl SM and Cb to the
plasma membrana Is consistent with the time required lor newly syrthesized Isotoplcally
labeled neuronal gangloalde. which Is dallvared In a similar lashlon to SM and Cb, to appear
at the plasma membrane
3) Monanain Inhiblls the appearance cl both laotoploally labeled glyooephingollpids and Cg-
NBO-Ch to the cell surlace. showing that Cs-NBD-lipld and gkjoosphingolipid transport Is
sub)ecl to similar conatrainls
4) Both Cs-NBO-PE and radloactivsily labalad PE which la aynihsaizsd dt-DQUa appear lo
undergo transbllayer movement at the plasma merrbrana

The NBD molely Is not charged at neutral pH (Chattopadhay and London.1988) This
means that Iha actual charge on Cs-NBD-lIplds labeled In their acyl chains will be the same
as the rtorreaponding endogenous lipids under physiologioal conditions. Howevsr, as
deteotad by dmerenllal spin label quenoNng and other studies (Chattopadhyay and London.
|gS7. 1968) the NBO group la polar and loops back lo the polar region ol the membrane
(Pagarx) et al. 1991). Theretore. It the aoyl chain contormallon la Important, these lipids
should be used with caution A turlher possible disadvantage ol NBD Is that H Is very

sueoapllible lo pholoohemloal decompoelllon (bieaching)
b) B.r-dbiMlhyl boron dtpyrromathane dMuoilds (D*M) NpMs
Although rTHMh uaelul inlormation has been rjblained using NBD-labeled analogues,

ohemisls have tried to design similar but more pholualable moleoolea. In lhe case ol
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fluorescent lipide, membrerm insertion in e manner resembling natural lipids was an
additional goal. Boron dtpyrremethene ditluoride (BODIPY) is a novel ftuorophore (Moore et
al.. 1988; Kang et al.. 1988). long chain BOOIPY fatty acids show rapid inoorporation into
most lipids (Kasurinen and Somerharfu. 1992) and Pagano et al.. (1991) were the first to
synthesize and describe the use of a DMB ceramide. N-[6(5,7-dimethyl BODIPY)-! =
pentanoyt] ceramide (Cs-DMB-Cer, Rg. 8). Cs-DMB-Cer Is a vital Qoigi stain (in addHion to
Ce-NBD-Cer). can be metabolized to Cs-DMB-SM and Cs-DMB-QIcC and has
approximately two- to three-fold higher «uorescent yield and photostabitity than Ce-NBD-Cer
(Pagano et al., 1991). Studies on the spectral properties 04 Cs-DMB-Cer revealed that the
fluorescence emission maximum was strongly dependent upon the concentration of the
probe In the membrane; this fluorophore exhibits a shift In Ns emission maximum from green
(-51Bnm) to red (-020 nm) wavelengths with increasing concentrations. Therefore. C5-
DMB-lipids can be detected in regions where they are mort concentrated by means of

appropriate selection of fifters in a fluorescence microsoope

V. Sphingollpid biosynthesis and traffic

Most cellular lipids are synthesized at the ER (Allan ar>d Walkin. 1988). yet the membranes
of the various organelles possess unique lipid oompositiono Thus mechanisms must exist
that allow Upid sorting  Although a lot of information is available about the role of the Oolgl in
protein prooessirtg and transport, the furwtion of this organelle in lipid nr>etabolism and
traffiokir>g is ortly b#gir>r>ing to emerge.

Simons and ooNeagues (8imor>s and van Meer, 1988; Simons and Warxlir>ger-Ness. 1990)
proposed that In the Oolgl of MOCK cells, aploal membrane proteins may be sorted
ooordinately with gluoo®P N *"90**p**. < m(1®®2) lourxl that In the presence of
1-phenyl-2-(decarx>ylamino)-3-morpholino-l-propanol (POMP), an inht)ltor of spNngollpid
biosynthesis, retarxlatlon of transport lor secretory proteine aleo oooorred. suggesting that
transport of protelna and sphingollpids through the secretory pathway may be coupled to
sphirtgollpld btoaynthesis.

The gerwal pathways of spNr>gollpld bloeynihesis are probably oomrrwn to all tissues.
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including myallnaling Fig. 9 <how» Ih* main bloayiKhallc roUM tor «phingolipid»
and tha enzymaa raaponsibla for aach oonaacullva convaralon. With tha axcaption of tha
bioaynthaaia of Car at tha ER (Schaiarzmann and Sandhoff. 1990), tha various stapa In
aphingolipid assambfy ara baUavad to taka plaga In tha various cMamaa of tha Gkilgl in many
non-gllal call typas (Mlllar-Prodzara and Fishman. 1984; Llpsky and Pagano. 1985b;
Ro«*nwald M =!.. 1992).

Although much Is known about tha matabolism and tha various pathways by which
sphingolipids traffic witNn calls, a skigls unifying modal lor Iniraoallular transport cannot
account lor all of tha axiating data on sphkigolipid movamani within calls Mulllpla pathways
of Iniracallular Npid transport appaar to dapand on sphingollpid lypa. molaoular spaciaa. call
typa and tha mambranas undar considaratlon (Koval and Pagano, 1990). Furthar
Invaatigallons ara naadad In ordar to astabllsh lha axaot roulas of Intracallular traffic and
axaci sitas of biosynihasis of sphingollplds This Is particularly Important In viaw of lha
ragulallon of glucoapfUngolipld biosynihasis through lha allsols of lhair oonoaniralloo and
oon”xjaillon of iniraoallular mambranaa and Iha oa* surfaca Myalinaling calls should sans
as good mortals lor such iovasligaliona. as Ihay ara anrichad In sphingolipids Addilionally.
Invasligallons Into sphingollpid blosynihaals and traffic ara Important as It Is bacoming
Incrsasingly apparani that such Upkts may hava functional as wall as struclural rolas

(Qonalasalal.. 1983; Bramar at al. 1984; Sung at al , 1991).

a)Caramldaa
»amananllvcanrt Inw A l-rt
Whan radloaollvaCar was in)aolad Into ml bmkis It was malabollzad to radloaollva-QalC,
-sullatids and -8M (Klahktxjlo and Kawamum, 1979) Upkf analysis showad Ihal al 30 min
post-In|solion and at all subsaquant limas radloaollva-OalC was Iha main llpid found In
myalln. suggasling that QalC ia lha main spNngollpld Ihal may allhar ba synihasizad In
myslin andfor ba transportad to myakn and that aaaoolation of QalC with myslin probably
oGoura shortly aflar QalC bloaynihssla

C|C(.Csr Is a walar-solubla. amphlphHlo Car analogua tnjnoalsd In both hydrophobic

ragions (Karranbausr at al.. 1990), parmitling this molaoula lo diffusa through






NpM bllaycrt and gat trepad In organaUa(a) anar tha tranalar ol tha hydrophtdc haad group.
Whan CaCa-Caf wat incubatad wtlh Chinata hamatar ovary (CHO) calla In tha praaanca ol
BFA, iha ovara» aynihaal» o( CaCa-SM Incraatad and tha aynthaala ol CaCa-QlcC ramalnad
unahoctad (Bruning al al.. 1992) Tha authofi auggatted lhal Iha Ineraaaa In CaCt-SM

aynthaala m tha praaanca ol BFA probably rallactad tha tranalocallon ol aphingomyavn
aymhaaa Iront lha Oolgl «iparalua lo a mixad EIVQolgl organaH». whara a pool ol Car largar
Ihan In tha Oolgl alona «raa avallabla Howavar. a» OlcC bioaymhaala la thought lo taka
placa In a »ghl. amoolh vaalcla Iracllon Ihal could Da a pra- (Futarman and Pagano. 1991) or
aarty.Oolgl (Jaokal al al. 1992) oontpartmanl. tha apparant lack ol changa In CaCa-OlcC
bioiynthaala In Iha praaanca ol BFA la nol claar. at Iha Intarmlixing ol Iha Oolgl wilh tha EB
would alao prévida a largar pool ol Car lor tha ttoaynthaala ol CtCfQlcC. A BFA-Inducad
dacraaaa In caHular SM lavala lhat waa acoompanlad by tha Inductlon ol diharanllallon In HL-

60 laukamia cana haa alao baan raportad (LInardlc at al . 1992)

FInoraacenl carantdai
Aliar Initial locaciatlon Into lha Oolgl. Ca-NBD-Car and Ita lluoraacanl malabolc producti
traille through lha Irhracallular oompartmanit ol cu»urad calla (Upaky and Pagano. 1963)
Tha imracaNular iranaport ol Ca-NBD Car and lu matabomaa can ba loUowad by tha uaa ol
lluoraacanca mécioacopy and Kpid analytla can prévida Insighta ragarding thair locaHzatlon at
glvan Incubation ilmaa Ualng lhata lachniquat LlpaKy and Pagano. (198Sa) ahowad Ihal
whan monolayara ol Chinaaa hamalar lung (CHU Bbroblaait wara Ineubalad w«h Cg-NBO-
Car al 2®C. imilal lkjoraacant labaling ol lha mllochondrla. ER and nodoar anvalopa
ocourrad: upon warirtitg lo 37®C. lha Oolgl apparalua and talar tha plaanta mambrana
bacama Inianaaly lluoraacanl Tha axpahmanlal avidanca auggaalad that both Ikjoraaoani
SM and OlcC wara tranaportad lo Iha cal aurlaca via tha Oolgl

Whan lliad o»»» wara Iraalad wilh Ce-NBO-Car and photoblaachad In tha praaanca ol
3.3 diamlnobanzldina (OAB) (Sandal and Mainland. 1968). pholo-oildatlon cauaad
polymarliallon ol OAB al lha »Ha ol Iha lluoraacan! labal and lha dark product waa
mpaoMically locaHad al «i» Oolgl apparatua (Pagano al al.. 1969) Ce-NBO-Car waa ahown

lo apadlically labal tha Irana-Oolgl datarnaa, aa in aipartmanla whara thiamina
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pyrophoaphatu« (TPPa**, an anzymlc maifcar o< tha i/ana- Qolgl) had baan labalad with Pb.
DAB pnxluci did not aooumjlala Co-NBD Caf accumulatad m tha Irana-Gtélgl ol calla lixad
In a vartaly ot waya. but accumulation waa Inhibitad whan allhar fixation protocola that
axiractad or modHlad callular apid or poat tlxahon parmaabtlzatlon with dalargant had baan
uaad Thaaa obaarvallona auggaalad that lha trapping ot C « NBD-Car at lha frana-Ootgl waa
dua to Iniaracllon with tha Golgi kpld.

imravamricular adnanlatratlon ol Ce-NBO-Car Into lha bralna ol arkill rata lollowad by
laolatlon ot myatin and microaomal tractlona ahowad that unmataboMzad Cg-NBO-Car waa
localad In a microaomal traction; lluoraacant Cb accumulatad 2 h poal Inoculation, than
dacraaaad with tha corxsomllanl accumulation ol huoraacam aullatida (01 Blaaa at al, 1»»t).
By oontraat. ttuoraacanl Cb and SM wara praaanl In myaHn 30 min poal-Inoculation and than
at all llmaa atudlad. Fluoraacanca nacroaoopy ravaalad that al 30 min poat-Inoculatlon
Ikioraacanca waa only locatad m lha caNa anmg tha vamriclaa. whila altar 24 h Ikjoraacanca
waa alao praaara In tha paravantricular araaa. Thia atudy damonatratad that whan Cg-NBO-
Car la malabotzad In tha CNS In vivo, tiuoraacant Cha ara tranaportad In brain and
accumulata In myaMn, aa waa pravlooaly found lor radioactiva Car and QalC, raapactivaly
(KlalMmolo and Kawamura. 1979) m brain al laaal. Ca-NBD Car and radloacllva Car appaar
to hava |ha aama malabolc lalaa. which IndKalaa that inaaa Cara may pamapa ba uaad
imarchangaably lor Itucuai u ylyg m laalao algnllicanl that nuoraacam aa waa aa radloac«va
Cba ara tranaportad to myaln In prafararka to othar aphingoNplda. auggaallng that apacitic
maoharaama lor Cb dallvary to myaan may axial and that Cba may hava an Impodanl rola m
thla mambrana

Whan Cg-OMB-Car waa uaad lo labal a vaitaly ol aving calla, mambranaa contamino high
oonoanirallooa ol Cg OMB-Car and Na malabolllaa (Iha oorraapondmg analoguaa ol -SM and
-QloC) oould ba dNlaranilalad Irom olhar raglona ol lha call whara amaMar amouraa ol tha
proba wara praaanl, aa oonoaniratad DMB diaplayad lla charaolarlatic lluoraaoani ahMt
(Pagano at al. 1991). Uamg ima approach, prommam rad lluoraaoani labaing ol Iha Ootgl
apparatua, Ootgl-aaaoolalad tubulovaalcular prooaaaaa and putativa Qolgl-darivad vaalclaa
wara aaao m a vailaly ol oat lypaa and lha oonoamrallon ol Cg-OMB-Iplda m Iha Oolgl waa

caloulalad lo ba 9-10 mol% ol lha total Oolgl Ipid Cg-DMB-Car waa mamiy malabollzad to
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CS'DMB SM and only a amali announi ol Cs-OMB QlcC was lonnad. m conlraal to tht
maiabolltm ol Ce-NBO-Car vatwra iha ratio ol Ca-NBO-SM/QlcC wat -1.31 undar almllar
Incubation oondHlona Tha authors spaculalad that althar only smaa amounts ol Cs-DMB-
Car could raach lha Intracallular oompanmant(a) whara Iha majotliy ol QlcC synihaals oocuia
or that Cs-OMB-Car Is a poor substrata lor gkjcocarabroslda symhasa bacausa ol tha natura
ol tha DMB laity add In apparam support ol lha sacond hypolhasis. Slain at al.. (1M9)
hava shown that tha malabollc latas ol Cars ara crHically dapandant upon lhair tatty acyl
chain oompoadona.

Back aschanga Is a Ischniqua that amploys datallad bovina sarum abumin (DF-BSA) m
cultura madkjm In ordar to ramova Ituoraacanl Spld Irom lha plasma mambrana ol Mxad calla,
and back-axchanga was pravlously usad In ordar lo ramova and quantity CB-NBO-Car and
Its mataboStas (van Maar at al. 1887; Pagano at al. 1989) Back axchanga could not
daplala Iha surlaca ol calls Irsatsd wllh Cs-OMB-Car (Pagano al al.. 1991) and H may ba
that strong mtaracllons balwaan Cs-tJMB Iplds and olhar calkjlar lipids and 7/ or prolsins
hindar tha ra-aaaoclatlon ol Cs-OMB-IIplds with OF-BSA  Whila tha Inability to back-
axchanga CS'DMB-aplds Is an apparsm Smilatlon. lhair spaciral propamas can aramaSvaly

ba usad tor quantitation

b) Producta ol eoramida malabollam

SDhinoomvasn

Tha pradsa slta(s) ol SM blosynihasis ara noi claarty datinad: Iha suggaatlon that SM
blosynihasla occurs m tha da- and nwcSaFOolgl and that SM Is subaaquamiy daivsrsd to
Iha plasma mon*xono (Fdamian at at. 1890: Jackal at al. 1990) has baan chaHangad by
raporls auggaating that although tha main sita ol SM blosynthaals la Iha Oolgl. soma SM Is
also synthaslzad al lha plasma mambrana (ravlawad by Koval arxl Pagano. 1991). O Blasa
atal.(1991) spaculalad that SM Is probably symhaslzsd m lhs plasma mambrana aa was as
In tha Oolgl ot bfom calls U kISB and than rapidly mooiporalad In myaSn and In olhar caSular

componanis such aa rrSoroaomas, on tha basis that similar amounts ol Cg-NBO-SM wars
tound m myain and In mloiosomas at 30 nSn poal-imravanlirloular Intadlon wilh Cg-NBO-Car

Tha maanahlylly ol Cg-NBO-SM bloaynihaals to traalmanl ol Waol Oolgl mombranas wilh
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pronaM (Jackal al al.. 1992) or trypsin (Futarman at al. 1990) coupiad with tha inablWy ot
SM to unOargo trantbilayar movamant. tuggattad that SM It probably lynthaslzad at tha
Kimanal surfaca o<tha Qolgl

Ce-NBO-SM insadad loto tha axoplasmic laallai ol li&roblattt wat taquantially
andocytoaad tnlo aarty. partpharal and partniiclaar andoaomaa and tha Xvz tor a oomptata
round of racycNrig waa approximatally 40 min (Pagano and Stalght. 1965a; Koval arid
Pagano. 1969) Corrparlaon ot Ce-NBD-SM trantport and mataboHam in normai arxI
(lyaoaomal) acid-aphingomyalér>aaa-daficlant Nlacnann-Pick Typa A (NP-A) fibroblaata
indicatad that tha rata ot Cg-NBO-SM tranapori along tha dagradativa pathway waa
approximataly 16-totd alowar whan conparad lo tha rata ol racycting. aupporUng tha notlon
that moal ar>docyloaad mambrana Hpld la racyclad to tha plaama mambrar>a Expartmanta
that oonparad tha racycting ot Ca-NBO-SM and iranatarrtn (tha lattar ot which la known to ba
involvad In racaptor-madiatad andocytoaia) In a varlaty ot cali typaa. damonatratad that
intamaNzad plaama mambrana Ce-NBD-SM cydaa vary aimilarty to tranatarrtn. Tha authora
conckjdad that durtng andocytoaia. Ca-NBD-SM racydaa throogh aorting andoaomaa and”or
tha Ooigi (trom which racycting lo tha plaama nrwmbrana can alao oocor) (Stooivogai at ai.
1968) macall-apactficmannar

Tha machaniam ot Iranapon ot SM ihrough ma Ooigi atacka la not undaralood. but tha
TON la baUavad to ba tha aita ot aorting tor axocytic Ce-NBO SM (van Maar. 1969)
Cholaatarol la alao iranaporiad along tha axocytic pathway and aa cholaataroi intaracta
pratarantiaNy wHh SM rathar than wHh othar phoaphoHpida (Oardam at al.. 1969). van Maar.
(1969) auggaatad that SM ar>d cholaataroi may ba oolranapodad. Aa tha SM ooniarit ot
intracalular mambraraa can ba oorralatad to thalr oontant m cholaataroi (Patton. 1970). H la
poaaibia that andogarpua aphingomyaUnaaa may ba involvad In tha malntamarsca ot
mambrana cholaatarx>l lavala by ragulatino tntracallular SM lavala (Koval and Pagano. 1991).

Lipaky artd Pagano. (1965) ahowad that whan monolayara ot Chinaaa hamatar lur>0
tibroblaata had baan inoubaiad with Ca-NBO-Car in ma praaanoa ot monanain tha
tluoraaoant labai aocoumutatad m an anlargad Oolgi apparatua. wharaaa in tha abaanoa ot
monanain tha Ootgi aa watt aa tha plaama mambrana wara labaiad Thaaa axparlmania

auggaatad that nawty aynthaatzad Cg-NBO-OloC and C« NBD-8M ara iranaporiad through
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th« Qolgi and probably arrtva at tha plaama mambrana In vaalclaa ortglnating from tha TON.
Morwnaln alao Incraaaad tha total anwunt of fluorascant SM without atfacting tha amount of
fkioraacant OlcC found In thoaa calls arxf tha machanitm of this Is unclaar. although ancHhar
apparant affact of monansin Is to block tha glyoosylation of Car (Salto at at.. 1984. Mlllar-
Prodzara and Fishman. 1964)

Although tha mataboMsm. blosynthasis arxf traffic of SM hava baan undar intansiva
Invastigatlon. H Is not yat undarstood how mataboUtm and transport ara ooordinatad to
maintain tha oonlani of this UpW In aach organaHa, whathar SM racyclas through tha Qolgl

and tha axact rola of tha strong intaracUon batwaan SM and cholastarol

r.ar>bfo>ldaa

Subfractlonatlon of rat Hvar artd Ir>cubatlon with radloactiva and fluorascant Car analoguas
suggastad that QioC Is probably synthaslzad In a pra- or aarly-Qolgl compartmant (Futarman
and Pagano. 1991) and significani amounts of QIcC ara probably synthasizad at tha cylosolc
faca (Jackal at al. 1992: van Echtan and Sandhoff. 1989: van Maar. 1989: Pagano at al..
1991) Whan radiolabalad glucosphingoUpKI pracursors wara fad to culturad murina BFA-
traalad calls. OlcC and lactosylcarabrosida (LacC) radtoactlvity accumulatad; this was takan
to maan (hat BFA aalactivaly disrupts tha furlhar mataboHsm of thasa Spkfs and that tha OlcC
and LacC synthasas ara probably locaUzad at tha proximal Qolgi (van Echtan at al., 1990)
Nawly synthasizad Ce-NBD-QIcC appaars to transit through lha Qolgl and has tha anargy

dapartdani vaslcular transpod charactartstica of Cg-NBD-SM (van Maar. 1989)

Sortirtg of Ca*NBO*0lcC was shown to occur in lha TON of polarizad (MDCK) calls
(Simons and van Maar, 1988: van Maar, 1989). Tha comblnad usa of Ca-NBD-QlcC and
Iransfarrtn (Kok at al.. 1989). showad that Ca-NBD-QIcC racyclas batwaan intrscallular
corrtartmants artd tha plasma mambrana In a manrtar similar to C*-NBD-8M (Koval ar¥l
Pagano. 1989)

DavatopmarSal atudlas whara radk>labalad praoursors of Car and suNatlda wara Infaclad in
brain 10 yIxft suggaslad that tha amount of labal moorporatlon ooinddad with tha onsat.
prograss and dadna of ao8va myalnallon Tha ratas of galaclosylatlon of Car and suVallon

of OalC Id wHfo olosaly rasamblad thoaa maasurad lo xixa. with paak anzyrrta acttvttias
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corrasponding to poak ratas of myaln accumulation (tor ravlaw saa Morac at al.. 1969)

In cuNurad oHgodandrocytat. gradual progratsiva hypoxia or tha daptallon ot ATP
tpacnicacy Inhibitad tha aynthaila ot pHIQalC trom (3H|Car. with pHICar accumulating In
tha ER Thla ahowad that tha alta ol aynthatla ot QatC It probably In a oompadmant
taparata trom tha ER and that OatC tynthatlt may ba oouplad to anargy dapandant
tranaport (Kandlar and Oawaon, 1992)

Tha galactoayttranataraaa that catalyzaa tha tonnatlon ol galactoaylhydroxycarabiDaldat.
tha ma)or brain gatactouplda. haa baan axtantivaly ttudlad (MoraH and Radin. 1969. Wanan
at al. 1976) and actlvlly It tound In a brain microtomal (mainly Qolgl) traction (Omanand al
al., 1966), although a aigniticara amount ot activity la alto aaaoclatad with tha myaHn
mambrana traction (Natoovic at a |. 1973; Conalanlino-Caocarinl and Suzuki. 1975; Koul and
Jungalwala. 1961). Tha apadlic actlvlly ol IMc anzyma Incraaaat during activa myatnallon
(Koul and Jungalwala. 1966) and raachaa a maximum at Pie In myaUn and al P20 In
microaomaa In P16 animalt Iha tpacllic activity ol UDP galaacloaa caramlda
galactoay«ranalarata It 3-4 timat highar In myacn than In microtomat (Koul at al.. 1960) and
Conalanlino-Caocartnl and Suzuki. (1976) hava Itolatad a haal tiabla laclor that appaara to
control tha activity ol thit anzyma Mbrain

Thara appaara to ba a pracuraor-product ralallonahip batwaan OalC In ottgodandrocyla
microtomat and padkarya and QalC In myaUn (Sato at al. 1966) aupponing tha vlaw that
nawly aynthatizad OalC Irom allhar imrtcallular companmantt or tha platma mambrtna
may ba trtnaponad to mya«n Immunocytochamlalry thowad that In ougodandrocytaa. UDP-
galactoaa caramtda galacloayNranalaraaa la localad In tha cytoplaam, tha calkilar procaaaaa
and m lootaly wrappad rnyadn mambranat (Rouaaal al al. 1967)

Sato at at. (1966) tiudlad lha Id vtiro allactt ol colchicina and monanain upon tulatida
daHvary Irom mtcroaomaa and partkarya ol ollgodandrogllal calla and tha turthar
Inoorporatlon ol ouHadda Into mya«n. Thay ahowad thal although tha total amount ot nawly
tynihatizad autallda wat not daprattad. datvary Into mya«n wat InlUbltad by 50%.
oonalalani wkh a poaalbla mvolvamant ol lha Oolgl oomplax and cyloplatmic mtorolubulaa m
Iha Iranapod at outaOOo lowarda myalln Uaing timllar axparlmanlal oondMlont. Towntand

al al.. (1964) lound that aahough ttia aynihaala ol OalC and aulallda waa normal In lha
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prsMnca ol either cotchictne or monenein. the entry ol these sphingoSptds Into the myelin
sheeth wee greelly Inhlblled.

These results Indicete thet QelC (end perheps elso sulletide) biosynthesis In
oMoodendrocytes probably lakes place In the plasme membrane and In Intracellular
oona>arlmente, and that the entry ol these Splds Into myelin may be dependent on vesicular
transport through the eecretory pathway. This ditters trom QleC biosynthesis, which Is
apparently reelricled to a pre-or early Oolgl compartment, as well as QleC tranapon In other
cell lypee end may rellact the spedatzallon ol oligodendrocytes as myelinating calls and the
need for the delivery ot galactoHplde over considerable distances tkirlng active myeHnetlon

and perhepe alao In compact myeUn.

nanallQSides

QangSoeldes also transit through the Oolgl (Klein el al. 1988: van Mear. 1989) Many
anzymea ol gangUoslde btosynthesle reside In the Qolgl (Keenan at al.. 1974); the
glyoosphlingollpld slalykranlereses SAT-1 and SAT-4 reside In the era- and frana-cislernae.
respectively (Trtnchera and Qhidonl. 1989).

van Echlen el al.. (1990) showed that the blosynihesis ol Om i.QOia. OTibandO (}3 was
Inhibitad In BFA treated calls and In similar eipsnmems Young at al. (1990) showed that
QA2rQm2 and Qdz syrahases were frene to the BFA block.

Cellular gangliosides that were Initially delected In endosomes did not appear to reach the
lysoaome etlldenlly and their hall-livee were ol the order ol 10-50 h (Mlller-Prodzara and
Fishman. 1984): when this la considered with the recyctng ol Ca-NBD-SM and -Cb through
andoaomal oona>anmenie. » alrengihena the notion that endosomee may also be Involved M

Hpld eoning



1.5 THE CYTO8KELGBTON

Th« cyloakeWor of «ukoryollc oolla oomprt»« mforowWamonl», miorolubulo». Inlamiadialo
fllamanta and aaaociatad molacufaa. Tha oallular cyfoakatafon haa baan Implicatad in
pracaaaaa aa dlvaraa aa oa« divlaion, migrallon. ahapa ohanga. call adhaaion. oall-call
Infaiactlon and poaalbty Iha tranalar of Informalton from Iha plaama mambrana to tha
nuclaua. tharaby aftaoting gana axpraaalon (Ban-Za'-av. tge6; Watt. 1956). An oparational
and axparimantal daacripllon of tha oytoakalaton la tha inaokibla raaldua ramaining attar
axtractlon vdth nonlonic datarganf (Brown at al.. 1976) Although tha baal oharactartiad
callular cytoakalalon lathat of Iha arythrocyla (Blrohmalaf. 1964). oonaldarabla prograaa haa
also baan rrwda In charaotarlzing tha cytoakatatona of myakn and myatmating oaHa (QINaapla

alal. 1969; Parayra at al., 1966; Wllaon and Brophy. 1969)

I. Cytoakalatal oomponanta In nonnnyalln lortning oaNa
a) Protalna

Microlubulaa ara 26 nm lubular mamanla oompoaad of halarodknara of a- and p-lubuhna.
whioh ara 58.0 and 54.0 kOa aubunkt. raapaothraly Thaaa airucluras dlaaaaambla and
raaaaambla around a tpindia during mlloala (Brannar and Brtnklay. 1961) and ara mvohrad In
oallular prooaaaaa auoh aa lha moyamani of olila and llagalla by Iha rrtcrotubula-aaaoolalad
ATPaaa dynaki (Wamar and MHohall. 1960) and olhara Pofymarliallon and alabllizallon of
miorolubulaa la ballavad lo ba Influanoad by miorolubula-aaaoolaiad protalna (MAPa), whioh
Inokida Iha larga pofypapbdaa MAP| B and MAP2 wkh M,a .280.0 kOa. and lau-protalna wh
Mra of 60-70.0 kDa (Connolly and Kalmoa, 1960) MAPa may alao ba kivolvad M lha
aaaoolatlon of miorolubulaa wkh mkjrofllamanla (Orktllh and Pokanf, 1962) and / of

r>9urofilBm«fita (Ly«#rt»r M al., 19%2)
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Microtilamania

Mteroti(amentt «r« compo«#d of «ctin in linear homopolymars approximataly 7nm In
diama<ar. In Nving caM filamantout actin (F-actin) axitts in dlvarsa poiyn>artc forma wt>Ich
ara In aquiHbrtum wMh ntonomarlc Q-actin ar>d with asaociatad forma of actin which cannol
ba raadily dafirtad aa althar F- nor Q-actin (K~ar at al.. 1963). AcUn birnUng protaina which
cap. aavar. ttabUlza and croaaHnk microfilamarita control tha vartoua actln atructuraa In tha

Hving caN (for ravlaw aaa NIQO» Burgar. 1967).

IntarmtHaf fllamanla

Intarmadiata filamanta ara 10 nm diamalar Nbart that ara both mora atabla and mora divaria
than microfilamarita. Six ma)or cianai of intarmadiata filamanta bava baan daicribad,
baiad on thair cali of orlgin arKf tha natura of thair lubuniti. Thaaa irKluda QFAP, wHh a
50.0 kOa aubunit in aatrogHal arid non-myallr\alir>g Schwarwi calla arxl vinnanlin. with a 53
kOa aubunit In maaanchymal calla. 0-2A progariitora (Raff. 1963). myallnatir>o0 and r>on-
myaKnating Schwarwi calla both In vivo arai In vitro (Jaaaan and Miraky. 1991) arx! in olhar

culturad caNa AMhough naurofiiamanta with 70. 140 ar>d 200.0 kOa aubunHa wara ortea
thought lo ba apaoific lo rtauronal Uaaua. tha 140 kOa auburth naurolllamant NFM la alio

fourxl in culturad Schwarwi calla (Kaiy at al. 1992).

b) tipida
Bum ar>d Burgar. (1965) tint obaarvad tha praaanca of apacific Hpida in tha cytoakaiatorta of
plaialaia Thay found that tha Trlton-X-100 Inaoiubla framaworka of thrombin-actlvaiad
plataiata pravioualy Irtoubatad wNh (*HJ-palmltata ooniainad aignlficanily Irtcraaaad amounta
of labaiad Hpida whan comparad lo raating plataiata Palmitata. diacylglyoarol and aoma
phoaphoNpida wara partloularly anrtehad In tha cytoikalalon arxf thaaa Hpida iniaractad
airongiy with a-actinin. a protaln oocurrtng In tha ganaral contact araa batwaan F actin and
tha mambrarta

Marty OPl-artohorad proiairta wara fourtd to ba inaoiubla in Triton X-100. laadirtg lo
opaculalion that thay may aaaooiala wNh tha cytoakalalon (raviawad by Low. 1092) Brown

and Roaa. (1902) hava ahown that human placanta) aHiaHna phoaphataaa (PLAP) which
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oonuint a QPI anchof, baocomat Ttllon X-100-Inaolubla logathar w«h glyootphlngolpWa only
aNaf H has baan tranapoitad lhrough tha Qolgl. auppoiling iha modal ol Simon and co-
wortiara (Simona and »an Maar 1988: Simona and WandIngar-Na«, 1990) lor aoning ol
canain mambrana piolaina lo tha apical call aurlaca allar Irtracallular aaaoclatlon wilh
glycoaphingolipida. Ahhough P1.AP la moally inaolublain Triton X-100 and -114, >95%o0( tha
protain la aokibllliad by octyl glucoalda. auggaaling that Upld ataoclallon with Iha
cytoakaMlon may ba a lunctlon ol aalactiva dalargam Inaolubllity A raeanl rapoil (Moaa and
Whila, 1992) auggaata lhal In Iha nauronal call adhaalon molacula QP130 (oonlaclin)
conlalna a QPl-anchor group which la nacaaaary lor tha intaracllon ol lhia prolain with lha
actm Nomdal P-ao-Inaokibla cytoakalaton Tha aulhora tpaculalad Ihal Ilha QPl-anchor ol
QP130 may imaract diraclly with cytoakalalal aclin-binding phoaphouplda and that non-lomc
dataigaraa may pralaranllally aotubmza aoma mambrana lipida only.

SphingoNplda diaplay atrong alllnliy lor cytoakalatona. Sakaklbara at al., (1981) rapoilad
that anilbodlaa againal OalC producad a microlubula-liKa ataimng pattam In aavaral apllhallal
call anaa and that thia pattam waa ablalad by Iraalmani ol lha caaa with ootchliclna. a drug
Ihal pravama mlcrDlubula polymaniallon Caramidaa co-purlly wllh tha Triton X-100
Inaokjbla raaldua ol plalalata (PaoKham at al. 1991) and globoalda. lha moat abundam
nautral gluooaphingollpld or human urraaacal vain andolhallal calia (HUVEC). aa waa aa Qm 3
wara lound aaaodatad with Intannadlata lllamania In thaaa calla (Qlllard at al. 1991)
aioboalda colocaazaa with vUnamin. daamin. karatin and QFAP In a»artaly ol call lypaa. wh
a pralaranca lor »imanlin m calla Ihal comaln both »Iimanlin and karalln nalwoika (Qlllard al
al.. 1992)

Tha Iranapoil ol Ipid vaalelaa by miorolubulaa haa baan axtanalvaly aludlad (Malaon! and
Krala. 1987; Vala and Holanl. 1988) and N la alao poaalbla Ihal imarmadlala lllamam prolalna
may oonalHula a riatlnol Iranaporl ayalam lor IraracaNular vaaiclaa wHh or wilhout aaaodatlon
wllh microlubulaa (Stalnail and Roop. 1988) LlpkJ-cyloakalalal prolain Inlaraollona mual
tharalora ba a praraquialla lor vaaloular tranapon Furlharmora, Ipid-prolain Inlaracllona In
Iha cyloakalalon may play dynamic andmr ragulaiory rolaa during davatopmam Caca ol lha
oUgodandrocyla tnaaga ahould ba good irwdala lor aludying cyloakalatal »pld-prolain

Inlaraollona. aa aalanalon ol long myaln-Hka procaaaaa during than davalopmani lo



oHgod«ndrocyl«t muc«t ktvoiv« dramatic raairangamanta In tha caUular cytoikalaton.

H. Th* mambrana-aMOClatad cytoakalaton of CN8 myalin
TubuNn oopurtttat <Hth CNS myaUn (da Nachaud at al., 1983) In an attampi to account for
tha pfaaanca ot tubuHn In ntyalln. Modaatl and Barra. (1986) ahowad that MBP can iniaraci
wlth tubuHn In aolutlon. thua Ir>Mbltlr>g tha activliy ot tubuUn cait>oxypaptldaaa. Whan
QINaapla at al.. (1969) Incubalad rat CN'S myaUn with a buhar containing Tilton X-100 that
had baan tpacHIcaHy daaignad to praaarva INact microlubulaa. all tha PLP and DM20 wara
axtractad and tha Inaolubla cytoakalatal raaldua containad all tha tubuNn and hall tha actin.
Tha 21.5 kDa MBP and CNP2 wara totally aasodatad with tha cylosKalaton wharaas oniy
haN tha 16.5,17.0 and 14.0 kDa MBPa arxl CNP| wara axtractad by Tritén X-100. Although
both CNPa ara palmitoylMad (d XttCB (Agrawal at al.. 1990a), itopranylaUon ot CNP | but not
CNP2 (Braun at al.. 1991) rrtay axplain why CNPI la mora raadily axtractad by dalargant
laopranylatlon la charadartatic of protairta involvad in tha ragulation ot tha cali cyda ard
algnal trarwductlon. auch aa raa and raa-Uka protalna, hatarotrimaric QTP-bindIrtg prolaina
(MaNaza. 1990) and nuclaar lamina (intarmadlata lilamant protalna Ir’ing tha Irviar laca ot tha
nuclaar mambrana) (Kittan a>d Nlgg. 1991) whara laopranylatlon may ba Imporiant In tha
aaaooiation with tha nuclaar mamtxarw (Suzan at al.. 1992) CNP may iharatora ba involvad
In aapacta ot tha cali cyda and/or algr*al tranaductlon arxf ihia could invdva tha cyloakalaton
Olllaapla at al.. (1989) alao ahowad that a diatirict aubaat of myatn Hplda. partlcularly
andchad In tha myaUn apadfic Hplda Q aC and SM. la atror>gly bound to tha cyloakalaton ol
CNS myain (Tabla 2). Tha atrangth ot Hpid protain Intaractlorw In tha cyloaKalatai fraction
waa axampHfiad by tha comioratlon of macromolacular Npid-prolain complaiaa duiing

aucroaa danalty-gradlant oantnfugation

M. Tha oMQOdfidrocytlc cytoakalaton

OMgodandrocytaa ia KIxa poaaaaa an aatanalva cytoakalatal natworti oompoaad anMraiy of
micfofubulaa (Wood and Bunga. 1984) Tha axtanaion of multipla myaun lamallaa foNowad
by thair anwrapmani around aional aagmania la anatogoua lo oaNular prooaaaaa whara tha

cyloakalafon haa baan implloaiad m oonirowng ahapa and motilty (Nlgol and Burgar, 1987).
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Lipkls w*r* «xtraot*d from whota myaNn and from tha datarQant-inaokibla raakjua and tha
vakjaa wara tha maana of maaauramanta mada on at laaat thraa diffarant praparationa. Tha
atarxlard davlatkma navar axcaadad 15% of aach maan vaiua.
Ahhrawiationa PE: PhoaphatWylathanolamina. PC; Phoaphatidylchollna. P8:
Phoaphattdylaarina. PI; Phoaphatidyiinoaltol. 8M: SphinoomyaHn. H. NH; Hydroxy, non-
hydroxy. NO: rotdatactad. (From QWaapta el al.. 1969).

COMPOSITION

Component MItfiun TX-1QQ-
=lInaol.fftidu#
Total Hpid (prrx>l/maprotein)  2.46 0.73
Choiaatarol (mol% tot. Mpid) 39.8 38.4
Carabroaida (mol% tot. Hpid) 11.4 35.6
Carabroaida-NH (mol% 32
oarabroaida)
Carabroakla-H (mof% 68
oarabroaida)
Bulfatida(nK>1%tol. Npid) 5.3
Phoaphollpid (mol% tot. 43.5
lipid)
PE (mol% phoaphollpid) 45
PC(mol% phoaphoiipid) 32
PS(moi% phoaphoiipid) 13
PI (nK>f% phoapholipid) 4

8M (mot% phoaphoiipid) 6



Thare it growing tvtdtnct Ihtt mytUn tptcilic proteins interact with the oUgodendrocytic
cytoskeleton ar>d such Interactions may be involved in directing myelin extension.
er>wrapmerN arour>d axonal segments arxJ stabilization ol the sheath io vivo. Wilson aixJ
Brophy, (1969) used indirect Inmunocylochemittry ar>d Western blotting to show that when
rat oligodendrocytes are grown in vitro CNP associates with microtilaments early In
development artd Is eventually lost from the ceH periphery, whereas MBP remains associated
with the thick tubulin processes ol the cytoskeleton upon cellular maturation Oyer artd
Ben)amlrw. (1969a) showed that in cultured oligodendrocytes F-actin. tubulin arxJ CNP
probably Interact, as the association betvreen these proteins is breached with the F-actin
disruptir>g drug cytochalaaln B. The authors suggested that the oligodendrocyte cell surface
Mpid QaC may be linked to microtubules via MBP. as treatment with anti-OalC antibodies
causes OalC patching over MBP domains, which is accompanied by the disruption of
microtubules In membrane sheets and resembles the disruptive effects of colchlolne.

Recent reports (Diaz and Avila. 1989; Fischer el al. 1990) have indicated that the
microtubule-assoclated protein MAP1B is present in glia Including oligodendrocytes but
nothing is known about the function of MAPIB in these cells. OUgodendrogHa and neurons
sre believed to arise from a common progerMor cell in the cerebral cortex (Price. 1967;
Cameron ar>d Pakic. 1991) and MAPs have been strongly impNcaied in the development of
neuronal polarity (Matue. 1986. 1990) In neurons. MAPIB is found m association with
microtubules at very early stages ol process extension, presumably crossHnking
microlubules (Noble et al.. 1989, Sato-Yoshitake et al, 1989). This has led to the proposal
that MAPIB has an Important role In rwurfte extension (Tucker et al., 1988a, b; Tucker arvi
Matus. 1966) and this view Is supported by the fact that MAPIB Is down-regulated In all
mature neuror>s In the aduN rat nervous system, with the exception of cells that retain the

abUlty to relrw>ervale such as neurone of the oNactory system (Viereck et al.. 1989)
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1.6 Th« RUMP8HAKER (f»A ) MOUSE

A oonskMratM number ot mutation« attecting Ih« procatt of myalin daposltion hava baan
idantmad In tha CNS. Mutant animals hava baan vary usafui in attampting to unraval tha
corr~xity of caikilar iniaractions arnl tha roias of tha various moiaculas In myaSnatlon
Initiaify tha Jirrpy (Pt. quaUrtg (q«0 and myakn synthasis dafidani mousa mutants
war« dascrtbad and mora racantly tha shivarar (shO. twitchar (fw) tramblar (tt) ar>d othar
mousa mutation« hava also baan raoognizad (Hogan and Qraanfiald. 1964) Most of thasa
mutants hava aphamaral oiigodandrocytas and Hmitad Ufa spans, but diffar in tha morphology
arvi blochamistry of thair raspactiva CNS myalin shaalhs and in thair cHnical aftacts

An almost univarsai faatura amongst CNS myalin mutants is tha drastic raduction in tha
total myain mambrana, which is raflactad in both myalin «pacific protains and lipids PLP
and tha MBPs ara raducad Inp (Nussbaum and Mandai. 1973; Lamar at al.. 1974) and gk
(Nussbaum and Mandai. 1973) arx) at toast PLP is raducad In (Hogan arxI Oraanliald.
1964) Inihasa animals QaC. suMatid« and cholastarol ara tha main lipids raducad in myain
(QaNandOaN. 1966. Mair and MacPtka. 1970. Bird at al . 1976).

Spadfic dafacts hava baan raoognizad In tha axprassion of individual myain protain ganas
and in soma casas tha garwmic dalact has baan dafinad (Lamka. 1986.1966; Sutdfta.
1967) In sAWtha MBP g«r>« is dafactiv« arxl alhough in homozygotas this rasuHs in CNS
damyalnation. PNS myain is unaffactad. tNs lad to tha balial that in PNS myaiin tha basic
(intracallular) portion of Po may ba abla to rapiaca tha function of tha MBPs (Qanaar and
Kirshnar. 1960)

Inip a «pacific point mutation in tha PLP gana rasuNs In datation of axon 6 (Nava at al.
1967) and m tha shaiOng pup prolna is subatitutad lor histidin« In axon 2; thaaa mutatioria
ara inharitad In an X-Hcikad manr>ar. oonaistani wHh Iha localzation of tha PLP gana on tha
X-chromoaoma (WtNard and Riordan. 1966) Thasa myain mutants ara charactartzad by
davalopmani of tramors m hamizygous maias at P10-1S and saizuras ara oorrwnon in tha
rodant, bothp mouaa and tha shaking pup hava short Ufa spans by comparison with thair
wild typo countarpans

A naw myain mutant was raoantiy raoognizad at the MRC Radiobioiogy Unit. Oidcot.
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Oxford U. K. A tmaN stock of mics displayed trsmors which were found to b« associated
with hypomyelinatton in the CNS; eenetic analysis indicated an X-iinked inheritance and
immunochen”l studies suoo«kt*d a defect in PLP expression. TNs mutation was given
the rtame rumpahaker {r$h) and was found to be quite different to jp (mouse) and the shaking
pup

In brain. rnh  myeUnation commences appropriately but the majority of sheaths fail to
develop rKKmaliy. OlgoderxJrocytes are ir>creased in number ar>d have prominent Oolgi
apparatus. RER and free ribosomes, degerterative changes are not observed and ceM death
is r»t common. Immurwstaining demorwtrated a major defect in the expression of PLP and
DM20, artd site-specific antisera against porlior>s of the PLP/DM20 molecule placed the
major defect on PLP. where very few myelin sheaths were positive. Although genetic
analysis indicated a locus at or close to the PLP jp locus, rsh is quite different fromp in
that the former display r>ormal brevity and breeding, produce substanliaNy more myelin arx|
have increased numbers of oligodendrocytes In brain (Oriffiths et al.. 1990).

A study of heterozygous rah females showed that although major CNS
hypomyeiinated/amyelnated areas do not exist. hypomyeHnated fibers are found in some
areas and particularly in the spinal cord (Fanarraga el al.. 1991) This resembles the
situation in rsh hemizygous males arKi homozygous females but is considerably difierem
Irom other X-linked PLP mutation heterozygotes, which are noted for more severe lesions
and failure to recover with age.

A oorrparlson between the optic nerve artd spinal cord in rth showed that the optic nerve
contalrts varyirtg numbers ot myelinated ar>d amyelirtaled fibers and that the majority of the
sheath is of normal thiokrtess; it was therefore thought that the disproportiortateiy thm myein
sheaths in the spinal cord may be related to the dmerence in axon diameter between optic
nerve and spinal oord. as axorw m the spinal oord have proportionately large diameters that
require more myelin per axon (Fannaraga el al. 1992) AHhough oligodendrocyte numbers
are sightly Increased m the optic nerve In young animals, the numbers m mature animals lai
below those in wild type (wt) oontrols; by contrast, the number ot oligodendrocytes in the
spinal oord la ooneiatentty moreased after Pie. knmunostaining mtensHy in the optic nerve

as wen as the aplnal oord Is reduced tor MBP and PLP and Increased for QFAP
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1.7 AIMSOf THIS 8TUDY

On« of tt)« mator probi*ma tor invMtioAlort ol CNS glia la «stabHshirig cuNura ayatarm ot
homoganaoua oHgoctondfocyta poputationa ihat can doaaly mimic tha avama aaaodatad with
myaNnoganaala io XEXQ. aibough aoma oonaklarabla prograaa haa baan racaraiy mada In thia
troni. Soma tiaaua cultura ayatama. aucb aa tha ona tor 0-2A caUa trom optic rtarva. bava
baan charactarizad vary wall bui cali ylaloa ara rathar low ar>d Ihla makaa blochamical
invaaUgattona problamatic

Hy goal waa lo prapara arxt characlariza a primary cultura ayatam whara highiy purttlad
calla o( lha 0-2A Hnaaga couid divida and dlllaranllata prafarantlally to ollgodarxirocytaa.
Thia modal ayatam would bava to ba bigbty raproductbla, ralativaly aaay tor otbara lo tollow
ar)d rapaal and abouid provida high cali riumbara trom faw axparlmantal aramala. tharaby
parmitting almultar>aoua Immunochamical and blochamical axaminatlon ot calla ot tha
oHgodandrocyta Hnaaga al apadtic davalopmantal atagaa

An initial ob”acllva «vas to axamina tha davalopmantal appaarar>ca ot cytoakalatai ar>d
cytoakalatally-aaaoclatad proialna arxt Uplda In cultura, aa thay may ba ot Importar>ca In
myaUr>alk>n i alao iritarKlad lo invaatigata tha davalopmarital pattam ot aphlr>golipid
mataboNam Uj witm py ma uaa ot tluoraacani Car analoguas and dalarmina whathar auch
analoguaa aaaodata with tha caNular cyloakalalon |daddad lo axamina tha aftacta ot BFA
on organaNa atructura and attampt to rotata thia to Hpld Irattic in oHgodarKIrocytaa

A paraNai goal waa to characlariza CNS myaUn turthar, by aaiabHahing tha dagraa ot
aaaodatlon ot myaln-apaoNIc protalna talth tha cytoakalalon durtng davalopn>an|

Aa phoaphorylallon la a major ragulatory machanlam in biological mambrar>aa, Il waa
impodant to aaaaaa tha attact(a) ot phoaphorylation on tha aaaodatlon ot n>yolln-apadtic
protalna with tha cytoakaiaton and whathar cytoakalatally-aaaodatad protalna oonatituta a
diaanct pool ot myaln prolalrw. diatingulohad by Ihair phoaphorylation atMua

| had hopad that by oomparing tha cytoakalatai protain and Hpld oompoaltlona ot a known
myaUn mulanl wtth Ha wHd typa oourHarparl, | might gain Inalghta ragarding tha Importanoa ot
tha dNtarani oomponanl* In imaol myaln.

| alao undadook lo axland any mtaraallrtg tindinga trom tha CNS invaaagationa to PN8
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21 Antibodtos

I, SoiiroM and dilutions

Tha antibody oofxjantrationa that foHow wara tha ooaa uaad for innmurxwytochamiatry For a
glv»n antibody, ooncontratlona lor Wealam btolting wara, aa a ganafal mta. 1/10lh ot thaaa
ooncantrations.

Mouaa hybridomaa that produca Iha A2BS, 04 and 01 IgM mAba wara ganaroua gWa from
Dr I. Sommar, Inatllula of Naurology. UnlvaraHy of Olaagow; aaoh waa uaad aa lha cruda
hybridoma auparnalani dllutad 1:10. 1:10 and 1:20. raapaotivaly Tha production of
monoclonal antibody from hybfidomaa will ba daaorlbad

A mouaa anll-MAPIB nvVKb of Iha IgCll aubclaaa waa oblalnad from Sigma (aral-MAPS. cat
noM-4S28.HubarandMatua. 1084) and waa uaad at 1:200

Rabbit anll-MBP waa uaad at 1:200 (1:60 for Immunoalaolron mioroaoopy) Thia antibody
waa ralaad agalnat a aynihallc papllda oomprlalng Iha N-tarmlnal aavan amino acid
aaquanca of rat MBP axon 1 and waa a ganaroua gift from Dr N. Qrooma. Daparlmanl of
Biology. Oxford Polytachnio Thia paptida la oorranon to all known forma of ral MBP and waa
oouplad to Kayhola Lknpal hamocyanin lor anilaarum production by alandard laehniquaa
Similarly an antibody waa produoad agalnat tha N-tarminal fiftaan amino acid aaquanoa of
mouaa MAPI B (Nobla at al. 1869) and waa uaad at 1 100

A rabbit anil-lubulln (cal n0.66-095-1. ICN laraal). a mouaa anil-lubulln (cal no MCA78A.
Sarotac. U. K.) and a rabbit anH-y-aolln (a gIfl from Dr C. BuHnaky Dapl of Anatomy and Call
Bloiogy. Columbia Unkraraily. U S A) wara uaad al 1 100

Alllnity-purlllad rabbit anH-MAQ (1:100). anW-CNP (1:100) and antl-PI.P/DM20 (1:100) wara
from Dr D. Cotman. Dapartmanl of Anatomy and Call Bloiogy. Columbia Unhraralty Rabbk
anil-bovina QFAP (1:600) waa from Dr E Book. Univarally of Copanhagan Rabbil anti-
TQN38 (1:1000 for immunofluoraaoanoa and 1:600 lor Inmunoalactron mioroaocopy). which
apacifioally raoognizaa a raaidani prolain of tha TON. waa from Dr P. Luzio. Dapartmant of
CHnloal Bloohamlalry, Univarally of Cambridga (Luzio at al . 1990) Tlaaua oultura
auparnatam containing lha antibody 63FC3 whioh raoognizaa manoaldaaa Il, a ofa- and

madM/- Oolgi oomponaol (Burka and Wanan, 1984) waa lha Wnd gill of Dr. 0. Warran and



for our purpoaes had to b« concontrated 10-fold by ovamighl pradpilatlon in 60% ammonium
eulfata pH 7.4. raauapanaion in PBS and 24h dialyais varsua thraa changaa of PBS at 4<*;
this oorwantrata was used urxliiutad.

Whaat 9arm agglutinin (WQA) oouplad to tatramathylit>odamir>a B isothiocyanata (TRITC),
which racognizas N-acatyi-|},D-glucosamina was purchasad from SIQMA ar>d was usad at
1,1000

Ruoraacant saoond antibodias confugatad to fkiorascain isothiocyanata (RTC), (TRITC) or
dichlorolriazinylamino fluorascain (DTAF) wara usad at a ooncantration ~ 1:100. Typa-
spacific goat anii-mousa IgM (FITC) and goat anti-mousa IgQ (TRITC) which wa oonfirmad
to ba spacific for mousa IgM and IgQI raspactivaly. wara from Southarn Bk>lachr>ok>gy
Associatas (U.K.). Donkay anti-mousa IgQ (DTAF) and donkay anti-rabbit IgQ (TRITC) wara
from Jackson Immurk)Rasaarch Labs., USA. PhalloidIn-TRITC (SIQMA), spacifically
raoogr>ising F-actin, was usad at 1:100.

Qoat anti-rabbit 1gQ (Scottish Antibody Production UnN. SAPU) and goat anti-mousa 1gQ
(Jackson Immunorasaarch) conjugatad to horsaradish paroxidasa wara diluted 1:2,000 and
1:500 raspactivaly for Waatam blotting and the former was dikjlad 1 200 for immunoaiactron
microaoopy

Qoat anti-mousa IgQ and IgM oon)ugatad to 6 nm gold and goat anti-rabbit IgQ oonjugatad
to 10rwn gold wara from Amarsham and wara usad for immur>oalactron microscopy al a

dilution of 1:20.

Il. Monoclonal arrtlbodlas from hytorMoma oaN linas

Hybridoma oaNs wara althar pallatad at 200g for 10 min al room lamparatura or thawad
diractly from liquid nitrogan storage into a 37®C water bath, suspandad into Optimam |
(Qlboo BRL). 10% FCS. penicillin (100 1U/ml), atraptomyoin (100 pg*mO to a density of 10"
calls mI'* and incubated in sealed flasks at 37<>C to a density of 10" oaKs mT~ The oaNs
wara than aithar dHutad to the InHial density or induced to produce high tHra antibody by
(only) adding fresh panidliin and straplomyoin every thraa days, until a density of 10* calls
mi** was reached- The hybrtdorrwM wara paHalad. raauapar>dad to 10" oaNa ml'1 In 90%

FCS / 10% dimathylsulphoxida (OM80) and ooolad saquardially to >4. -20. -70 and -176®C
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by «NoMTing two hours botwosn sach oooHng stsp

Ths tissus cuHurs supsmstsnt was dot-blot ttslsd tor anti-mouss antibody contsnl by
dllutirto in PBS. spotting 1 ul aliquots on rStrocalluloss strips, air drying. blockir>g tor 3 h in
0. 2% (w/v) pégiitin gaialin/0.1% (v/v) Triton X-tOOin PBS. pH 7.4 ar” toUowir” tha protocol
tor Wsstsrn blotting (sas turthar) from tha point immadiataiy attar primary arHibody
Incubation. Suitabla concantrations wara daiarminad using imnHjnofluorascartca. by
comparison with pravlously ladead antibody: In tha casa of A2B5. haN tha dilution usad tor

immurwftuorascarwa was suitabla during ravarsa panning of 0-2A proganltors.

2~ CaNculturaa

1 dotation of 0*2A proganitora and diftarantlatlon to ollgodandrocytas

Wistar rats of both saxas agad 1-2 day old wara dacapitaiad and tha haads wara swabbad
with 70% athanol Maningas and blood vassals wara ramovad from tha carabral
hamispharas on 3MM chromatogris>hy papar (Whatman) pra-soakad In Hank's balancad salt
solution without Ca™*" or Mg™* (HBSS-Ca.Mg). Tha tissua was dissodatad into singla calls
by chopping iha carabral hamispharas in 1.5 ml of HBSS-Ca.Mg par brain: tha sagmants
wara than paisad gantly 3-4 timas through a 16 gauga naadia ar>d lorcad slowly and
saquar>tially through 136 pm and 30 pm nylon mash (Nyboii. Piasiock Assoc.. Birkannaad.
U.K.). Cans wara harvastad al SOOg tor 5 min and rasuspandad to 2 mytalancaphalon In
Dulbaooo's modifiad Eagla's madium (OMEM) containing 10% FCS (Flow. U.K.). pamdllin
(100 IU/ml) and straplomycin (100 pg/mf) Tha suspansion was adjustad to 2 6x10® calls
mt* and ssadad at 3.3x10® cans om** m TScm” flasks, which had baan pra-ooatad with 0 2

mg/mi poty-D-lysina hydrobromida (30-70.000 Mr. SIOMA) tor 30 min Poly-lysina was
praparad by suspansion In MIIli-Q walar toNowad by autoclaving and was storad at -20"C.

Tha ouSuras wara mairsalnad at 37*C In a watar-saturalad atmosphara with 8% COg (Wilson
and Brophy, 1069) and tha madkjm was raplacad ones attar 3 d. Attar 6-7 d In cultura whan
a olaarty dafmad bUayar of oaNs had formad, tha top layar consisting of phasa-dark oalls with
taw or no prooassas was harvastad logathar with non-adharant microglia at 37*C by saaling
and shaking tha flaoka at 100 rpm tor 16 h foMowad by 160 rpm tor 1 h m a OaHankamp

ortMal moubaior (MoCadhy and DavaWs. i960). Tha A2B5 mAb (Elsanbarth at al.. 1979)
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was addad at a 1:10 concantration diractly to tha growth madlum (Bahar at al.. 1966). Tha
flasks wars saalad, ganify shakan for 15 min at room tamparatura, invarlad and incubatad at
37*C for 20 min Tha non adharant 0-2A proganitors wars harvastad at I000g for 10 min at
room tamparatura and piatad on giass covarsips (washad ovarnight in 5% w/v chromic acid
in oorx*antratad HgSOs, rtnaad avtansivaly with watar, autoclavad arxt coatad with poly-0-
lyslna) at a danaity of 5x10” oaMs par I3rrwn oovarslip (Nol thicknass. BOH, UK) or saadad
diractly in 75 cm” flasks at 3 x 10® calfs par flask. Tha 0-2A calls wars stimulatad to divida
with 1 ng/mi of bovina bFOF (British Biotachnology Ltd. Oxford. U K.) in a dafinad. sarum-
fraa madlum consisting of OMEM with tha following supplamants: transfarrin (50 pg"ml).
insulin (5 fig/ml). sodium salanita (20 nM). Irtlodo L thyronina (30 nM), D biotin (10 ng/nH),
panidliin (100 IU/mi). straptomydn (100 pg/n>l) HaR tha madium was raplanishad and frash
bFQF was addad daily for tha first 4 d of cuRura. Tha madium was than ramovad. tha caNs
wara washad twica wNh pra warmad DMEM and FCS (1%) was addad to dafinad madium In
ordar to induca proganitors to diffarantiala Into oligodandrocytas. This n>adium was
raplanishad avary 3 d for up to 0 d A diagrammatic raprasantation of this procadura Is

shown in Fig. 10.

H. Schwann Can Culturas

Thasa cufturas wara praparad ar>d axparimantaNy har>dlad throughout by Or Bamadatta
KaRy Tan 4 d oid rat pups wara killad by dacapitaiion and swabbad In atharwl Tha sdatic
narvas wara dlaaactad. washad inlo 1 mi L-15 n>adlum (Qibco BRL) and eut inlo smaR piaoas
in 1 mi of madkim (Brochas at al.. 1979) Collaganasa (Loma Diagnostics UK) was addad to
0075% (w/v) and tha haaua was incubatad at 3 7~ for 37 min; trypain (Flow. UK) to 0.15%
(w/v) was addad for a fudhar 15 mm and tha raaction was sioppad with iml of FCS. Tha
tisaua waa trituralad garMiy usirtg a 21g rtaadla foliowad by a 25g naadia Fiva mis of
Optimam | and imf of FCS wara addad and tha suspansion was cantrifugad for 5 mina al
10000 Tha paNat waa raauspandad In Optimam 1/10% FCS and tha calla wara Inoubatad

at 379C ovamfght



— SCS

10X FCS

Fin in Th. LnL.llon nf n-JA nmnmnUon Imm nldl nuturM «nd dWfMnUMION IQ tht
nlinnrt.nrimrvilr. nheflobne

Ctrabral h#métph«f«F liwn nvonatal rats wafa dlaaoctalad to singla caMa and platad In poly-D-
lyrina coatad llaaka m DMEM M 0% loatal caH aanim (FC8) Altar6 ~ tha basa of ttw dish was
oovarsd by a layar ol Typa-1 asirocytas (T1A) and Hat calls (FC), which wars ovarlayad by
proossa-baarlng 0-2A proganitors Macrophagas (M) dM not adhara to lha bilayar Following
ovamlghl shaking, lha aaA calls hod ralracisd lhair procassas and dslachsd Tha nriAb A2B5
was addsd to lha itiadlum and Iha llasks wars Invailad and Inoubalad al 37«C lor 20 nSo FC
and M adharsd lo Iha plaslic whila Iha A2BS~ooalad 0-2Aa ramalnad noo adharaol Tha 0-2As
wars pialad m dslinsd madlum oomalning basic HbrobUM growth laclor (bFOF) Altar lour days

lha bFQF was raplaosd wHh 1% FCS



2.3 Batch scraaning of foatal oalf aanim (FC8)

FC8 from at laaat four diffarant aourcaa was acraar>ad at any or>a tir>a.  Two wall
charactartzad hybridoma caN lir-aa wHh diffarant growth charactaiiatica (auch at A2B6 and
01) wara grovm in poralM and tha choaan tara wara furthar taatad with mixad and arwichad
glial cuKuraa.

Sara wara dilutad to 10% (vA/) in Optimam-1. panicilNn (100 IU/ml). atraptomycin (100
p(*ml) and 100 pi aliquota wara diapanaad wfth a muHlwall pipattor in 96-wall tiaaua cuNura
diahaa. In ordar to adfuat tha pH. tha diahaa wara piacad in a 37<>C incubator mainlaining a
6% COg humid atmoaphara for 1 h.

Tha hybddomaa wara oantrifugad at 200g for 10 min at room tamparatura. raauapandad in
rr>adium mir>ua aarum. waahad twica arto raauapartoad in madium to a oorK>antration of 10"
caHa mi‘~. 100 pi aliquota of tha call a<Mpanaiorw wara addad In aach of tha aight lafi hand
aida walla of tha 96-waH liaaua cultura diah, ona call kna par duplicata plata Tha caNa wara
auapandad to homoganaity. 100 pi aliquota wara piacad in tha naxt aat of waNa and thia waa
rapaatad. thua anabUng 1:2 aarial dkutiona acroaa tha plata Tha diMiona wara oonfirmad by
light microaoopy and call growth waa aaaaaaad aftar 7. 10 and 14 daya. Undikjtad caNa
alwaya graw vigoroualy wharaaa growth in walla with amaliar call numbara variad,
praaumably dapanding on tha ability of tha individual batch of aarum to aupport It Sara wara
initially choaan according to thair ability to aupporl aa faw aa 20-100 calla par wail and tha
fial choica dapandad on tha growth of nrtixad glial arto anrichad diffarantiating 0-2A call

cutturaa.

2.4 IfkKMraot Immurtofluofaaoanca

All prooaduraa took plaoa at room tamparatura In ordar to dataot aurfaoa antigana
antlbodiaa wara dHulad In PBS pH7,4 oontalning 2% (v”) goat aarum (8 APU) and appkad to
living oaNa by invarting tha oovaraNp on 30pl of antkxxfy for 30 rrkn In a humid ohambar For
dataction of oytoakalatal antigana tha oalla wara axtraolad tor 3 min by mild ahaking in a
buftar oonlaining 10 mM Plpaa pH 6.0. 50 mM KO. 2 mM EQTA. 1mM MgOg. 2 M glyoarol.
10 pfAml laupaptin, 10 pg/ml antipain arto 0.6% (v/V) Triton X-100 (VIAlaon and Brophy,

1960)
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C«Nt tnd o«N cytoakttotont were flx»d with 4% (wAi) paraformakjchyd« (Sigma) m PBS iof
20 min at room lemperature, quanchad with 0.1 M Qlydna In PBS lor 2x10 min and non-
axiractad calla wara parmaablllizad with 0.1% (v/v) Triton X-I00 In PBS for 5 min. Non-
apaclMc binding was btockad with 0.2% (wAi) pig skin gelatin (BDH) In PBS for an hour

The caNa wara Incubated with primary antibodlat In PBS/galatin /2% goat or donkey
aarum (depending on the aourca of the aeoondary antibodlaa) for 30 min. AHar waahing
aavaral timea over 20 min with blocking buffer, the anilgena were atained for 30 min wHh
appropriMe aeoondary fluoreacani antibody oon)ugatae (FITC. TRITC or DTAF) In PBS/10%
goat or donkey aerum m darknaaa The ooverallpa wara washed aavaral timaa with blocking
buffer and finally with PBS and than mounted on glaaa alidaa In either 00% glycerol. 10%
PBS. 0.1% 1.4-phenyienedlamina (Aldrich) or anti-fade 1 (AFI, Cityfkior Ltd, UK).
Fkioraacence waa viewed ualng x40 or x03 objectivaa on a Zelaa umvaraal microacope
~quipped with phaae-oontraat and epifluoreacanca optica and Kodak T-Max (400 ASA) film

waa uaed for all photomicrography

2.8 mcubellona with antlaenae oilgonucleotldea

0-2A progamtora wara permtttad to differantlala for 6 d aftar which lha covaraHpa wara
piaced m 24 X I6mm well tiaaua culture diahaa ar>d waahad twica wHh DMEM prawarmad 1©
37*C. Sanaa or antlaenae oUgonuciaotidaa wara addad to tha cultures at a final
concentration of 50 pM in DMEM withoul FCS and conirol cultures wara Incubetad In
medium withoul oUgooucleotldea Two HPLC-puriflad oilgonucleotldea (5-TOA AQA QAO
TCC QAA CTC-3* and 5'-ACC ACC ACQ QTC OCC ATC CT-3 ) which ara oomplamantary lo
murine MAP1B mHNA (Noble, at al.. 1989) at nuclaotlda poalllona -31 lo -14 and -3 lo +17
raapeclivefy as we« as their oorraaponding aanaa oligonucleolldea wara purchaaad from tha
Oawel DNA Service. Depailmani of Chemialry. UniveraHy of Edinburgh The ooveraVpa wera
prooeaaed for immunofluoraacanca aftar 5 h of Irkubalion with tha aanaa or areiaanaa

oUgonucleolidea



2.a FluotmomMHptd*

I. PnpanMlionolCe-NBD-CwandCs-OMB-Cw/BSAeamplaxM

A modtflcd(on o) tha mathod o( Pagano A Martin (19B8) was uaad Prsparation ol lipid-
protain iximplaxas and aN subsaquani pnscaduraa tooK placa in complata darknasa A 50
nmol allquol of Ce-NBO- of Cs-DMB-Car (Molacular Probaa Inc Eugana, USA) In ohioroform
/ mafhanol 1:1 (vAi) was driad with Ng fo*o¥*ad by at laaat 2 h ol daalocalion Tha lipid was
diaaolvad In 200 pi alhanol and injactad kilo 10 ml of Opilmam |, datattad bovina sarum
atxjmIn (DF-B8A. 3.4 mgH) and aodhim bicaibonala (2grt) whila vortaxkig Thia aokxion was
dlalyzad ovamlighl at 4°C agakial DMEM. 4mM HEPES8, pH 7.4, aHquolsd into appandort
tubaa and atorad at -20®C lof up to thraa moniha. Tha raaultant Cg-NBO- or Cs-DMB-Car /
BSA oon”xaa had a final ooncantrallon of 5 pM both In fluoraacani lipid and DF-B8A
Fluoraacanl lipid was axlraotad avaiy four to fiva waaka and was oomparad agalnat non-

oomplaxad standards by thin layar chromatography (TLC. aaa undar Lipid analyals)

If. Ineuballonawlth Ce-NBO-or Cs-OMB-Carf BSA oomplaxaa
a) Llva oalla
Calta grown on oovarallpa In 38mm diahaa wars waahad with pra-warmad DMEM and

Incubalad at 37<>C with 1 ml of 5pM Ce-NBO- or Cs-DMB-CaffBSA complaxaa lor 15 mki

Tha oalla wara washad and allhat lixad and quanchad Immadlalaly or lurthar kiciAiatad lor
various parioda of lima and aubsaquanlly fixad and quanchad (saa Immunolkioraacanca),
BFA (Epioanira Taohnologlaa. Madlaon. WI, USA or SIQMA) was prsparsd as a 10.000x
alook aolullon In akhar mathanol or alhanol and uaad at 1 pgiml {3,6 nM) final ooncaniration.
Malhyl(6<2-lhlanyloaibonyl)-1H-banilm)dalol-2-yl)oaibamala (nooodazola, SIQMA). was
dtaaofvad In DMSO and was usad at 10 pgftnl (33mM) Bnal oonoanirallon Conirola lor BFA
and rxxxxlazola axpartmarXs Inctudad aamplas Incubalsd In madlum as wall as samplas
Inoubatad In madlum oontalning lha sama volumaa of malhanol. alhanol or DMSO aa BFA-
or nooodatola- Irsalad oaSa

Whan an Inlraoacular antibody was to ba uaad In oon(unollon wlih lluorsaoanl-lipid labstad
nsits. fixad oaflawara irwarlad on a drop of madlum or PBB, vlawad and phofographad. Upld

waa than axtraotad with mathanol pra-ooolad to -20®C for 10s and Indiraot
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immunotluorctcence w m as for parmaabiizad calls.

W# disoovarad that tha fluorascani propartlat of NBD-liplds parmittad Initial labaNrig of
caNular oomparmants. followad by surfaca labaling with an antibody racogolslr>g surlaca
aritlgana of oHgodarxkogHa (such as OalC) and antl-OalC-TRITC. Aftar NBO-kpld Ir>cubatk>n
at 37<>C. tha cans wara Ughtly fixad with paraformaldahyda for 7 min, quanchad. washad with
PBS and surfaca iabaiad In tha usual fashion This lluorascant Hpld analogua / antibody
doubla labaUrtg tachnlqu« Is of potanlial usa for tha dalaction of intracaltutar oomparimanls In
call typas which can ba idantlflad unambiguously via thalr axprassion of apaclfic surfaca
antigans. howavar, DMB-HpicM carvtol ba usad. as tha lattar fluorasca strongly In both graan
and radchannals.

b) Fixad calla

Calls wara fixad In 0.5% (vhr) glutarakfahyda /10% (w/v) sucrosa /100mM PIPES, pH7 for
30 min at room lamparatura. quanchad 3x5 min with 0 5 mg/ml frashly praparad NaBHa In
tea-cold PBS. pH 7.4 ar)d rinsad savaral timas ovar 10 min In cold PBS Tha calls wara
subaaquantly Incubalad with 5uM Ca-NBO-Car or Cs-DMB Car/BSA complaxas for 30 min at
2PC. washad with DMEM and back-axchangad with 6pM DF BSA In Opilmam-I for 4x30 min
at room tamparalura. In ordar to ramova fluorascani sphingoUplds from lha lumanal laaflat of
tha plasma mambrar>a (LipaKy ar>d Pagarw, 1885; van Maar al al.. 1987). Tha calls wara

finally washad with PBS and mountad in tha usual fashion

2.7 lodinallon of tronaforrin and moaauromant of axocytoala In oiigodondrocytaa

Tranafamn (Tf) was radfolodinatad by a modification of tha n>alhod daserfbad by Woodman
arid Warran (1980): 20ml of a 0 5mg/ml solution of 1.3.4.6-tatrachloro 3a.ea-
diphanylglyoolurti (lodogon, Plarca Chamical Co.. Rockford. IL. USA) In chloroform was
avaporatad slowly in a glass tuba using mtrogan, ansuring that tha giasswara was avanfy
ooalad. Twonfy ml of a 2 5mg”ml solution of human hololransfarrfn (SIGMA) In |0OmM
sodkjm phoaphata. pH 7.4 and 1 mCl (20»il) Na”~~I (18 rr>Cl/po) wara addod saquanllally
and Iha mistura was inoubatad on loa for 16 min Tha raaciion was stoppad by diluting with
200pl Of fha phoaphata buffar tnd tha profaln was saparatad from fraa lodloa on a IOmf

Saphadax Q-50 oolumn run In phosphata buffar. Tha paak (which was approximalaly
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=qutvaitni to th« void volum«) wm dialyztd ovamighi against 200 volumat o( PBS at 470
and tha apacitic radloactivity waa maaaurad in a Packard gamma-countar and waa
approximataiy 0x10* dprrv~g ot Tf.

OMgodandrocylaa grown in 3$mm dlahaa and parmlttad to ditfarantiata for alx daya aftar
tha ramovat ot bFQF wara waahad 2x with Tf*fraa RPMI (Qiboo. BRL) and irtcudatad in RPMI
+ lug/ml BFA at 37 ” tor 2 h. Tha calla wara waahad arid incubatad in RPMi (+ BFA) in tha
praaarica of 3.5ug ~*|-Tf tor 1 h. In ordar to danwnalrata ihat tha binding of ~2*I-Tt to
racapiora waa apadtic, a 100-told axcaaa of non-iodinatad Tl waa addad in control cana Tha
oUgodandrocytaa wara waahad with RPMI at 4°C and warmad to 37~C for apadfic timaa
Tha calla wara finally waahad in PBS. adubilizad in 1M NaOH and tha radioactivNy waa

oountad aa bafora.

2J) Praparailon of Onra gold f BSA complaxaa
Aii procaduraa look placa In a dadianad room. A colloidai gold auaparialon with maan
partida alza of approximataly Orwn waa praparad by haating 1501 tannic add (10mg/ml) /4.0
mi aodkim dtrata (IOmgrml) / 150 mi MIM O walar in a 50 mi baakar and 200pi of HAuCU
(50mg /rd of MIM O watar) ! 80 mi MIM O watar in a 250 mi baakar to 0 0~ for 15 min Tha
two aokitiona wara oombir>ad wtih atirnrig and iha auapanaion waa aiiowad to oool aiowly
Savan mi of 0 2M aodkim phoaphata. pH 6 1wara addad in a bolua to 63 mi of tha conoidal
gold aolution at 470. Slxty-fiva mi of thla auapanaion wara addad lo 0.5 mi of imgrnti BSA in
0.1M aodium phoaphata, pH 6.1. Tha mixtura waa cantrifugad at SO.000g tor 45 min at 4”0
and tha panai waa raauapandad in 2 rd of PBS A 1/20dilution of tha aampla m PBS yiaidad

an A520 of 0.15.

2] Elaetron microacopy

0'2A progadiora wara aaadad on poly-O-lyaina ooatad icm” aclar aquaraa (AMlad Cham
Corp ) m 36mm diahaa and anowad to ditfarantiata to oUgodandrocytaa for alx d following tha
ramovai of bFQF  Protocola a) artd b) wara aubaaquanily carhad oul by Ma Olarta Sharman.
who alao praparad and axarrtnad tha aocliona from oaUa in prooadura 0) A4 aolutlona wara

praparad uaing MMI-O watar. tha axpartmania wara parformad at room tamparatura and
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wastws «rara lor S min unKu olhatwiu =pacillad

I. LocalliallonoIMBPan<IMAP1BInollgo<l*ndrocytM.

Tira calla wara «xad lor 1 S h m 4% («/v) paralormaklahyda. 0.1% (v/v) gkjlaraldahyda. 0.S
mM CaClg in 0.1 M aodium ptioaphata pH 7.4 (all Irom Sigma). Attar wathing (ha calla
aavaral tmaa In tha tama bollar «llh 3.5% aucroaa In lha abunca ol lixallvat (Bollar A). lha
aldahydai «wara goanchad «Ith SO mM NH4CI In Bollar A and rtnsad agaln In aavaral
changaa ol Bollar A. Tha aqoaraa «vara «vaahad In 0.1 M aodium malaala pH 6.5 oonialning
3 5% aocroaa (Bollar B) and poal lixad lor 1 h al 4*C «Uh 2% uranyl acatata In Bollar B
adjoalad lo pH 6.0. Tha calla «ara dahydraiad Ihroogh a gradad aarlaa ol athanol and
InliHratad ovamighi al 4*C «rtlh a 1:1 raMo ol LH Whila (Agar Stianmic, UK) and athanol.
lollo«wad by w«o changaa ol LR Whila ovar 2-4 h. Tha calla «tara ambaddad by Invailing Iha
aqgoara on a wali (mada by ponching oot lha cantar ol a aacond aquara) llliad wllh Iraah LR
Whita and polymarlaad In a Ng almoaphara al 52 lor 24 h. Sacllona on lormvar- and
carbon-ooaiad nickal grida «rara blockad «llh 1% BSA, 0.5% llah galahn, 0.1% Trtton X-1(X)
In Bollar C (20 mM Tha. 200 mM NaCl. 3 mM NaNs, pH 74) (or 1 h and Incobalad wilh
mooaa anil-MAPIB and rabbit arai MBP In Bollar O (which comphaad Bollar C «Uh 0 2%
BSA. 0 5% Bah galatin and 0 1% Tmon X-100) lor 3 h Onda wara waahad Ihraa Nmaa «Uh
Bollar O lhan Incobalad lor 3 h wllh goal arai-mooaa IgO and IgM conjogalad lo 5 nm gold
togalhar ©«Uh goal antl-rabbit 1gQ oonlogatad lo 10nm gold In Buttar D  Aliar waahing wilh
MIW-Q walar iha aactiona wara llxad In 2 5% glolaraktahyda lor 5 min. hnaad In diallliad
walar. driad and alalnad «llh 5% uranyl acalala and laad curala Sacllona wara axaminad

on aJaol 100 CX Iranamlaalon alaciron microaocopa

H. kiunonaparoaldaaa alalning ol lha TQN

Calla wara waahad bhally wilh OMEM ! 1% FC8 and n«ad «llh 4% (w/v) paralormaklahyda
and 0.1% (v/v) gkharaldahyda In 0.1 M aodium phoaphala bollar. pH 7.4 lor 1 h Tha
cuhoraa wara bhally waahad hihoa m 0.1 M phoaphala bollar, quanchad 3a10 min wilh 50
mM NHA4CI ki aodkim phoaphala and waahad In PBS Tha callawara Ihan parmaabMjad by

Inouhaang «Uh 0 06% («wv) aaponm ki PBS lor 5 mki and non-apaoHIc araibody bmdkig waa
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blocked by Incubating In 1% (w/v) BSA and 0 05 (w/v) saponin In PBS (Buttar A) tor 20 min
Tha cattawara Incubalad wHh antt-TONOa In Buttar B (I's Butler A Inwhich tha concantratlon
ot BSA was dacraasad to 0.3%) tor 2 h by InvaiUng the aclar square on 100pl ot antibody
Tha squaras wara waahad three times In butter B and tha calls were incubalad wHh goal
anil-rabbit igQ paroxidasa oonfugata In buttar B tor 1.5 hours, washed twice In butter B and
twice In PBS Tha tisaua was fixed In 1.5% (v/v) glutaraldahyda. 5% (w/v) sucrose. 0.1 M
sodium caoodylata. pH 7.4 (Butter C) tor 30 min. washed three times In Butter D (i a. Butter
C oorSalnirig 7.5% sucrose) and rinsed three tin>as In 7.5% (w/V) sucrose. 50 mMTrts/HCI pH
7.4 (Butter E). DAB pH 7.4 (0 2% w/v In Butter E) was Uttar stanizad with a 20 pi MilNpora
titter and added at 1 ml par patri dish tor 1 min; 1 pi volumas ol 3% (v/v) Hg02 were added
saquanilally to this solution over a five minuta period and this was repeated three tirrtas The
reaction was stopped attar 15 min by washing twice In butter E. The ceNs were rinsed in
Butter C minus sucrose (Butter F) and posllixed In 1% (v/v) 0SO4. 1% (w/v) potassium
ferrocyariide In butter F lor an hour at 4*C. The discs were dehydrated in absolute ethanol.
inflRrsled and embedded In Epon 512 (Taab) Sections were examined on a JEOL 100 CX

electron microsoope

m Detection of tluoreecent lipids.
OUgodendrocytes were wsshed with DMEM prewarmed to 37®C and after addirig imi of 5
pM Ce *"BO-Cer or 5 pM Cs-DMB-Cer / DF-BSA complexes thé cella were Incubated at
370C tor several perioda ottime On some oocaslons, control cuRures and celia treated with
BFA were incubated (In thé oonlinued preserice of BFA) for 5 min with a 1/20 dlkition ol Orvo
gold /BSA corrpiexes m DMEM with supplemenis. washed and Incubated for 15 min wHh
Ca-NBD-Cer /DF-BSA oomplexes

The oells were tixed m 1% (v/v) gkitaraldehyde in 0 1M sodium phosphate. pH 7.4 for 30
min and washed with 0.1M Trts. pH 8 2 at 40C The ceNs were then warnied to room
terrvarature whlle Inoubattng with DAB (1,5 mgrmi m Tris. pH 8 2) for 10 min and theé DAB
solution was replerSshed and volume ad|ualed to 1 mi Smeli areas on thé aolar square were
irradiated by foousing thé blue beam (Xex/~"0""") ** W /RREE Cgyersai microsoope

lhrough a 18x (numertoal apperlura 0.4) lena tor SO min or ihe 20x (rMimedcal appedure 0 7)
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len= ol «n OlyiTAio» BH-2 irterotcop» lor 30 nUn « room tennp»ralur« Although ton» ol
thoM ptocoduroi wor* modMicalloni o> Ih# malhod usad by Pagano al al. (1989) lhay
dINarad m pdncipla In Ihal In our axparlmanla Iha callular compailmanta ol «va calla had
baan labalad with lluoraacanl lipid pra-lUalion Tha calla wara waahad with 0.1M aodkjm
caoodylata. pH7.4. poal-lliad wilh 1% (whr) 0104. 0 1M sodium cacodylala. 1% (w/v)
polaaaium lanocyanida lor 1 h and waahad axiansivaly wilh aodium cacodylala bultar Tha
calla wara succaaalvaly dahydratad lor 10 min parlods In SO. 70 and 90% (v/v) athanol /
walar and tor 2x10 nSn In absoluta athanol Inimrallon In apoxy raaln (Taab) waa by ahaking
mildly with raaln / abaokila athanol 1:1 (vhr) lor t h lollowsd by Iwo changas ol undilulad
raaln lor ha« hour Following ramoval ol axcasa raaln Iha aclar aguaras wara Invaitad on tOO
pl ol ambadding madium and polymarizad al 60®C lor 18 h, Sactlona wara axaminad as

balore

ZDProIsln aailmallon

Prolain coreara was routinaly datamanad by a modllication ol Iha malhod ol Lowry at al..
(19S1) and inciudad SOS lo aolubldia mamUana prolalna A« lasts wara carrlad out In
dupucata 250pl ol 1M NaOl. 0 25% (w/v) SOS was addad lo aamplaa mada up lo 200 pl
wah diatlllad watsr as wa« as standards oontalrang 10-120 pg ol BSA (Fraction V. Sigma)
and thasa wara Irxxjbatad at 80®C lor 15 min. Than. 0.5 ml ol 2% (w/v) Na.K Tartarata. 0.5
naol 1% (w/v) CuSOa and 05 miol 2% (w/v) NagCOg wara addad saqusnllaUy and wilh

rtaxing and tha samplas wara Incubatad lor 15 min al room lamparatura. Fo«n-Clacoaau

raagani (BDH) waa Irashiy dllulad 1:1 wHh doubla disllllad walar. 250 pl wara addad lo lha

laa and tha OOyao waa msaaursd altar a 45 min Incubation

211 «ayaUn
I. laoIMlon
This procsdura la a modmecallon ol lha malhod ol Norton and Podusk) (1973) and lakaa
advaraaga ol tha low buoyara danally ol myaHn. Brains or parlpharal narva (odallc or
tngananal) wara ramovad Irom 3-4 waak oM Wislar rals ol both saxas that had baan M«ad by

aaphyxlallon lollowsd by dsciaaiatlon Brama Irom hamliygous malas and homozygoua
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letnalM Irom runyxliaktr (f>ft)«nd tld lyp» (d 1h» sama ganatic background aa nti) mica
wara praparad sinklarty Tha attua wat (rozan In «quid Ng and wat aithar utad Immadlataly
or atorad lor up to tit mortila al -80'C

All tubaaquani procadurat wara parlormad undar atarlla conditlont at 4*C- Tha braint
wara homoganizad to 5% (w/v) linai concantratlon In 085 M tucrota. 10 mM N-2-
hydiozyalhylplparazina- N'-2 alhanatulphonlc acid (Hapat). pH 7 4, 3 mM dllhlothraltol
(DTT). 1 mM lotyl lytyl-chloromalhyl-kalona (TLCK) uting a PoHar Elvah]am glatt
homoganltar (Orma SdanMlc. Man. U.K.). PNS tatua wat InlUaUy ground to a (Ina powdar
In a mortar In «quid Ng and wat homoganitad In a lathlon timllar to CNS tiatua with tha
axcapllon that tha 0 SSM tolullon wat lurlhar tupplamantad with 06 mg/ml
phanytmalhylaulphonyl lluorlda (PMSF), 0.01 mgrmi laupaplin. 0 01 mgrmi chymotlatin. 0 01
mg/ml tnllpaln. 0.01 mgrml papttalln-A. 10 mM banztmidina. 1 mM
alhylanadlamlnatalrtacatlc add (EDTA) pH 80, 1 mM alhylana glycol bit (8-amlnoalhyl
alitar) N .N. N N*-lalraacallc add (EOTA). pH7 4 and 0 01% (w/v) NaNg

Tha CNS lltaua homoganala wat ad]utlad to 40 ml In poiycarbonala lubat and ovartald
with 10 ml ol 0 25 M tucrota. 10 mM Hapat. pH7 4, 3 mM OTT and 1 mM TLCK: PNS
homoganala wat ovartald with tNt tolutlon which additionally contalnad protaata InhlbHort
to rtoncararatlortt Idanlical to tha 0 85M tucroaa PNS homoganitallon buttar Dantity-
gradlanl oantmugatlon wat at 70,000g lor 90 min Inan MSE 3x70 twing”out rotor

Tha mambrana wat ramovad Irom tha 0 85 /0 25M tucrott Inlartaca and tub)adad to
hypo-otmollc thock by aithar raauapanding m 10 voi Mil« Q walar. 1mM TLCK (CNS myatn)
or ahocking tolutloh turthar tupplamanlad with tha protaata Inhibitort ol tha 0 85M PNS
homoganitallon buNar lo ona tanth Hnal ooncamratlon (PNS myain)

Tha mambrana waa raoovarad by oartmugatlon at 23,000g tor 30 min at 4®C In a Sorvall
SAB800 rolor Tha thook prooadura wat rtpaalad at laatl Iwica or until ha tupamatani wat
citar PurWad myatn waa ratuapandad In a amali voluma ol MIIt-O walar and utad

immadlalaly or atquolad and Morad al -40%.

N Pro«

Myain proMIna wart analyitd lor cAMP-dapandanl and -Indapandanl photphorylallon by a
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nwditkalton o* th« malhod 01 Bradbury al al.. (1084) Thiily ~B of myatin profain »rara cMulad
In ImM MgCI2.0.02% (v/v) Triton X-100. aOpM ATP. 10pM of 0.5-3.0 OI/mmol y-“ P-ATP
(Amaratiam, U.K), 45mM TrlaftHCl. pH7.4 In a total voturna of 5S |U by initially praparing a
oocktail of MgCI2 . Tria/HCI and Triton X-100 to which Iha ATPa wara added The procedure
waa carried out In a hood auHably adapted lor lha uaa and diapoaal of radloaollva laotopaa
and lha mixture waa allowed to aquilibrala at room lamparalura for 1 min. The reaction waa
atartad by adding myelin arxl vortaxing arxl waa carried out at 3?PC for B min in the preaanca
or abaanca ol 7pM oAMP. The reaction mixture waa oanliitugad al 4°C for 20 min and Iha
acpamatant waa ramovad by aapirallon Phoaphorylalad myelin aamptaa or Titlon X-100-
aolubla and -Inaolubla fracllona prapaiad after phoaphorylallon wara aubjactad to 8D8-
PAGE. Tha gala wara allhar alalnad with PAGE blue and dried under vacuum or

alectrotranafarrad to nXrocatluloaa tor Waetam blolting.

1ll. Protein daglyooaylatlon

Myelin (30 pg protein) or the equivalent Triton X-I00-aokibia and -inaolubla fractiono wara
made 14) to 20 pi in 1% (wAr) 8D8. 1% (v/v) |[J-maroaploathanol and boilad lor 2.S min The
aamplaa wara aUowad to cool and dllulad to a (Inal voluma of 80 pi In 2mM EDTA. 1% (v/v)
Nonidal P40 and 0.1% (w/v) aodlum phoaphala. pH 8.3 Endoglyooaldaaa-F (0 06 unita.
1unit of activity par 20 pi) (Boahringar Manhalm) waa added and tha aamplaa wara vorlaxad
and incubatad lor 6 h al room lamparalura Another 0.06 unite andoglyooaidaaa-F ware

added and tha aamplon wara Incubated lor a tuilhar 18 h.

lv. Extraollon with non-lonlo datarganl

Myalm waa aHc)uolad In appandorf lubaa and oantrlfugad at 13.000g lor 30 min at 4*C In an
M8E-Mlorooanlaur mtorofuga Tha water waa ramovad by aapirallon and tha pallal waa
raauapandad In flllar-alarllizad cytoakalalon (C8K) butler (Glllaapla at al., 188») to a
conoanlrallon of 1 mg/ml TNa bullar waa almllar to Iha call axlracllon buHar (pravioualy
manllonad under Indtract Inmuno6uoraooanca) with tha axoaphoo that for myelin extraction
tha ooncanlrollon of KO waa I00mM kialaad of aOmM

Following a 6 min Inouballon at room lamparatura. lha aampla waa oentrllugad. Iha
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supwnatant (solubi« traction) wa« retained and the procedure wae repeated The pellet waa
reeuepanded in MHIi-Q water to the aama volume ol the combined aoluble tractiona. The
Triton X-100-eoiuble and -inaolubie fractione were eilhar uaed immediately or allquoted and

frozen at -20°C.

2.12 Protein deCactlon

I. Sodkim dodaoyl aulphala polyacrylamida gal alactiophoiaala (80S-PAQE)

Proleine were aeparated by 8DS-PAQE on S-17% alab gala ueing the diaoontinuoue eyetem
ol Laemmli (1970). Sanyrlaa ware boHed tor 2.5 min in a butler oonlalnino 2.5% (w/v) SDS.
125 mM DTT. 0.001% (wtv) bromophenol blue and 20% (v/v) glyoeiol Elecirophoreele waa
for 16-18 hourt at 5 mA In a running butler conalating ol 003% (w/v)
Trle(hydroxymelhyl)amlnomathane. 0.12% (w/v) glycine Proleine aaparated aooording to
elze oouk) be vieualized by Immereing the whole gel or a elrip in 0.001% (w/v) PAQE blue

(BOH) In 20% (v/v) methanol. 10% acetic acid (v/v) lor 2-3 h

Il. Weatem blotting

Protalna eaparalad by 8D8-PAQE were alectrolranelerred to 0.45pm pore nitrocelluloaa
paper (Schleicher and Sohua«. Andemwn Ltd) at 0 25A lor 3 houre by the method ol Torntrin
at al.. (1979) Ina Tranabiol apparatue (Biorad Laboratoriae. U. K). The ellictency ct tranefer
waa aaaaaeed by alairring nHroceNuloaa atripa with 0.2% (w”~) Amido Black In 25% (v/v)
methanol. 10% (v/v) acetic acid lor 10 e and rtnalng with lolveni Beeidual protein on the
galo waa vlaualized by alaining with PAQE blue.

For knmunoblolting aH kiouballone were al room temperature and v»ahaa were lor 5 min
with mud ahaking Non-epaolHo binding to nllrooalluloae waa blooked by Incubating with
0.2% (whr) pig akin gelatin. 0.1% (v/v) Triton X-100 In PB8. pH 7.4 (Buller I) lor 3 h and the
bkXe were hiither Inoubalad In Buller | containing «<he appropriate dlkalon ol primary anttrody
tor 1 h. The blola ware rinaad eaveral limae over 30 min with BtXlar | and Incubated rellh
ellhor goat anil-rabbll IgQ or goal anil-mouee 1gQ (depending on the aouroa of the primary
anllboily) oon)ui*ed to horaaradlah peronldaaa lor 1 h. Alter waahing eaveral timaa In

Bufler I. twtoa In Buller | minua Triton X-100 and onoa In PB8. Immunoelalned prolalna were
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d«(«ct*d using 0.6 mg/ml DAB In Tria/HCI. pH 7.6 and of 30% (v/v) HgOg p«r ml of DAB
solution ss substrates. The reaction was termir*ated with 2% SD8 arKi the DAB solution was

neutralized with bleach prior to disposal.

2.13 LIPID ANALYSIS

I. LIpkf sxtrsotlon

Lipid was extracted In glass stoppered tubes by the method of Bligh and Dyer (1950). Five
ml of chloroform / methanol / p-hydroxytoluene (BHT) (2:1:0.06. vAr/w) were added to each
mg of protein (myelin, Triton X-100-inaoluble pellet or cell protein) suspended In 200 pi
distilled water The sample was vortexed, extracted for 10 min at room temperature and 0.2
volumes of 0.1M KCI were added with vigorous vorlexing The suspension was centrifuged
at 1000g for 10 mki at room lemperature and the lower phase was carefully removed with a
Pasteur pipette and placed In a oor>ioel glass tube with an equal voi. of 0.1M KCI /CHaOH
1:1 (vAr). The suspensKm was vortexed and centrifuged as before, the lower layer was
uptaken and passed through 3MM filter paper (Whatman) in pre-weighed glass storage
oonioal vials and the solvent was evi~raled wNh Ng and irrmrslon In warm water The Npld
was deslooated In darkness overr>lght, weighed and resuspended in chloroform / methanol
1:1 (v/v) containing BHT. gassed wHh Ng and stored at «20”C in dailmess for up to aix

month*.

Il. LIpM oIM* *naly«l*
.1 Phn.nh.>lInIrf
Th* Eng and Nobl* (1908) msihod wa* u**d to m*uur* total phoaphollpid a* wall aa
phoafihollpld olaaaa* Thi* malhod taka* advanlag* ct th* raaoHon d Inorganic phoaphat*
wilh ammonium molytodal* to term phoaphomolytxllo add whloh I* raduoad and th* product
la datarmlinad apaotraphtaomatrloaHy.

Individual phoaphollpid olaaa** war* aaparalad by alraaking 500-1.000 nmola*
phoaphollpid on 20 om2 50 Kla**Ig*| high partormano* TLC (HPTLC) plat** (Marok. W

Oarmany) which had baan pra-davalopad with ohiorolorm / malhand. (1:1, vhr). air driad.
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pn-<>«w»lo(Md «Mh htxan* /dKlhyl Mhar /acatk; add (85:15:1.5. v/v) and acllvatad at 100K:
lor 15 min Tha plalas wara davalopad In malhyl acalala / propan-2-ol / chlorolorm /
mattianol / 0 025% w/v KCI (25:25:25:10:9) and Individual phospholipid clastas wara
Idarmsad by thair oo-migrallon with oommardally purchaaad tiandarda (Sigma) and with iha
componania ol a was charactarizad rat myaSn Spld standard (QISaspla at at.. 1989) Total
myaSn Ipid. phospholipids scrapad togathar with silica Irom HPTLC plalas and standards (0-
400 nmolas KHgPOa) wara pipattad In Ihick-wallsd last tubas which had baan washad by
ovanUght Immarslon In chromic add Tha organic aolvants wara avaporalad at 100* C m a
luma hood: 0 8Sml ot 70% (vrv) parchloilc add was addad and tha tubas wara stopparad
with glass maiblas and haatad to 180* C lor at laaat 3 h until Iha samplas wara claar ol color
Tha volumaa wara mada up to 3.3 ml wivh disllllad watar batora adding 0.5 ml ol 2% (w/v)
ammonium molybdala and 0 5 ml ol (rashly mads 10% (w/v) ascorbic add and tha samplas
wara mixad by vortaxing Tha tubas wara hsalad lor 5 min In a boiling walar bath, aSowad to
oool and. altar Iha sisca had baan pallatad at 1.000g lor 10 min. tha Agoo was maasurad
Tha graph slopa was Snaar and aoorvn phosphata ylaldad an avaraga Aa(x>*l 9

hi tiuHatldaa

Tha malhod ol Kaan (1988) was amployad. this axplolts Iha adsty ol UpM susaiss to lorm
oolorad azura A oomplaxao that ara sxtractabla Into chlorolorm/mathanol sohitlona. Samptas
and commardasy purchasad standards ranging Irom 0-35 nmoiss wars placsd m stopparsd
glass tubas Attar avaporating to drynass by haating at I00~C. 5 ml chlorotorm/mathanol
(1:1. v/v). 5 ml ol 25pM HgSOa and 5ml Azura-A dya sokjllon (0 004% w/v Azurs-A In 2 SpM
H2S04. slorad at room tamparalurs In darknass lor up lo a wash) wars addad Ths tubas
wars slopparsd. shaksn lor 30 a. cantrllugsd at I000g lor 5 min at room lamparalura and
lha A845 was maaaursd: 25 nmolas ol suSatlds ylaldad an Agas-O 86

mirax.hm.IHM

Tha malhod ol Macala at al (1983) was amployad Samplas. hydroxy and non-hydroxy
carabroalda standarda (0-8 nmoiss) wars aponad ovsr 0 5 cm on pra-washsd HPTLC plalas
Davalopmsm was m malhyl aoslata / propan-2-ol / chlorolorm / mathsnol /0 2% (w/v) KCI
(28:28:28:108. v/Aw/v/v/V) unbl tha aolvsnl lionl raachsd tha uppar Imit ol Iha pMa Altar

av~Mxaung Via aolvanis by vacuum daalocallon ovar 3 h. lha platss wars aprayad wNh 3%
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(w/v) cuprtc acclat« and 8% (w/v) phosphodc acid Tha platas wara than air drtad and
chairad by baking at 160X tor 15 min. Carabrosldas wara quantlfiad by dansitomatry using
a Shimadzu CS-9000 dual wavalangth flying spot TLC scannar and a DR-13 racording
iniagralor. This mathod could alao ba adaptad tor tha quantification of othar Ipid dassas.
Chot— Ifoi

Tha chamicai mathod of Sparry A BrarvJ (1943) which is basad on lha Llabarmarwr-Burchard
raaction was amployad. Rva ml of add-fraa chloroform was addad to driad Hpid samplas or
starrdards (0-700 rwrtolas) In glass stopparad tubas. Tha tubas wara aquilibratad In a watar
bath at 24*C arrd. following tha addition of 2 mti of cold acatic anhydrida raagant (20 i acatic
anhydrida arrd 1 mrl of oorwantralad H2S04 Incubatad on ica for 9 min) wara shakan
vigorously and irrcubatad for a turthar 20 min in darknass Tha A“ao "***raad, tha graph

slopa was linaar and 700 nmolas cholastarol yialdad an Aeao-0.1S.

Hi. Fatty acid anaiyala
Total Hpid or Hpéd classas Ihat had baan saparatad by TLC using mathyl acatala. propar>-2-ol
/ cMoroform / mathanol f0 2% (w/v) KCI (29:25:25:10:9 v/v/v/v/v) wara sub)actad to add-
catalyzad transmathylaHon (Chrfatia. 1982). Polar Hpid classas idantifiad agairwt oorrwTtarclal
standarda by Hghtly spraylrtg tha TLC piata with 2*.2"-dIchlorofluorascain (DCF) wara
scrapad off arxf transmathyiatad diractiy on siUca Ona mi of haxar>a arxf 2 5 mi of matharrol
oontaining 1% (Wv) ooncantratad H2S04 wara addad lo a rr>aximum of 1 rrtg of driad Hpid In
a glass stopparad tuba Tha mixtura was vortaxad, gassad with N2 and. by vantilating tha
stoppar wNh a smaN placa of papar, haalad at 50*C ovamight

Mathyl astars wara axtractad from tha transrrtathylation mixtura by addirrg Srrtl
haxarta/dlalhyl athar 1:1 (vAr) and 2.5 mi distlHad walar. vorlaxIng, caritrltuging at 1000g for
5 mm al room tamparatura and taking tha uppar layar inio a claan tuba This was rapaalad
and tha axtracts wara pooiad Afiar addition of 2.5 mi of 2% (w/v) KHCO3 tha tubas wara
vortaxad. cantrtfugad and tha uppar layar was drtad wHh Ng or>d rasuspandad In haxana
Tha mathyl salara wara furthar puilflad by TLC using haxana / diathyl athar / oortoaniraiad
apatie acid (90:101. v/vAr) as tha davaioping soivani Thay wara than radissolvad m haxana

ooniaMng 0.08% (w/v) BHT and artaiyaad on a Packard 438 gas chromatography by using
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on-ookjmn Inaction. Th* carrtar gat waa Hg and tha tharmal gradiani ranged from 50-
235*C Individual mathyl aatara wara klantINad by oompatison with waH charactarizvd fish oil

mathyl aatar atandarda (Ball at al.. 1063)

lv. Ftuofocam Nptd analyala

Calla of tba 0-2A Knaaga wara grown In piaatic 25cm2 or 75 cm” fiaaka to davalopmantal
atagaa that had baan pravioualy charactarizad in tarma of morphology ar>d tha tima of
appaaranca of myaHn-apaciflc arMigana Tha calla wara waahad twica with pra-warmad
dafinad madlum (aaa Cal CuHura) without FCS and irtcubatad with 5mM Cg-NBD- or C5-
DMB-Car / BSA corr~xaa (3ml fluoraacant UpidrBSA complax aolution par 75cm2 fiatk
containing approximatafy 10" cala or or>a ml par 25cm2 fiaak containing 3.3x10” catta) lor 15
min at 37" C. Tha cala wara waahad twica with warm madium arxt Ir>cubatad in madlum
without fluoraacant Hpid pracuraora for a total of 2 h. Tha calla wara ramovad from tha fiaaka
uaing a rubbar polcaman. pallatad at 10.000g tor 10 min and total Upid waa axtractad
Equal amourtta of fiuoraacanca wara appUad to HPTLC plataa arid thaaa wara davaiopad
with mathyl acatata / propan-2-ol / chloroform ! mathartol /0 25% wAr KCI (26:26:25 109.
V/V) (aotvani 1).

Tha fluoraacan! Npid mataboNlaa Ce-NBO-SM. Cs-DMB-SM. C« NBD-QlcCar. Ce-NBO-
QalCar arid Cs-DMB-OlcCar xvara Idanlfiad by oompariaon with authantic atandarda. which
wara lha ganaroua gifta of Or Richard Pagano Fluoraacant apota wara acrapad from tha
TLC plataa. diaaofvad in chtoroformmathartol 2:1 (v/v) and quantifiad by apactrofluorimatry
with a Paikin Elmar L860 luminaacanoa apactromalar aquippad with Fluoraaoanca Data
Mariagar aoftwara in tha Scan moda, uaing X«)|470rvn arxf XanS30nm, alt width of IOnm
and mtagration tima of 10a. For quantitativa nrtaaauramanta. known molar quaniltlaa of
atandarda wara traatad idanticaly to matabolzad Ipid

Total ftuoraacant carabroaidaa wara raaofvad In Iha gKioo- and gatacto-lorma on borala-
iraatad HPTLC ptataa Thaaa ptataa wara pra-waahad In tha uauai manner (aaa under
phoapholpid). immaraad m 12% (w/v) anelar quaWy boric acid (BDH) In MIW-O water /
ethanol (1:1, v/v) overnight. Hr dried and activated for 10 min at I00~C Tha platea ware

davaiopad In chtorolorm / mathanol / water / ammonia (72:48«;2. v/v) (aofvant 2) and lha
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tluor*tcenl c*rebrotM«t w«r« quanlttaled M beforc

Sine« no tiandard was availabi« for Cs-OMB-OalCar. this minor mataboHta was tanialivaly
Kfanttfiod by its Ri valia (amanar than tha R| valta of C$ DMB QicCaO. by aithar spraying
platas with orcirtol / suNurtc acid which racognizas carbohydratas. or pariodaia-Schitf s
raagani which idamilias vioinai dids (Chrtstia. 1973). Davaiopad borata traatad TLC platas
wars nghtly sprayad with ordnol (2 mg/ml) In 75% sulfuric acid and haatad for 15 nUn at
100”. Caibohydrala-oonlalning Hpids appaarad as blua-violal spots Altamativaiy. tha
platas wars sprayad wNh 2% (w/v) sodium partodata and driad at 55<"C. than sprayad with
2% (w/v) sodium bisuRata arx! driad: Iha last stap was rapaaiad until tha iodir>a stain had
disappaarad, whan tha plata was coolad ar>d sprayad with Schiff's raagant (pararosaniHna
chlorida 1% w/v, sodium bisulfita 4% w/v m 0.25 M HCt) (Sigma). Tha plata was aUowad to
dry arvf davaiopad at room tamparatura for d laast six hours, aftar which sugar-containing
Hpids v)paarad as purpla spots Tha Hpld idantifiad as Cs-DMB-OalCar only raactad In lasts
that datactad glycoRplds; Hwas nagativa In tha various othar colorimatric lasts for polar artd

non polar lipids Tha Rf valtas for tha various sphingolipids ara givan in Tabla 3.









3.1 Inirotfuctton

Th« analytis o( can Inaag« during davatopmant In tha mammalian CNS has baan fadMatad
by malhoda that IdantHy. iaolata and madpulata spadfic caN typas undar daflnad cullura
conditions. Such approachat wars initially usad to isolata and charactariia tha 0-2A
proganhor caN that can, undar appropriata oorxiltlons. giva riaa lo oHgodandrocytaa or Typa-2
astrocytas (for raviaw saa Raff. 1969) A ligand producad by Typa-1 astrocytas aryj
idantMiad as tha A-chain of POOF (Richardson at al., 1966) is mitoganic for optic rtarva 0-2A
proganitor calUa (Nobia at al.. 1966). Raff at al.. (1966) hava proF>osad that POOF drtvas a
"doch" that counts caMdivisions and raguiatas tha timing of ollgodar>drocyta davalopmant in
cultura.

Savaral othar polypaptida growth factors hava baan shown to influanca oUgodarKJrogNal
davalopmar” in cultura, Including inauUn-lka growth (actor (McMorris and Oubois-Oaloq.
1966). apidarmal growth factor (EOF) (Shang al at.. 1969) and bFOF (Basnard at al. 1969)
Sinca bFOF la prasant In brain during davaloprr>an( (Oonzaiaz at al.. 1990), It is possibia that
this poiypaptida may hava a roia in gliogar>asls Tha contirHjad prasanca of bFOF can
maintain a high rata of mitoais ar>d block diffarantlation in 0-2A progarktors grown In ouSura
and this rmtogan also Irwraaaas tha sanaltivity of 0-2A cans to POOF by maintaining a high
laval of axpraaaion of PDOF a-racaptors (McKlrvton al al. 1990) Louis at al.. (1992) hava
racantly shown that Iha combined usa of bFOF and PCX3F can slinKjlata prolongad division
of 0 -2A cans from carabral oortax. as had previously baan shown for 0 -2A proganHors from
optic narva (BOgiar at al.. 1990)

PrafararSial diffarantiatlon of 0-2A caNs to oMgodarxjrocytas was achiavad for calls grown
to high dartsWas artd was unraltfad to tha total number of oullurad calls, whereas 0-2A calls
seeded af low dansitias diffarantialad lo Typa-2 astrocytes (Lavl al al. 1991). Additionally,
medium oortdHlortad by high-darwlty subcuNuras of 0-2A cans contairtad high MW (»30 kOa)
non-mitoganic factor(s) that ware capable of inducing diffarantiation of 0-2A cans to
oligodartdrocytas  Prafaranlial diffarantiation of 0-2A progenitors to oHgodandrocytas
ooourrad for cans saadad at either high or low danswas Such dittarantlation may be
triggered by dkaot homotypic Intaraotlons and could be addilionany dapandant on Iha

saorsnon of shod range autoortna or paracilns factors by 0-2A progenitors
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An enrich«d oNgod*ndrocyt* cullur* with at tM«t 00% purity had baan praviouaiy
charactarizad in our laboratory. Although thia aystam had baan uaaful for both
immurtocytochamioal and btochamical analysas (Wilson ar>d Brophy, 1080). an improvad
mathod was daamad nacassary in ordar to:

a) ir>craasa tha oaN purity ar>d ytaU

b) partially synchrortiza tha oaN population that is isotalad during tha initial anrichmant from
mtxad glial cuNuras to tha 0-2 A progarrNor oaN Mags arrd

0) parmit 0-2A call diffarantiation to oligodandrocytas in a saquantial mannar ar>d
charactarizs this prograasion by oountirrg tha oaNs that axprass wail krrown marfcars of glial
call diffarantiation.

Although incraasad call purity vwis daskabia. high caH yiaids wars assantial oortsidaring
that tha proposad invastigatiorra krcludad tha usa of a Npid anaiogua with low fluoraacarrca
yiald (CO-NBO-Car) as wall as analysis of oligodarrdroglial cytoskalatal lipid, which was
axpactad to ba a small proportion of tha total oaNuiar lipid. In tha casa of CN8 myalin which,
by oomparison wiNh oUgodarrdrocytas. can ba isolatad at ralativaly high aburKlarrca. tha lipid
iaoiatirrg With tha cytoskalaton is approximataliy 12 rr>ol% of tha total mambrana lipid
(QHiaapiaatal.. 1080)

Tha primary call cultura systam that was avantualiy davaiopad (saa Matarials ar>d
Mathods) oomblnad alarrrants from tha systam of Wilson and Brophy. (1080) with mora
racant knowiadgs ragarding tha spaclfics of 0-2A proganitor can davalopmant in cultura.
Calls of tha 0>2A linaaga wars parmittad to diffarantiata to oligodandrooytas ar>d wars
oharaotarizad at apaoKic davalopmarttal stagas by indiraol imrrturtofluoraaoanoa usirrg staga-
spaoifio anttoodiss Tha suooasaiva morphologias of diffarantiating 0-2A calls wars usad as
rough guidas prior to parformirrg bioohamloal ar>d immurKXjytoohamioai arralysas arvd at iaasi

or>a pravioualy oharaotarizad antigan of davalopmant was usad as a oontrol at aN timas.



37 Rm uRs
laolatton oi Q-2A nroofiEIQf« and nilaHon | oMoodandmecyfi
D4ftsocial« c«ll$ from noor>«t«f rat oortax wara culturad in DMEM/10% FCS lor 6-6 d at
daacrtbad in tha Mathoda ar>d Mathodt aaction and formad a bilayar corisiating of amali,
phaaa-darfc oaNa adnadog to a baaamant of flat. Nghtar caMa (Rg 11A). Tha darfc caMa wara
raiaaaad by ahaking tha cuNuraa ovamight. tha mAb A2B5 waa introducad in tha cultura
medium acKf 0-2A progarMora (Fig. fIB) wara laolalad by ravaraa parming and Ir«ducad to
divida with bFOF in daflnad, aerum-fraa madium. 0-2A proganitora from brain typically hava
a bi- or muw-poiar morphology, which waa alao daacribad by othara (McKinnon at al.. 1990;
Louia at al.. 1992). Attar four daya in mitogan. tha 0-2A proganitora wara allowad to
ditfarantiata in fraah madium whara bFQF had baan raplacad by 1% FCS.
ProUgodandrocytaa (04" OaiC' calla) ara largar than 0-2A proganitora with widar. mora
axtariaiva procaaaaa artd tha highaat proportion of praolgodandrocytaa waa found 1-2 d aftar
the ramovai of bFQF (Fig. 11C). For moat 0-2A proganitora. tarmirial diffarantiation to
okgodarxIrocytaa (QaC"’ MSP** ceNa) raguirad cutturirtg for 6 d aubaaquant to tha removal of
bFQF OUgodandrocytea hava largar cali bodiaa than proligodandrocytaa and tha thick.
brarKhirig axtanaiorta of tha formar tarminata in a rrwahwork of finar procaaaaa (Fig ilOf
Tha layar raauRIng aftar tha ramovai of phaaa-dark calla (Fig 1f£) conaiatad mairtiy Typa-
1 aatrocytaa (06i4% A2B5' OFAP**) and uradantiflad calia (<1% 04-* QaiC-* MBP-*) Calia
adhartng on piaatic during raveraa panr>ing wara incubatad in DMEM / 1% FCS for 2 h (Fig.
11F). Soma of thaaa calla wera Typa-2 aalrocytaa (14i2% A2B5*" OFAP-*) and tha raat

wera not identified (<1% 04** QalC'* MBP**)

n.9A tunmm—akvm in within a d In CuMura

Non-adherent (A2BS-ooalad) oeHa that wara raoovarad by ravaraa panning wera ktcubalad in
defir>ed ntediunvi% FCS for 4 h, Wnmunoatairtad for tha diftarant antigarta that mark tha
differartiialion of 0-2A progenitor oaH to tha olgodandrocytic phar>otypa and poaHfva cella
weraoounled Thaaaoella were approximataify 63% A2B6*. 28% 04«, 17%01*. 2%MBP*

and 10% QFAP«, I a. mainly 0-2A proganitora (A2BS« QFAP*) with aoma

prolgodendrocylea (04« OalC*). olgodandrocytaa (04« QalC«) and aatrocytaa (OFAP«).
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When the cell population rasuittng from ravaraa panning was incubated for 4 d in defined
mediurTvbriJF toitowed by 1 d in defined mediunvi% FCS (1 d post bFQF, Fig 12). 0-2A
proger>itOfS dominated the culture (>«0% A2B5* QFAP ) and only 10% of the ceNe were
Type 2 astrocytes (A2B5' OFAP*). The total ceN rxjmber had irx:reased approximatelly 10-
fold, as was determined by counting cells before and after bFQF m a rHjmber of similar fields
The effect of bFOF was identical M concentrations between I-10ng/ml arxl daily rer>ewal was
necessary for the difleren<ation block and division to occur, as had been previously found by
McKinixm et ai. (1090) At 2d post bFQF a large proportion (*-40%) of the 0-2A progenitor
ceN population had differentiated to 04*QalC* prokgoderKfrocytes and there was a sharp rise
in the rtumbers of oMgodertdrocytes (04-» QalC*?) between 2 ar«j 3 d Although the number of
MBP* cells also rose substantiaily during 2 and 3 d. QaC* MBP” oligodendrocytes remained
fewer than their QalC* MBP' courtterparis until 6 d post-Irtduction. when the QalC" MBP*
oligodendrocytes represented approximately 60% of the total cells In culture

In expehmems where the 4 d of incubation in bFQF had been omitted, the 0-2A
progenitors dIffererHiated to oHgodervirocytes writhin 36-46 h, yields arxI purity were low and
the ceNe were approximateliy 60% 04* QalC* MBP* oligoderxirocyles /40% A2B5* QFAP*
Type-2 astrocytes at 6 d after reverse pannir>g Control cultures treated with bFOF gave
substantial yields of high purity cells, wrhich differentiated sequentially and over a period of
several days 0-2A progenitors that were seeded a low densities (<4xI0” cells cm')
differentiated to approximatelly 60-70% A2B5* QFAP* Type-2 astrocytes in the preser>ce of
either bFOF or 1% FCS and the total oeN yields were low

Since Type-1 astrocytes secrete POOF | yttm (Pkff «! > 1966). an attempt was made to
produce conditioned medium contalnlog POOF (or POOF-lke) activity by incubating Type-I
astrocyte layers (reeuWng after 0-2A removal. Fig. 11E) with defined medium containing 0O,
1or 10% FCS for 24-46 h. This "oorvUtlorted” medium failed to stimulate the proMferaNon of
0-2A progenllor oeio In the abeenoe of bFQF. but incubation of 0-2A cells in ttte presence of
“oor>dltlor>e(r medium oontainir’g bFQF for 4 d. followed by irKubation in *oor«dmor)e<r
medkirrvi% FCS. reeuNed In the proliferation of 0-2A oeHs arx) their differentiation to

oligodendrocytes, a result similar to that obtair>ed with defined medium



A?B5
- MRP
=A GFAP

Days post-bFGF

Fto. 12 mmAimn of Q 2A pfoorUtor dWaranllllonino jlu f.

0-2A proocnltors w*r* grown for 4 d in d«ftr>od modium conlainfng 1 ng/ml bFQF th«n twflched
to modlum containing 1% FCS without bFQF (0 d of diffarantiatlon) Tha rHjmbara of caHa
axprattir>g A2B6. 04. QaC. MBP and QFAP wara datarminad by Indiract Immunofiuoraacanca.
A minimum total of 700 caila par dupMcala covaraHp wara counlad In at laaat tan rar«domly
aalactad optical fiafda m thraa diftararM axpartmanta: SEMa wara 110% of aach maan valua.
Culluraa that had baan aHowad to ditfarantiata for O d oonalatad primarily of oUgodandrocytaa
(80% OaC”. MBP” oaNa) with aoma Typa-2 aatrocytaa (A2B5* OPAP”). faw oHgodandrocytaa

that had not yat fuNy ditfaranfiatad and a vary amali rtumbar of flat fibroblaat-llka caNa



3.3 DtoeuMton

Fibrobtut growth teolors (FQFs) ar» = family of savan atructuraMy ralatad polypaptidas which
ara highly mHoganic for calla darivad from maaodarm and r>auroactodarm (for raviaw aaa
Vlodartaky at al.. 1001). Tha affact of bFQF on 0-2A proganitora from rat brain haa baan
atudiad by McKUv>on at ai., (1000) ar>d thia polypaplida waa ahown to ba mMoganic for 0*2A
proganNora culturad in dafinad madkim /0.5% FC8 for at laast four daya.

Thaaa axpaiinrtanta oonfirmad tha firklinga of McKir>r>on at al.. (1000). 2x thair yiaM waa
achiavad ar>d It waa additionally fourKi that whan aaading proganHora at high danaitiaa
diviaion oouid taka plaoa in tha total abaanca of FC8. Tha 0>2A caNa wara pradomirtantly
multipolar mnd auoh a morphology ia an apparant fuiktion of high aaadir>g danaity (Louia at
al.. 1002).

0*2AP**"***' progar>itora from tha optic rtarva hava an avaraga can cycia tima of 16 h
(Wolawijk and Nobla. 1060); in tha praaant axparimanta. tha total numbar of calla ir>craaaad
approximatally 10-fold aftar 4 d in bFQF. whan tha caHa wara moally 0-2A proganitora. 8uch
prolifaration waa oorwistant with a call cyda tima of 16 h, whan oonaidaring that tha starting
call population (i. a. calla praparad by ravaraa pannir>g) waa rx)! homoganaoua in 0-2A
proganMora

0-2A caNa ooukl diffarantiata to approximatally 80% pura oUgodarxlrocytas in tha praaartca
of low (1%) oorxsantrationa FC8 artd latar axparimanta alao ahowad that tha 0-2A
proganitora could diffararttiata to oHgodandrocytaa in tha total abaarrca of FC8 (raaulta not
ahown). Thaaa axparimanta auggaotad that high call dartalty during tha initial aaading of O-
2A proganitora may ba vary Important for diffarantiation to tha oligodarxirocytic pharxjtypa
(oonaistanl with tha findings of Lavi at al., 1961) ar>d that high oall danaity may alao promota
proNtaration. Low oonoantratiorw of FC8 may hava a aupportivo rola for oallo aaadad at low
danaitiaa only artd H ia poaaibla that autoorirta ar>d / or paracrina short-ranga factors
produoad by 0-2A proganitor oalla may promota thair own survival, prolifaration and
diffarantiation to oNgodandrocytaa

H la not urtdaralood why Typa-1 aotrooyta 'oortditiortad* madium failad to stimulata tha
proUfaralion of 0-2A proganRora Ona poaaRjla axplanalion is that In aatrooytaa ramainirtg

aflar tha ramoval of tha top layar of phaaa-dark oaRa. PDQF bioaynthaaia nftay ba down-
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mguld®d or PCX3F tocrotion Inhlbitod if th« production ot a cartain rujmbar o( 0-2A
proganitora haa airaady occurrad. No conckjaiona can tharatora ba drawn from tha
axpartnianta tnvoMng condiiiortad madium and futura woik will ailhar raquira commarciaNy
purchaaad PDQF or praparation of corxUtlonad madium from Typa*1 aatrocyta layara grown
apacftically lor POGF productk>n. auch aa tha or>aa deacrlbad by Wolawi)k at ai.. (1991) and
Louia at al.. (1992).

Thaaa axparlmanla auggaatad thal cufturad 0-2A proganitor calla diffarantlata to
oligodandrocytaa In a aaquantial marinar. Cali counta indicaied that thraa atagaa o< 0-2A
proganitor caN davalopmant amargad In aaquarKa and couid ba idantifiad on tha baala ot
aniigarWc phanotypa. 0-2A progartllora (A2B5% QFAP') pradominatad 1-3 d aitar bFOF
ramovai. 04* QalC' proUgodar>drocytaa appaarad Iranalantly (2-3 d) and tarmir>ally
diffarantiatad oUgodandrocytaa (OaC* MBP”) wara tha main calla In tha cuNuraa from 6 d
onwarda Such a aaquartca In appaararx:a of antiganic phanotypaa haa baan obaarvad by
othara (Qard and Pfaiffar. 1990; Duboia-Oaloq at al.. 1966) both lo vivo and io vitro

Thia prtmary caM cuRura ayatam appaarad lo fuNill tha loNowing crttaria:

a) aatabiahmant ot tha cuRuraa waa aaay and raproducibla

b) 0-2A pcogar>itora and oRgodarxIrocytaa wara praaant at a ralallvaly high purtty

c) high caN yialda wara poaaibla. thua anabUng futura Immunocytochamical and biochamical
axpartmanta with calla from tha aama praparatlon to ba carhad out In paraNai.

d) Tha atagaa of 0-2A davalopmani had baan charactarizad with a varialy ot waN aatabUahad
antiganic martora, tharaby Invaatlgatlona al kay polnta of davalopmant wara poaaibla.

$lr«ca tha crttarta for a prtmary caM cuRura ayatam had baan largaly mal. |l waa daddad to
procaad wHh davalopmanlal. mataboHc and trtfflcKIr>g Invaatlgatlona arxf parhapa davalop

tha cuRura ayatam furthar al a latar data






41 Introduction
During tho most activ« phas« of myaUnation In tha mammalian CNS. oUoodandrocytaa
axtand numaroua myaKnating procaaaas that ara rasponsibla for anshaathing many nerva
fibraa almultar>aoualy (Wood and Bur>ga. 1M4). In cuttura, oligodar>drocylaa axtand a
comptax ayatam of procaaaas from tha caN body coinckJani with thair tarminai dMfarantiation
from prooanitor cait (Oard and Pfalffar. 1969) ARhough much hat baan diaoovarad about
tha factors that Influanca oHgodandrocyta proganitor davalopmani (for a ravlaw aaa Raft.
1989). tha factors that ragulaia tha formation and axtanalon of myallnating procaaaaa ara
unkrx>wn  Tha Study of tha cytoaKataton of myaNn-torming calls and thair proganHora might
halp in undaratanding how thair morphology la datarminad during diffaranilation (OiNaapia at
al. 1969: Wilson and Brophy, 1989. Kally at al.. 1992) Unllka thair proganitora.
oHgodandrocytaa do not contain any krwwn Intarmadlaia fllamanta (Raff at ai.. 1964).
conaaguantly thay must raly on microtubulas and microfllamania for tha morphological
raorganization raquirad tor tha formation, axtanaion and atablHzatlon of myaUn procaaaas
Microtubula-aaaociatad prolain MAPIB. which may function as a microtubula croaaUnkar
(Nobla at al. 1969; Sato-YoahRaka at al.. 1969). is found associaiad with naurttaa during tha
aarly stagaa of procasa axtanaion. whara N is probably involvad In nauronal growth (Tuckar
atal. 1966a. Tuckar at al. 1966b. Tuckar arxf Matus. 1988) and lha davalopmant of poianty
(Matus. 1966. Matus. 1990) SirKS MAPIB Is also prasant in gHa (Diaz and Avila. 1969)
Including oSgodandrocytas (FIschar at al., 1990) but Its function in thaaa caila has not baan
irwastigalad. this study undarlook to quantify tha amount of MAPIB axprasaion In ouRurad
gla. lha point at which MAPIB first appaars during tha diffarantlation of 0-2A proganitors.
and assass tha possibla rota of MAPIB In oSgodandrocytas Tha amours of axprasaion and
tha davalopmantal appaaranca of MAPiIB was Invastigatad by doubla labal
Invnurk>fluoraacarka using anti-MAPIB and antlbodlas that althar charactariza tha
davaiopmarS of 0-2A proganitors to olgodandrocytas (A2B6. 04. 01 and MBP) or raoogniza
astrocytas (OFAP) Tha possibla rola of MAPIB In oUgodandrocytas was axaminad by

inhibiRng Ha aynthasis wNh arsiaansa olgonuclaotidaa



4" Rm uHs

MAP1B aapr»—ion in rUi*nri*nrimcytM and — Imcvt—

Surfac« «xxprvMkx) of th* aphingoMptd QalC nwks dW”rentiatvd oligodendrocytM upon their
development from progenitor» end these cell» po»»e» MAP1B (Fig. 13, A and B). In
addition to oNgodendrocytea, the»e cutture» contain »ome astrocyte» and a small number
(<1%) of flbrobiasls In contrast to oligodendrocytes. QFAP” astrocytes have little detectable
MAP1B except for perhaps in some regions of their fibrous processes (Fig. 13, C and 0).
Adiacent to the astrocyte in Fig 13 C is shown a rare flat fibroblast-like cell that does
possess MAPIB, aHhough at a reduced level of expression in comparison with
oligodendrocyte» inthe aame cuMures.

Immunoblotting shows that the MAPIB detected immunocytochemicaity in oligodendrocyte
cultures conrtigrates with brain MAPIB In 808 gels (Fig. 14, Panel A), therefore the
oligodendrocyte protein la probably identical to the well-characterized MAPIB of neurons
(Noble el al., 1989) as suggested by Fischer et al.. (1990). Sir>ce it is believed that MAPIB
interacts only weakly with microtubules in r>eurons (Matus, 1988), the strer>gth of MAPIB
interaction with the cytoskelelons of oligodendrocytes was assessed by fractionating the cells
into a detergent-soluble fraction and a detergent-insoluble oytoskeleton (WHson and Brophy.
1989) Immunoblotting shows that most of the MAPIB does not remain associated wHh the
cytoskeleton but is rather aolubie indetergent (Fig. 14. Panei S). The presence of significant
amounts of tubulin in the cytoskeleton fraction suggests that the extraction procedure does
not unduly dismpt microtubules (Wilson and Brophy, 1989) In spite of their apparently weak
interaction. lubuNn arxj MAP IB oolocalize In Intact oUgoderxtrocytes (Fig 15. A , 8 and E) as
demonstrated previously by Fischer et al. (1990). furthermore MAPIB can be detected In

assooialion with miorolubules In the okgodefidrocyt» oytoskelelon (Fig. 16, Cand Df.

miaPIH «n f aatnn *he Ifminel dtflfMSWUpn Qi Q-2A DtQoeniiQfa ifiiQ Qomplax
pfoe—— haatlng »t*gort»nrirooyt—
Preliminary experiments showed that MAP1 B could not be detected immunooytoohemloally

m oligodendrocyte proganMors, despite the abundance of MAPIB m oligodendrooytes. which
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fink MPB <ntkh ViMIIrerlindrimd. glakdlon

MAPIB wu dMKtad by W tXim bkM analyilt in m brain homoganat* Irom poalnatal day 5
(PS) rata (Panai A) and in otigodandrocytat thai had baan aliowad lo ddtaranilata lor Sd m
cuSura (Panala B and C) Solubla (8) and cytoakalalon (C) Iracllona ol ollgodandiocylaa
wara praparad by axtractlon wilh a buttar oonlaining 0.5% (v/v) Triton X-100 (aaa Mathoda
aadlon) Aliar SDS-PAQE In5-17% tiab gala, tha pixttalna wara Iranalarrad to niirocallulaaa
and Immunoalalnad wilh aniibodtot agalnal MAP1B (Panala A and 8and lubuan (Panai G
Oiigodandrocyta MAPI B waa pradominanily In Iha aolubla Iracllon (Panai 8) and had an
Idanlical M, to Ihal ol bratti prolaln (Panai A). Panai C ahowa Ihal approilmalaly hai ol lha
lubuin tti thaat culluraa ramalna aaaamblad tn microtubulas, wfiieh indicala» lhal Iha

microfcibuiaa ramattiad ralativaly Inlacl undar thaaa oondttlona ol adradlon (Wilaon and

Braphy, 1M9).



N jSo:

cin n UAP1B gnlor.lli.« mllh Lihiiln «nd ..~ .1 .« irtth mlcmtuhul« In Un

mnnrtenrtmgvlc cvKHkadQIL

ProgtiMon wara mnnd lo dMoronll«* lor e d and althaf Miad and parmaabllzad (A and
S) of datarganl artraclad and Ihan Niad (C and D(. Cala wai» analyiad by doubla labal
Immunolluoraacanca tof MAP1B (DTAF) (4 and C) and tubuln (TBITC) (8 and D|. MAP1B
colocalzat wllh tubuln In Intact cala (A and 8) and oodlalrtbulaa w«ti mcrolubulaa m
olgodandroalal eytoakalalona (C and D) Hanoa aoma MAPtB ramalna aaaodalad «Hlh
microlubulaa  Bar, B (im. Cloaa Inlaraollon ol imerolubulaa and MAPtB la alao
damonalralad by knmunogold alaolron mtoioaoopy m Panal 8. An olgodandrocyta labalad
wlth antibodMi agalnti MBP (10 noi goW. anow) poaaaaaa a niloiolubula daoorMad wilh
MAPtB aa dataclad by and-MAPIB and laoondary anllbodMa oouplad lo S nm gold

(anoailiaad). Bar, 0.1 pm.



prorrpltd an Invattigatton Into tha ttag« of MAP1B it txprotsion chjring okgodondrocyta
dovalopmom by oompartaon ¥i*h fha wall-daflnad diftarantiation markara A2B5. 04 and QaC
looatf>ar wtth ma myain mambrana protaina MBPa

By 2 d of dittarantialton thara la a larga numbar of A2B5* calls (78%). a aubatantlal
population of calls baartr” tha aarty maikar 04 (39%) and a small but significant numbar of
04+.0alC+ oSgodandrocytas (11%) (saa Sactlon 3, Fig 12). This was thought to ba an
appropriata davalopmantal staga to Idantify tha phanotypas of MAPIB* caSs «toring aarly
oSgodandrocyta diffaranSatton. whan tha calls ara undargolr>g Iha trartoltlon from multipolar
praollgodandrocyta to oomplax, procass-baartng okgodandrocyta Tharafora. cuNuras at 2 d
of diffarantiatlon wara douWa labalad with antibodias against MAPIB arto thraa of tha
marfcars mat had baan usad to daNna oHgodandrocyta diffarantiatlon (A2B6, 04 and OalC)

Fig. 16 iMustratas tha phartotypas of MAPIB” calls at a tima whan thasa calls ara
bacoming praoUgodarxlirocytas arto baginrilng to losa A2B5 An A2B5*.MAP1B* can that Is
in such a transilloftol staga is shown by tha arrowhaad atongsida two A2B5+ proganitor cans
that hava yat to acquira MAPIB (Fig 16. A and 8) Anolhar call that no longar axprassas
A2B5 has lha typa of smaH. intansaly-labalad MAPIB* call body that ona obsarvas In
strongly 04* caNs (Fig. 16. C and D) PraoHgodandrocytas at an aarly staga of ao®ilrtng 04
(Fig 16. C and O. small arrows) do rwi axprass MAPIB and hava yat to davalop an
axtansiva systam of procassas As praoHgodartorocytas matura to oUgodartorocytas. thair
major procassas incraasa In diamalar and tarminala In a myriad of fina procassas (Fig 16. B
and F) This morphological transition Is Initlalad bafora Iha axprassion of Oa*C and coincidas
with tha movamani of MAPIB to lha ma]or outgrowths from tha call body Subsaquantly.
MAPI B Is oonaoldatad m tha major prooassasof OaC* olK)odan«3rocylas (Fig. 16. E arto f).
A MAPIB*,0alC* praoSgodartorocyta (Fig 16 F. arrow) In which MAPIB la now prasant In
tha prooassas has a tranaltlonal morphology batwaan lha MAPI B*.04* caMa (Fig. 16. C arto
£7) and mora malura OalC* ollgodandrocytas (Fig. 16. f and f)

Tha data in Fig 16 suggastad that MAPiB Is axprassad by praoNgodandrocytas bafora
may aoquira tha tarminal dWaramialion markar OalC This viaw was oontirmad by doubla
labal Immurtofkjorasoanoa arto by maasuring tha numbar of MAPIB* arto OalC* caSs In

ouNuras al diffarani alagas of davalopmanf From O d to 4 d of dHlaranllailon thara
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ift MAPIHI* tifi »»ivo«rthypfol9ftrt#ndfnevtocAjrtnQQ-2A ealdIfffnEIHon

0-2A progemiors w«rt allow«d lo ditforantiaio tor 2d (A and S). 4d (C and £7) and 6 d (f
and F) in cultura ar>d lha davalopmanial appaaranca of antigant waa followad by Indiracl
immuno(luoraacar>ca. Calla wara aurlaca-labaiad with igM mAba agalrwt A2B5 (A). 04 (C)
or Gaie (E). lhan tiiad, parmaabiUzad and atainad wHh anil IgM (FITC) followad by antl-
MAP1B (S. Darxf F) and anli Igai (TRITO). Two ad]acant A2B5” callt ara vlalbla. ona of
which la waakly MAPIB** (A. B. arrowhaad) wharaat lha othar la MAP1B‘: an A2B5* caR In
tha aama fiald la atrorxjiy MAPiB” (0. arrow). Earty 04" calla ara MAPIB' (C ar>d D.

arrowa) arx), whan aipraaaad at INa ataga of davalopmanl. MAPIB la confinad to (ha cal
body {0). Soma calla (hai ara rwl yat fuRy diffaraniiaiad (i.a. OalC' caRa) axpraaa MAPIB
atrongly In thair caH bodiaa and ma)or procaaaaa (F, arrow) but OalC* oUgodandrocylaa ara
alwaya MAPIB* In oontraal. Iha phanolypaa A2BS*.MAPIB* and 04'.MAPIB*.

OalC*.MAP1B" ara noi obaarvad. Bar. l0iari






ar« aluvayt mora MAP1B* lhari QaC-*" calla (FIg 17). arx) ai all atagaa o( oUgooaridrocyta
dIHarantiatlon tha OalC” calla ara MAPiB”® By 4 d o( dIMaranilation. 80% ol tha calla
axpraaa MAP1B. which oorraaporKia lo iha numbar ot MBP*" oHgodarxIrocytaa thal uwmataly
davalop In thaaa cuiuraa (Saction 3, Flg 12). Thaaa obaervatlona ahow that MAPIB
axpraaaton pracadaa tarminal dWarantiatlon arvl, airwa MAP1B la rwt a compor>arrt ot tha
purHlad myatiri mambrar>a (data riot ahown), Ita aynthaala appaara lo ba (urxSamantalty
ralatad to tha morphotogical raorgariizatlon ot tha olQOdaridrocyta
I’i UAPIiB towf Qfi mQfoholQQv ifiri hraBiaEnn dhAidIn

In ordar to Invaattgata tha rola ot MAPIB in otQOdandrocyta ditfarantlatlon. Nwaa atiamptad
to inhibit MAPIB aynthaaii by traaUng oHgodandrocytaa with antlaanaa oMgonudaottdaa and
thair raapacliva aanaa oongar>ara. Ot two antlaanaa ollgonuclaotidaa laatad. orta that waa
conptamantary to tha ragion ot tha MAPIB mRNA flankling tha initiallon oodon (nuctaotidaa
3 to <fl7 ot tha mouaa MAPIB cDNA aaquanoa. Nobla at al. 1989) waa aftactiva m Inhlbnirn}
MAPIB axpraaalon in oUgodaridrocytaa (Fig. 18. B and ﬂ Tha othar antlaanaa
otlgoTHiciaotlda might bava baan Irtaflactiva bacauaa tha S'-aaquanca ot rat MAPIB niRNA
may dittar Irom tha aqulvalani ragion in mouaa Tha rxiclaotlda aaquancaa oorraaponding lo
tha N-larminal ragiona ot tha rat protain ara probably almilar. bacauaa an aniibody raiaad
againat tha N-tarminal 15 amino acid paptida ot mouaa MAP|B (aaa Matartaia arv) Mathoda)
croaa-raacia atrorigiy with rat MAPIB. Tha axpraaalon ot MAPIB artd tuhuin in aanaa
controla waa Idaniical to untraalad calla. Dacraaaad lavala ot MAPIB cauaad tha thinnir?)
and ratradion ot procaaaaa (Fig. 18. A and O) aooompaniad by lha conoantraHon ot lubukn in
tha cali body (Fig. 18. C and F). Tha attacta ol tha antlaanaa oUgonuclaoltda wara tuMy
ravaraibia. Thaaa data auggaat that raducad lavala ot MAPIB might intiuarka tha
morphology ot tha oUgodaridrocyta by an aftact on microtubula aiablHty In tha myalr>aling
procaaaaa

Tha apaciticity ot tha antlaanaa oUgonuclaollda in inhiblling MAPIB aynthaala la
damoTiatralad In Fig 19a. whara tha miariaNy ot immunofluoraacanca ataining «4th antU]odtaa
againat MBP and MAPIB la oomparad in calia traatad wllh aanaa and antlaanaa

oigonuclaotidaa AKhough tha lavala ot MAPIB wara draaUcaNy raduoad. tha MBPa wara
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Fin 10 Inhihiunn ol MAP1B «ynlh«H <low nol «H«cl The «M IfUlon ni tlw ITIWIn tiMiC
prolBins IMBPsI.

a: OKgodandrocytas that had dillarantlatad lor 5 d wtra traalad lor 5 h with«anu (a and 4

or amitanaa ollgonocleolida to MAP1B (C and O) and tlalnad lor MBP (TRITC) (A and C)
and MAP1B (OTAF) (O and 0). Anllaanaa-lraalad calla had raducad MAP1B by compailaon
wilh aanaa controlawharaat MBP waa unalladad Bar. 5 mm,

b Tha amounit ol MAP1B and MBP In 300 and 100 mg raapacllvaly ol lolal prolain «rara
aailmalad by ImmunoblotUno oigodandrocylaa Iraalad «rllh aanaa (8) or anilaanaa (A)
oUgonuclaollda lo MAP1B MAP1B waa raducad In anllaanaa-lraalad calla, wharaaa
Idantical amounta ol lha lour maJor MBP iaolorma (21.5. 18.5. 17 and 14 kD raapaclivaly)

wara dalactad In aanaa and amiaanaa Iraalad cata



MBP MAP1B






4.3 Discussion

It sssms HKsly that cytosksistsi rsorosnizsUon nUght play a fundamental rola In prspartng the
mysHn fofming call for tha axtraordinary changas In shape nacessitatad by the axtansion of
myaMnatlrtg prooasaas and tha anwalopmant of axons Indeed, recant studies have revealed
that the cytoskeleton of Schwarwi cells, the myelln-formiftg cells of the PNS, are remodeled
during differentiation (KeNy at al. 1992). m this study we present two distinct arguments to
support the view that the microtubule associated protein MAPiB plays a central role In the
formation arxl stabMzation of myeUnating processes in the differentiation of oligodendrocytes
First, we show that In dIfterenilaled cells MAPIB colocalizes and Interacts with mécrotubules
and that developirtg oHgoder>drocytes express MAPiB Immediately before assumirtg the
process-bearing morphology required tor myeUnatlon Secondly, oligodendrocytes with
decreased levels of MAPIB as a result of treatment with antisense oUgonucleotlde have
thinned arwl retracted processes, and their microtubules are withdrawn to the ceM body
Down-regulation of MAPIB by antisense oUgonucieotide is specific because neither the
locaSzation nor the amounts of the four MBP Isoforms are affected, each of wNch Is encoded
by a unique mRNA (de Ferra et al. 1965)

Direct evidence lor the role of MAPs In the development of neuronal morphology has been
adduced from expenmerss m which the expression of MAP tau and MAP2 m r>eurons has
been attenuated by the Irttroductlon of antisense oligonucieotides and antisense RNA
respectively (Caceres and Kosik. 1990: Oinsmore and Solomon. 1991). Microtubules and
their MAPs are Kkefy to have a similar vital furwtion In the dsvaloprrtertt of the characteristic
process-bearing phenotype of oligodendrocytes since the Induction of MAPIB expression
coirtddes with the preokgodendrocyte stage of 0-2A cell development. Immediately prior to
terminal differentiation MAPIB can form cross-bridges between microtubules (Sato-
Yoshitake et al.. 1969) thus It could provide the structural support necessary for the
stabiSzation of large oonpiex outgrowths from the oilgoderxirocyte’s ce« body Nevertheless.
ortiy a smac fraction of the total MAPIB m olgodendrocytes remains associated with the
cytoakeieton aher detergent-extraction, which Is conslslenl with the fact that MAPiB cycles
very Inefllolenlly with brain microlubules and that most MAPIB does not associate Mth the

cirtoefislsirm m HelLa oe«s tranefeoted with MAPIB cDNA (Bloom et al., 1966; Noble el al.,
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1969) This work sugg”ttt that atmllar waak Intaracttor’s between MAPIB and mtcrotubulee
muet occur In however, in contrast to the cytosKeletons ol tranelected
HeLa cells, a fraction of MAPIB is detectable by immunofluorescence bound to the
oligodondrocyte cytoskelelon Both a-tubuHn and MAPIB are susceptible to extensive post-
translational modification, which might be responsible tor modulating the strength of
Interaction between microtubules arxl MAPIB and thereby help to explain ceS type-specHIc
differences In the strength of microlubuie-MAPI B Interactions For example, phosphorylated
forms ot MAPIB are known to be particularly abundant In grovring axons (Sato-Yoshitake et
al.. 19B9). ar>d a-tubuHn is predomiruintly tyrosir>ated In the labile dynamic microtubules of
axons, whereas stable rniclealing microtubules are rich in detyrosinaled and acetylated a-

iubuHn (Baas arxl Black. 1990)






5.1 miroducllon
During ttw mod actlv* period ol myoUnallon. dgodendrocytes tynthotiz* more then three
timet their o«wi weight ol myetn mambrene per day (Notion. 1981). Since myeln It 70-80%
HpM. theta cent thould be encelteni modelt lor tiudying the metabolltm and tralNc ol
membrane tpida.

Car le the baohtione atrudura ol the aphingollpidt SM. QleC, QalC and autallde. the latt

two ol which are charactenttic ol myetn m the nenrout tyttam. Athough a contiderable

vohime ol imormallon aiiittt about the metabotam and trantport ol SM and QleC (lor revliewt
tee Koval and Pagano. 1991: van Mtei. 1989: Schwarzmann and Sandholl. 1990). reltllvely
uttle It known aboul the metaboUtm and tranapon ot QalC and tuHatlde: thlt may be
bacauae until recently It wat not pottlble to cuture tutlicieni numbert ol otgodendrocytea
lor biochemical Invetllgallona Theta problemt have now been motlly overcome and It It
pottlble lo obtain tutlldani. relatively homogeneout oligodendrocyte kneaga cent at
olllereni developmental tiagea (McKinnon at al. 1990)

UDPi)alacloee ceramide galactotytranaleraae (UDP-galactote:2 hydroiiyacyl aphingoalne
galactotyliianelartae. e.C.2.4 145) caialyzet the trantlar ol galactote Horn UDP-gal to Car
and It the lermlnal enzyme In me tkotynihatia ol QalC. the main tphingotpid m brain
Routtel at al . (1987) thowed that m okgodendrocylet Ihit enzyme may have a very wide
dittrlbutlon. tinea H It lound In the Qolgl. the cellular procettat and In lootely wrapped
myetn By coniraal. UDP-glueoae ceramide gluootyltrantlerate which It retpontible lor the
tynihetit ol QloC. It probably retinclad to a pre-Qolgl companmeni andror m the Pa-Qolgl m
vanout non-gtal calla (Fulerman and Pagano. 1991; van Meer el al.. 1989; van Echlen and
Sandho«. 1989) In tuch oella. moat SM blotyninetit It believed to ooour In the da- and
medlaFQoltf (Futaiman at at. 1990; Jackal at al.. 1990). although toma may alao taka place
al the plaama membrane (Koval and Pagano. 1991) It hat been recently tuggatled that
olgodei~rocylaa may be unuaual m that equal amoumt ol SM may be tynihaaized m the
plaama membrane and the Qolgl (DI Blaae el at., 1991).

In order lo aludy tphingotpid bloeynihealt and traffic In outured oUgodendrocylet. 4 wat

Important lo daHna an active Mage ol OalC Woeymhetlt dunng devetopmeni Theralore. Ihe
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rcMIv* «xtanl ol oonvmlon ol C«-NBD-C«r to Cg-NBD QalC and Cs-OMB-Car lo Cs-OMB-
OalC wara atudlad at diNarani alagaa o( oUgodandrocyla ditlaranllation In cutura A aultabla
«ma polnl waa ktanlMlad thai ooincidad with tha aupraailon ol oligodandrecyla diNaranllallon
maikari. and cala at lhia ataga wara uaad lo aludy tha Inlllal locallzatlona ol Ca-NBD Car
and Cs-OaUB-Car In apacMIc imiacalkjlar companmanii and thair tubaaquani Iranapon and
malaboaam Thaaa Invaatlgallona «tara carriad oui at tha ighl and ultraatnjdural avaa and
tha locallzatlona ol lluoraacani ophingollplda wara comparad with lhoaa ol ipacMc maikan ol
organaUaa thai aia mvolvad m Ipld matabotam and trafile

Sphingoapida and protaina ara probably ootranaportad along tha aacralory and racyOng
pathwaya (Simona and van Maar, IBBB; Simona and Wandingar-Naaa. 1990; Roaanwald al
al. 1992; Kok al al. 1989) and BFA haa baan ahown lo ba an aztramaly uaalui tool In tha
analyala ol auch pathwaya (tor ravlawa aaa Palham. 1991; Klauanar at al., 1992)
Sphingoapld IralHc la oonaldarad lo ba Intimalaly Nnkad with mataboUam (MIHar Prodzara and
Flahman. 19S4. Upaky and Pagano. 19B5b; Roaanwald al al., 1992; Koval and Pagano.
1991), iharalora Qwaa ol graal miaraat lo atiampi to daiarmina tha imiuanca ol dlarupang tha
aacralory palhway with BFA on aphingoapld malaboaam and trahie Tha ahacta ol BFA
would alao Indicala whalhar oligodandrocylaa balong to tha group ol calla In which BFA
cauaaa tha TON lo luaa wiin tha raai ol ma Ooigi and ma ER (Atada at al. 199t). or lo
thoaa In which ma TQN/plaama mambrana/andoaomaa and ma cra-rrnadlaF/frana-Qolgl/ER
conalitula two aaparala compartmanla (Raavaa and Banting. 1992; Llppincon Schwanz. al
al. 1991b. Wood al al. 1991). or to a lhird claaa whara tha TON/plaama
mambrana/andoaomal ayalam la lorniad but tha Oa-rmadiaF/rrana-Oolol/eR lualon doaa nol
ooour (LIpplnoon-Schwanz. al al. 1991b) TNa analyala wouk] Iharalora pamill a batallad
companaon baiwaan tha organizallon ol tha aacralory and racycang pathwaya ol
ouigodandrocytaa w«h lhoaa m olhar cali lypaa and mighl provida Inlormallon aboiA tha
bloaynlhMia and Iranapon ol rnyatm-apaollic aplda

Mlorolutiulao ara mvolvad m many BFA anhanead (auch aa ralrograda Iranaport) or BFA-
inhibitad (auoh aa araarograda Iranapori Irom ma «a-, madlaF. Irana-Oolgl and tha TON.
Klauanar al al.. 1992. Wood al al. 1991) oaZular luncllona. aa waa aa hmcaona mal raniam

unaMaolad auoh aa tha ntovamam ol andocytoaad malanal (Pamam, 1991; Upplnootl-
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Schwartz «t al.. 19Qla). Microtubuiat alto play an important rola in ih# ttructural inlaority
and location of tha Qolgl apparatus (for ravlaws tea Thybarg and MotkalawtU. 1985. Krait.
1990), and In tavaral cali Hr>at a taf of stable (dalyrosinatad) microtubuiat that ara
apparently unaHactad by BFA oolocallza with the Oolgl (Burgatt et al. 1991). Matura
oUgodandrocytat contain microtubuiat both lo ~nd lo tdUfi (Wood artd Buriga. 1964;
Wilson and Brophy, 1989). but these calls ara quita unusual in that they do not contain any
kr>own forma of intermediata fllamants and microfitamants appear to be pradomir>ar4ly in tha
can parlphary OUgodandrocytas should therefore represent unique models for studying tha
affects of BFA on nscrotubulaa.

Removal of BFA leads to ceN recovery via the relormatlon of orgar>elles of the secretory
pathway (Pelham. 1991; Alcade at al. 1992). therelore the study of recovery should yield
information about the sequence of molecular, metabolic and transport events that lead to the
restructurtng of cellular orgarieHes Such studies may serve as models for understandir>g the
lormatlon arid mainteriarice of cellular architecture involvirig the cytoskeleton Considering
the Intimate link between the Golgi and microtubules, it was decided to study the reformation

of this organelle with respect to tubuUn m oligodendrocytes recovering from BFA



RMun«
Callc Gf QUoodandfOC~ta hntay« chana*» in ftQhinOQItOlil mataholiim dUfinO
dawatoomant
tnHiai Mm» oourM =xp«fim«nlt using oSgodsndrocytss at 6 d of ditfsronlistion IndicMsd that
during Incubation at 37®C. »ttia or no ooovariion of Ce-NBD- and Cs-DMB-Cof occurs batora
15 min  Maximum convarsion to tluoraacant Cba arx] SM lakat piaca attar approximataly 2 h
and thasa products parsist for up to 5 h. howavar tha ratios of fluorascant Cbs/SM artd
QaC/0icC ramaln constant (data not shown). As a consaquanca. a 2 h incubation pariod
was usad in aMtha rr>atabolic axpahmanls invoivirH) fluorascant Car snaloguos

Both Ce-NBD-Car and Cs-DMB-Car sra matabotizad to thalr raspactiva SM and Ch
anaioQuas by oigodandrocytas arxJ considarably mora fluorascant Cb is producad from C«-
NBD Car than from Cs*DMB Car at all limas durlrig dsvalopmant {Fig. 20) Similar
obsarvations wara mada by Pagarw at at.. (1901) who compsrad tha to idlca mataboHsm of
Cs'NBD'Car ard Cs-DMB-Car in human skin fibroblasts and found that tha ratio of Cs-NBD-
Cb/SM was “0.77 whila tha ratio ol Cs-DMB-CtySM was -0.0« (racaiculatad data) Tha
parcant oonvarsion of Cs-NBD-Car lo Ca-NBO-Cbs incrtasas wHh a conoomitani dacraasa in
tha biosynthasis of C«-NBD-SM during diffarantiation (Fig 21). Tha irKraasa in Cb
biosynthasia is tha rasult of alavatad production of Ce-NBD-QalC at tha axpansa of QicC
balwaan 6 ar>d 9 d of davalopmant. Tha Ir>crassa in Cs-NBO-OalC synthasis is
aocorrpaniad by tha oonvarsion ol 0-2A proganitjrs into QsIC*.MBP* oligodandrocytas
during davaiopmani (saa Fig 12. S«ction3).

QlcC biosynthasis in tha brain pradominatas bafora tha onsat of myalir>ation. wharaas
OaiC baoomas tha mam Cb during niyaHnatton (Koul at al. 1968) Simliarty. tha prasant to
vitfQ data suggasl that 0-2A progarOlors ar>d parhaps praoligodarKJrocytaa pradornmantiy
convart Cs-NBD Car to C*-NBD-QicC. whila oHgodandrocytas at 6 d and 9 d of
ditfarantlation produca considarabla amounts of C*-NBD-QalC Although Cs-DMB-Car is
mainly oonvartad lo Cs-DMB 8M (Fig 20) and tha main Co-DMB-Cb Is Ca OMB-OloC. tha
ralallva amount of Cf OMB-0OalC alao mcraasas during davaiopmani (not shown)

N Is notaworthy that soma Ca-NBD OalC and Cs-DMB OalC ara lormad at 0 d of

dMaranltallon. whan oaHs m aquhraiant ouBjras ara al laast 60% 0-2A proganNors, 26% 04*
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O  C6-NBD-llplds
m  CS-DMB-lIplds

1.5 3 6

Days of differentiation

.nd -SM hvHm .>%i«Inn n-2A nmnMliloi«.

0-2A prog«nitoft wvgp*rmm*d to dtfloronllato tor 0. 1.5, 3. 6 and 9 d, whan Ihay wara
Incubatad lof 2 h weh Ca-NBD Car/DF BSA or C»-DMB Car/DF-BSA complaiaa
Fluoraaoani Mplda wara IdantWlad with aulharaic alandaida and quaramad aa daacrtbad In
Malartala and Malhoda Tha ratio ol C»-NBD-Cb/AM Ineraaaad during dlllaranliallon; Ca-
NBO-SM waa lha main maiabolic pndud m 0-2 A progannora (0 d ol dHlaramiallon) and Cg-
NBD-Cbha pradominalad In tarmlnaay dtltaramialad oigodandrocylaa (9 d ol dlltaranllaUon)
By ooniraal, Ca-OMB.Car waa mainly malaboaaad lo Ca-OMB-BM and ma raBo ol Ca-DMB-

Cba/SM waa vary amular Ihrouglioul davalopmara



60

% SM
50 - %GlcC
= 40
m
30 -
20 -
10 -

Days of differentiation

?1  Hk..vnih«ij» 0L c« NRD Q.IC irom c. NBD c«f dutinn allniaiHrmfBC»l«

rteIQDnlenl

0-2A prog*nttort w«r* parmHted 10dlllorondolo for 0, 1.5. 3, 6 orid 9 d, thon Incubotod with
C*'NBO-Cor/DF-BSA oomploxot lor 2 h. Ce-NBD-SM. -QlcC «rxJ -OalC woro tdonllflod oixf
quonliflod u doterib«! In Maforlalt and Malhoda Ca-NBD-8M and -QlcC «rara tha main
malabollc producia In a2 A progamtora (0 d) bul with Iha onaal (1.5 and 3 d) and prograaa
(e and 9 d) 01 «flaranaallon. mora Ca-NBO-QaC and laaa Ca-NBD-SM waa producad At a
d and 9 d Iha rotativa amount ol Ca-NBO-Cba aacaadad thatol Cg-NBO-SM Tha proportion
of Ca-NBO-OloC waa oonalani al 0. t B and 3 d of dHlarantlailon ar«> aomawhal raducad at a

and 9 d ol dMlaranllalion



cans (pf«orgod«nclrocylM) and -1 % lamanaMy diflarantialad oUgodandrocytaa (aaa Sactlon
3) Hlharalwa cipaara lhal 0-2A progamtors and«>r praoligodandrocytaa may hava a basal
laval ol UDP-galactosa-4-ap*marasa and UDP-galactosa caramida galacloayltranslarasa
acSvlitlas In thaaa cuKuraa Iha formallon ol Cs'NBD-QalC and Cs-DMB-OalC la spadac to

oagodandfocyla «naaga cans, bacauaa only QlcC and SM darivallvaa ara lormad whan Typa-
1or -2 aalrocyla monoiayara ara Incubalad wilh althar Ca-NBD-Car or Cs-DMB-Car (data not

shown).

Tha oonvarwon ol Ca-NBD-Car and Cs DMB Car to allhar Ce-NBD-OalC or Cs-OMB-0OaC
by dIMaranilaling 0-2A calla Is probably undaraslimalad at lalar slagas ol dlllaramiallon.
whan up to 20% ol lha calla mlha culturas ara Typa-2 astrocytas Howavar, lha high lavais
ol Cs-NBO-OlcC and avan mghar lavala ol Cs-OMB-QlcC al all davatopmarsal slagas may
ransd lha propanalty ol Co-NBD-Car and Cs-OMB-Car lo ba pralaraiaially oonvanad lo Iha
QlcC analogua Tha small amoums ol Ikiorasoani QalC may also bo causad by Iha Inablllly
ol cuSurad oigodandrocylas lo produca only larga amounts ol QaC (Poduslo si al. 1990)

Two lomia ol Cs-DMB-SM wara IdanSBad. SM1 and SM2, whosa R| valtas oorraspond lo
slaraolsomars ol Cs-DMB-SM  Howavar, In biological syslams ona slaraolsomar is usually
lormad (lha L Isomar) tharalora SMI (R|] 007) and SM2 (R|] 0 05) ara probably not
slaraolsomars but Inslaad oorraspond lo SMs wilh sphinganina and N acyl sphingosina
backbonas. raspaciivaly SM2 pradomlnatas ovar SMI al 0 d ol dlllaranllallon (mol%
SM2/SM1-7.3) but whan lha ma)omy ol lha calls hava dlllaranilalad lo oSgodandrocylas (l.a.
at 9 dol dlllaranllallon). Iha ralativa amount ol SM2 Is almost equal lo SM1 (SM2/SMI-1.2).
Tha slgmilcanca ol this la not undarslood. but whan Iha Npids Horn matura ral CNS myalln
ara saparalad by TLC two bands ol SM mapproslmalaly similar amooma ara dalscisd (dala
not shown). Indicalino that SM In myalln may conlaln sphinganina and sphingosina
backbonas  Almost squal amounts ol SMI and SM2 may iharalora signlly lhal as
oNgodandrocylas malura Ihay land lo synthaslza myaln-spadllc SM; howavar. two banda ol
SM mmyalln may arlaa dua lo lha prasancs ol lally adds with dillaran« chain lengths

By a d ol dlllaranllalion lha culturas ara approsimalaly BO% pure In oSgodandrocylas
(OalC*.MBP*) and at lias polnl oSgodsndrocylas are abis lo oonvarl Ca-NBO-Car lo

aphingoSpldo lhal Induda oonsldarabla amoums ol Cg-NBO-OalC. Thaaa rasuSs suggested



that In Ih« praMiK cullur* ayMam. ad o) dHloronilatlon probably rapraaant a good alaga at

which to Mtxty aphingollpld malabolam and transport In ollgodandrocytas

rh.rwH.rirsH.'n m tha OIVIm ninnrtandrQCViai
CuSurad ollgodandrocylas hava sma< call bodlas. muSIpla branching prooassas and axprast
Gate on tha catt surtaca (Fig 22. Panai a) Sinca lha Qolgl Is thought to ba lha aha ol
sphingollpid blosynihasis and transport (Simons snd van Maar. tgss: Simons and
WandlIngar-Nass. ISS0O), this organala was imtialy charactarlssd molgodandiocytaa ated
ol dittaranaailon at lha Ight laval by utWzing a rangs ol Oolgl martrars Cs-NBD-Car (bt. Cs-
DMB-Car (d) and TQN38. a markar (or Iha Irana-Qolgl nalwortr. (Ludo at at.. ISSO) (e mm a)
labal partnuulaar locations, wharaas Wi13A-TRITC labals a partnuclaar location as wsK as lha
call surtaoa ((). Cs-NOD-C»' «"<*Cs-DMB-Car wars pravlously shown to ba vital martrars (or
Ilha Qolgl apparatus (Upsky arx) Pagano. 1S63; Pagano atal. ISSI) and mlixsd human skm
libroblasis Cs-NBD-Car and Cs-OMB-Car labals tha (rans-Oolgl and muNIpla Qolgl stacks,
rsspactivaly (Pagano si al. 1S6S; Pagano at al. ISSI) WQA binds N scatyl-gluoosamina
and sialic add rasiduas ((or ravlaw saa Ciauza and Morré. 1SSl), lharstora WQA-THITC
probably labals lha Irana-Qolgl. Iha T(3N. sacrslory vasiclas and Iha plasma mambrana m
ollgodandrocytas Anolhar tiuorascars lactin. Ricinut communtm AggSjtinin-I-TRITC which
binds p-gal rasiduas. labals oSgodandrocylas ms similar way to WQA-TRITC (data not
sitown) Thasa obsarvallona suggastsd that Cs-NBD-Car and Cs-DMB-Car concamrala In
Ihs Qolgl ol oligodandrocytas

Incubation with Cs-NBD-Car Indicalas that at lha Ughi laval, lha Qolgl o( «va
oHgodandrocytas has a dHlaranl morphology trom that ol astrrxtytas and Sbroblaiss (Fig 23).
Tha Qolgl appaars thin and alongalad In «broblasls. axiansiva and lubulovaaloular In
astrocylss and ralativaly compact m oUgodcndrocylas

Thssa imilal axpartmama Indicalad that in cuSursd ollgodandrocylas dHlararrt Qolgl
markars may labal similar but not Idanlical (Mgl oompartmanis AddNionally. tha OoKH ol

oSgodsndrocylss Mipaars dMsranl Irom that ol Mhsr caSs In mass cuSuras M Ihs aghi laval









NBD

Fin 21 Th» fi>tndol wtth Cfl NBD Cw hai a dIfliftnl morPhQIOOV tQ-QPifii
ni Qth« hfain cmgn

Mix«d glal cuiufMm — 0'% In36mm dithM «nd grown In DMEM/10% FC8 for on« w««k and
In dolirwd m«»0iTV1% FC8 tor m lurthof 6 d, Th« c«ll« w«f« Incubcled weh C«-NBD-C«r/DF-BSA
»Of 15 min at 37®C. «*«d and «xamInod by lluor«c«nc« m*crocoopy ANhough oNgodandrocyt««
(arrowhaad), tibroblaalt (larga arrow) and aatrocyt« (aman arrow) w«r« aMlab«l«d ma p«nuclcar

locallon. ttwir pan«rrw ol kibding w«r« «trtkirigly dMl«renl al th« Ughi l«vel  Bar: 10]im.



Sine« | Int«nb«d to study tho introcoNulor transport of Ce-NBO* ar>d Cs-DMB-Itptds in
oUgodarxlrocylss In ordar to ralata H to mataboNtm, It was important that light lavai
obaarvations at kay malaboUc points should ba furthar axamInad at tha uHrastructural lavai.
Fig. 24 damorwtratas that In oNgodandrocytas. Cs'NBO-Hpld labals tha frana-Qolgi ar>d tha
TON whila Cs-DMB-Ipld Is dislilbutad throughout tha Oolgi axcludir>g tha TON. At tNs point
Httia or > mataboism of Ca NBO-Car and Cs-DMB-Car would hava oocurrad. tharafora H
appaars that MoKgodandrocytas Ca-NBO-Car labals tha frana-Qolgl and tha TON. whila Cs-
DMB Car labals tha rasi of tha Qolgl. axcluding iha TON Pagano at al.. (1969) hava shown
that Ca-NBD-Car targata organalla-spadflc Nplds ar»d thay spaculatad that tha Hpid
composition of tha frans-Qolgl apparatus may ba urilqua. Howavar, tha axact lipid
compositions of tha various Qolgl subconparlmants ara not known. aRhough Brasitus at al.
(1968) hava shown that in ordar of aburidanca. tha prtricipal Hplds of tha Oolgi In rat proximal
smaN Intastinal calls ara PC. cholastarol, PE and SM Tha Oolgl probably axchangas Hplds
with othar organaHas contlrHiOusly. through its invoivamant not only In sacration but also in
Iha intracaNular routirtg of molaculas during arxlocytosis artd tha racycing pathways from tha
plasnia mambrar>a (for a raviaw saa Qauza and Morra, 1991), Iharatora H must possass

machanisms for Kpld sorting in ordar to maintain a constant llpid composition

Tha product« ot C* HRD Cmi and QMB Ct maiaboUam traffic through diffaranl
intracfllkiiar comoiftmanu

Huorascanca analysis Indicatas that attar 2 arxl 5 h of incubation at 3 7 ~. Ca-NBD-Car artd
Cs-OMB Car rrtalabolilas of probably distribuia m diffarant iniracaRular oomparimants (Fig

25). Howavar. although tha patiama of fluorascanca ara diftaranl at 2 and 5 h, tha sama
major ftuorascani mataboHc products ara lourtd at ihasa tima points of Incubation arid it was
tharafora assumad that tha fkiorascartca at 2 h and at 5 h originatas from tha sama sats of
Ca-NBO- or Cs OMB-Hplds Elaciron microscopy (Fig. 26) Indicatas that aftar 2 h of
Incubation Cf-NBO-Cb and -8M ara In strucluras rasambHrtg TQN-darivad vaaldas and aariy
artdosomas, wharaas Cs-OMB-llplds (comprising 72% Cs*DMB-8M) ara In structuras

rasambing ER and In tha plasma membrana Altar 6 h of Inouballon Ce*NBO*Iplds ara in

andoaomas or lyaoaomas and Cs-OMB-Ipids ara m tha Qolgi and Ootgi-aaaoolaiad vaaldas
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nn g« Cu Nnn-r.r «nrt r.~-OMBC r i.b.i dintrenl Qolol comoi rlllitnll In
f>HnrvinndrQCvtfla

Oltooo«ndrocyl*» «! 6 d ol d((lrenit*lk>n wm f Hit*d. p»roKki«f«-lab«ted wHh TQN38 and
procaaaad lor alaclroo rrtcroaoopy (J). AHarnatlvaly. Iva cala wara Incubaiad lof 15 min at
37®C wilh aithar Ce-NBD-Car/DF-BSA (b) or Cs-DMB-Caf/OF-BSA (e). Itkad, phoiobtaachad
in ir-a pfaaanca oi DAB and procaaaad lor alaclron microaoopy. Ca*NBD-Car and TGNM
apaciticaiiy labatad tha irjna-Qolgi and tha frana-Ooigi natwortt (TON); by cofKraal. C5-DMB-
Car dkJ noi labai lha TQN bui waa dialdbulad ihroughoul lha raal ol tha Qolgl alacfca. Bar.

500nm.






TI, ~ Th. ctC..M«n.r.«mrtiC. nMn-<-W tMVI iWtrirt I1H1W

OHgodwidrocyMiw .r. mcub«l«d lor 1Smin «1 37»C wtlhMMr C, NBD C«/DF BSA (* «nd O or
Cs-OMB Cw/OF BSA (6 *nd 0). wMh»d and mcutMlad upto 2 h (= and d) or 6 h (cind d) Tha

calta loara N«ad and pnotograptiad m tha graan and rad microaoopa ehannala lor NBD- and DMB-
tluoraaoanoa. raipacivaly Al 2. h Ce NBD-Iplda labalad partnudaar oompaitmama wharaaa Ce-
DMBmuda «rara praaam In Iha cali body and m tha procaaaat Al 5 h Iha lhioraacanca Irom bolh

Ca-NBO- and Ca DAIB Iplda waa mamiy raaHIdad lo tha can body Bar: 10pin
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Fin ?« Cg NHD- ntf:nrnfcIB ‘~iw v'yice «re irenenonyd I)dlll«r«nl Inlficillulli
nornMIIfIWfm.

ONgodvndrocytM al 6 d o4 dillaranllatton wara Incubatad tor 15 min al 37®C with aithar
Ca-NBD-CarrDF-BSA (a and c) or Ca-DMB-Car/DF-BSA |d and d). waahad. incubatad

upto 2 h (aand b or S h (e and d). wad. pholoblaachad In ma pratanca ol DAB and

piocaaaad loi aiaciron microaoopy Al 2 h lha malabollc pnxkida ol Ca-NBD-Car wara
In alniduraa raaairmang Ilha TON. TQN-darlvad »adela« and aarty andoaomaa (a),
wharaaa CjOMB-tpld« wara localad Inlha ER and d tha plaama mamUana (tf. Al6h
Ca-NBD-Cba and -8M «rara lound m andoaomac (€). wharaaa C5-OMB-8M «raa matrty

mttMOolgl(a]. Ban:600mn.



Thw« obMtvatkHi» luggasl Ihil M 37®&C. Ce NBD-C«r locaUzn m Iha Irarw-Oolgi and tha
TON by 1S min. Iha producia o( lia maiaboiam malrltxila baiwoan TQN-darlvad vaalclaa and
early andoaomal oonvadmania by 2 h and In lala andoaomaa and lyacaomaa by S h. By
coniraal. Cs-DMB-Car InMally locaUzoa In vailoua Oolgl companmama axckiding Iba TON.
Cs'DMB-SM la In Iha ER and lha plaama mambrana al 2 h and In lha Oolgl and Qolgl-
dartvad vaalclaa al S h. Upahy and Pagano. (1»83) ahowad lhal whan Chinaaa hamalar
libroblaala ara Incubalad wWi Ca-NBO-Car. cyloplaamic aliucluna. Iha Oolgl and Iha plaama
mambrana ara aaquamialy labalad. algmilcanl matabotam ol Ca-NBO-Car lo Ca-NBD-Ch
and Ca-N8 D-SM oooura wilhin 1S mm and by 1 h approximalaly amalar amouma ol Ca-NBD-
Cb and Ca-NBO-SM ara producad and ramain al lha aama lavala by 2 h. In Ihia cucura
ayalam tha rallo ol Ce-NBO-CIVSM aliara lhrough davaloprnam and almllar amouma ol Ca-
NBD-Cb and Ca-NBD-SM ara othalnad al 2 and 3 d ol dmaramiallon (Figa 20 and 21).

Allhough Ca-NBO-Car la apparamiy a vital alain lor lha Irana-Oolgl In human akin
tibroblaata (Pagano al al.. 1969). m ollgodandiocylaa Ca-NBO-Car labala lha irana-Oolgl and
lha TON Tha linding Ihal Cs-DMB-Car Iniaaay labala miiltipla Oolgl alacha la m agraamant
wllh tha obaarvallona ol Pagano al al. (1991) and In ollgodandracylaa thaaa alacha may
rapraaam Oolgl oomparimama aadlar lhan tha TON. lLa. cia-. m9diai- and parhapa trana
Oolgl In any avam. Cs-OMB-Car la imaally localizad lo a mora proilmal locatlon lhan Cg-
NBD-Car In lha Oolgl alach Cs-OMB-Car la alao malaboHzad much alowar by
oHgodandrocytaa lhan human ahin nbroblaata (Pagano al al.. 1991) and In bolh caN lypaa la
malnly oonvadad lo <A-DMB-SM.

Thaaa raauNa Indicata lhal In ohgodandrocylaa Ca-NBO-Car and Cs-DMB-Car Inlllally
concararala In dlllarani imracaBular locl. probably aa a raau« ol imaracllona balwaan Oolgl
Hpld and lha Ca-NBO and Cs-OMB lhiorophoraa: Indaad. Pagano al al.. (1991) hava
auggaalad llUa poaalbiaiy lor Cs-DMB-Car  Subaaquani malabo«am and imraoalhjlar
tranapori ol thaaa «pida may ba dalarmli® by lha locaUzallon and apacmcaiaa ol lha
anzymaa mvolvad m aphingoapid maiabolam and Uanapori machanlama. allhar al Iha Irmna
Oolgl and ITha TON m Iha caaa ol Ca-NBO-Car or al lha aaily Oolgl m lha oaaa ol Cs-OMB
Car In ordar lo laal ima hypolhaala. wa ulMzad BFA which la hnoam to allhar hiaa lha da-,

madMF and irana-Qoigl m aoma oa»a arxVor tha TON wllh andoaomaa m olhara (Raavaa and
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Banting. 1992; Wood at al. 1991; Upgtnooll-Schwaitz at al. 1991a; Hunilkar at al.. 1991),
thua phyalcally aaparating tha TON Iront iha raal ol tha Golgi Tharalora It waa ot graal
imaraal to daianrtna It dlarupting tha organization ol Iha aacratory mamtxana ayalam. and
parhapa cauaing tha ooalaacanca ol organallat Ihal ara normally phyalcally aaparalad mighi
ahad lha mannar In which aphingollpida ara malaboized In oUgodandrocylaa Tharaby. It
waa hopad Ihat Inalghia would ba galnad Into lha rolaa ol dlllarani compadmanta ol Iha

aacralory pathway and aphingollpid trahie

Tha TGW rtl RFA-Iraalart ttUnridantimetilaa dliomanizaa mon ilTiail» mml fimytrl iM itf
than Iha o'-- «"«I rnwaalZZolnl
Balora analyzing Iha ahacta ol BFA on Mpld malabolUm and trahie, Il waa Imponanl lo
aatabaah how BFA ahactad lha organallaa ol Iha aacralory pathway In oligodandrocylaa
Tha TON and Iha da- and maotaFGolgl ol oagodandrocylaa ara In almllar but not Idantical
locallona <Flg. 27, a and b), aa ahown by TON38. a mailtar ol lha frana-Qolgl natworh and
anti-Man Il. a markar ot lha da- artd madtal-Oolgl (Luzio at al.. 1990; Burka and Wanan,
1984). BFA ahacta Iha whola Golgi |Flg. 27. cand d). ahar 0.5 h In BFA. TGN38 la praaant
In a MTOC-Ika location but anti-Man Il huoraacanca la waak and diaalpatad (Fig 27, ¢ and
d). aa waa alao obaanrad In BFA-traalad NRK caka (Haavaa and Banting. 1992. Aleada at al.
1992; Wood at al., 1991). Waak Man Il Ikjoraacanca la aaan In an ER-aka panam ahar 1 hIn
BFA. whan tha TON la probably dialrlbulad wllh tha racycling andoaomal ayalam (Fig 27. a
and ) Ati and 4 hInBFA, TON38 la aaan mtracalktlarly and al Iha plaama mambrana and
Man |l la dialrlbulad man ER-aka panam (Fig 27. g, h, land/). Wood at al, (1991) ahowad
Ihal whan Iha TON/andoaomal nalwork waa lormad In raaponaa to BFA, lhara waa a >5-lold
Incraaaa m manoaa 8-phoaphata racaplora (MBPRa) lo Iha oak auilaoa. oonalalani with INa
radlatrlbuHon. oonaldarabla amounla ol TON38 ara lound al tha oak aurlaoa ol calta traalad
wnh BFA lor 3 h (Fig 27; Upplnoon-Bchwailz at al. 1991a)

Thaaa raaulla auppon lha Idaa that In okgodandrocytaa BFA cauaaa lha da-and mtditi
OoV 10 o ER wNla lha TON diatilbulaa with Iha racyckng andoaomal ayalam. lhia
waa alao aaan In othar can lypaa (Upplnoon-Schwartz al al.. 1991b. Raavaa and Banting.

1992; Wood at al.. 1991).
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Ouring rcoov«fy tfom BFA. TON-d*riv*d ttructurst r»-form much tact»r than thoM from
th« dé- and mad/az-Ooigl (Fig. 28). Attar 0.5 h ot racovary, TON38 plaama mamixana
fluoraacanca la raducad and vaalcular atructuraa t>agln lo appaar. but only wék Man II
tkioraacaooa can ba aaan (Fig. 28, a and 6). Thia ataga la aomawbat aimllar to that o( 0.5 h
of Incubation In tha pcaaanca ot BFA (Fig. 27, c and d), auggaating that durtng raoovary trom
BFA tha TON may raform prtor to tha c/s- and madvazZ-Qolgi In ooniraat. Aleada at al., (1902)
ahowad that durtng tha raoovary of NRK caHa from BFA tha ciia- and madVa/Oolgl raform
bafora tha TON ar¢j auggaatad that tha o(a-/m#ataMrana-Oolgl aaw t aatha TON may fuaa
with tha ER. Howavar, It ahould ba pointad out thai whan othara (Wood at al, 1901;
Upplrkx>tt-Schwartz at ai., 1901) traaiad NRK caHa with BFA, thay obaarvad fualon of tha
TON Mtth tha racycNrtg plaama mambrar>a/ar>doaomal ayatam arvj tha dé- and maota/Oolgl
with tha ER. aa waa aaan In oHgodandrocytaa (Fig 27), although thay did not axamirta
raoovary. Tha ralatlva rataa of raoovary from BFA for tha diffarani Oolgl compartmanta may
tharafora dapand on caN aubtypa arvi whalhar raaaaambly ortglnataa at lha ER and/or tha

andoaomal ayatam.

HEAT», >, d lAnIn art the THN In ollnnrtendmgvlec
Sinca tha changaa cauaad by BFA ara baHavad to ba madiatad by microtubuiaa (Aleada at
al. 1992; Lippincott Schwartz at ai-, I00ia: Wood at al, 1991 ; PaViam, 1991, Klauanar at
al. 1992), ovgodarxtrocytaa wara Incubaiad with BFA and Iha intracaNular diatrtbution of tha
TON waa aaaaaaad In ralatlon to tubuin

Tha TON of BFA traatad olgodartdrocytaa urvlargoaa a dramatlc changa m morphology
(Fig 29, b. O. f. hand /) that haa alao baan daacribad by othara (Uppinoott Schwailz at al.
1090; Raavaa and Banling, 1902; Aleada at al.. 1992). Aftar 4 h In BFA. brtght plaama
mambrana labakng aa waR aa labaUrig at tha axtramltiaa of Iha caHular procaaaaa la aaan
wMh TON36 (Fig. 20. 0: Ihia Indicaiaa that TQN38 haa cyclad to tha plaama mambrana and
that dudr” thiacyolng. TON38 waa trarwportad to oallular locl aa dlatani aa tha axtramMlaa of
tha caRular prooaaaaa (aaa alao Fig. 27).

Tha inWai ooNapaa of tha TON In an araa raaarrMng tha MTOC and Na avanlual ralocatlon

at *he ca« audaoa In tha praaanca of BFA la accompanlad by tha radlatributlon of

14



Fin 2B Th« ««»nO'n'rw'iin rT.riv«fl«i QtITht TON 11¥) [ht CM' MId (nttflf-OBIBI oW InB
inrulMIIQn «irtul BFA

OUo<xl«ndrocyl«i wer# Incubald lor 2 h «I 37«C In Iht praunca ol BFA. waahad and
Incubalad In matfum rmnua BFA kx 0.5 h(aand«. 1h(eand k. 2 h (aand 1), 4 h (e and n) Of
ovamtohl (/ and /). Tha calla wara llkad and labalad lor Indiracl Immunolkioraacanca wllh
TON36 (DTAF) (a, c. a. g and /) and anil-Man Il (TRITC) (b, d. t. h and fi. Allar 0.6 h ol
racovary. TON38 wat aaan In a partnuelaar location, appaartno punclalartubolovaalcular m
~orna calla or dacorallng lha plaama mambrana and a MTOC Bia locallon ki olbara (a): by
coniratt. only waak. dilluta Man Il lluoraieanca ooold ba obaarvad al lhal lima (b). Tha
locaHzallon ol TON30 al | h ol racovary rafomblad lhal al 0.6 h (c and a) and Man Il waa
disIrtbulad in a punclala/vaUcular pallarn (d] TQN38 and Man Il wara In Ju<lanuclaar. Qolfll-
lika lubulovaalcular procaatat al 2 h (a and I) and al 4 h motl ol lha TON and Man Il had
accumulatad In a partnuclaai locallon (e and h(. Bolh lha TON and Iha da- and mar»a/-aolol

wara lotaUy reoovarad allar ovarnioht Incuballon (I and 4. Bar. 10pm.






Fin 29 Th« rtl«cl« pf BFA ntl lutmIn »nd UM TON.

OUgodnndrocyl«w«rn Incubalnd for pnrindt of 0 h (« and OSh(candc4.1h(aand 0.3 h
(0 and A and 4 h (/andJ) al 37°C m Iha pcaunca ol BFA. Tha caaawara lixad and labalad lof
doubla Indiracl Immunolkioraacanca wlih anlMubuNn (TRITC) (a, c, a, g and 0 and TQN38
(OTAF) (b, d. I. Aand /). Tubulln waa lound In Iha cali body and Iha ma]or procasaas ol control
calla (a). Altar 0.5 h and 1 h ol Incuballon In tha praaanca ol BFA. lubuUn appaarad
proorassivaly wlihdrawn lo Iha ca« body (c and a), than raappaarad al tha procaatat al 3 h (g);
by 4 h lububn was praaant again In lha cali body and maior procasaaa (4- Altar 0.5 h In BFA,
lha Ituoraacanca Irom TQN3S waa raducad by comparlaon wllh Iha control and waa malnly
aaan In a MTOC Uka location (b and d) TON38 darlvad Ikjoraacanca waa vary waak and
ditparaad Ihroughoul lha ca« body al 1 h (). wharaaa al 3 h It waa aaan In a parinuclaar
location, Iha plasma mambrana and disparsad Ihroughoul tha cali body (h). Altar 4 h In BFA,
tha Iluorascanca Irom TON38 was approsimalaly as alrong aa In control calla: howavar. Instaad
ol maiWng a singla parinuclaar location. TQN3a dacoratad lha cas body and tha aitiamiliaa ol

tha callular procassas (/) Bar 10pm.






cellular tubulin - Tubulo It pailly wilhdrawn Iront lite cel procesaee alter 0.5 h In BFA (Fig
29. c). le mainly praeenl In lhe cel body alter t h In BFA (Fig. 29. a), reappeart at the
proceaaea aHer 3 h In BFA (Fig. 29. g) and la preaent In proceaaea to the aame entent aa
control cela by 4 It In BFA (Fig. 29. fi.

Pltaae contraat opilca Indicate that the changea In tubuin dlatrlbutlon are accompanied by
an Increate In the tize ol Ihe call body, coupled with an Initial thinning and eventual re-
thickening ol lhe cellular procattet (data not ahown) It lheraloi‘e appeart that In the
pretence ol BFA. tubulin re-acquiret Ita normal dittrtbullon once Ihe recydiity endoaomal-
plaama membrane-TQN tytlem hat lormed To our knowledge, no auch reditirlbullon ol
tubulin upon BFA treatment waa ahown In other call typea. BFA may either aitaci
microtubulea directly tince microlllamenie and Intarmaditte tllamanta that could tupport
microlubulea In other cell lypea are abeam Irom ollgodendrocylea. or Indirectly via MAPa
andror attoclaled lipidt

When oNgodendrocytea are recovering alter 2 h ol Incubation In lhe pretence ol BFA (l.e
belore lhe con”ileta lormation ol lhe recycling endoaomal/plaama membrane/TQN ayatem).
punctate tubuUn tlaimng It teen In tome treat ol the cellular procetaet and TON38
dacortlea a penrHjclear location and lubuloveaicular atructurea at 2 h ol recovery (Fig. 30. a
and b) At 4 h ol recovery, lubulln It dittrtbuted tpartely Ihroughoul the cellular proceeaea
while TQN38 It atm pretem In a perinuclear location In and lubuloveticular proceaaat (Fig
30, c and d). It therelore appeara that tubuNn localizea In almllar but not Identical
conpartmerna during Incubation with and recovery Irom BFA  Abundant lubuin al lhe
cellular procaaaaa with oompMely recovered TON It only teen alter ovemigni recovery (Fig
30. eand I). In caM that are Incubated with BFA lor longer than 2 h. recovery ol lubulln and

lhe TON requiraa at leaal 24 h (retuKt noi thown)

FkvMWWWinr lehaann ol BFA Irealed cella.

Ca-NBO-Cer and C* DMB-C” label the Oolgl m a variety ol cat lypet (Upeky and Pagano.
1953; Pagano al al.. 1959. Pagano et al.. 1991). moti probably by imeraming with Oolgl
oompartment-apecHlc llpida (Pagano et al.. 1959) Therelore. ollgodendrocytaa were

IncubaMd w»h BFA. Hiad and Incubated with aMher C fN B D -(~ or Ca-DM8-Car P order lo
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Ftg, 3Q Tha riiatribution n* i.rfA.iin «ivi th« TQN Inoitfwtonrtmrvfm rr\cQVrino tram BFA
ONgoo«ndrocyt«t wtrt Incubcl«d in the prettnc« ot BFA for 2 h at 3720. washad and
parrnmad lo racovar in tha abaanca ol BFA lor 2 h (a and b), 4 h (e and <i or ovamight (a and
0 Tha caNa wara ttxad and labaiad lor indiracl immur>onuoraacar>ca wtth anti tubuin (TRiTC)
(a. car>d a) ar"J TQN36 (OTAF) (0. dar>d 0 Al 2 h ol raoovary. tubuin waa aaan in Iha caN
body as wan aa in tha origina and al diacrala araaa alor>o tha major procaaa (a), al which tima
TQN30 labaiad tubulovaalsular procaaaaa amanaling from a panrtuclaar location (b). Ahar 4 h
01 raoovary. tubuNn accumulalad In a parlnuclaar location raminiacani ol lha MTOC and thin
strandt of tubuin wara praaani m M@ ma)or procataaa (c). wtian TON38 ftuoraaoanoa w m
aaan m a pannudaar location arwl m aaaodatad lubulovaaicular procaaaaa (d) Tubuin and tha

TON aaaumadthair normal! cftatrtbullona aliar ovamighi raoovary (a arxli). Bar; 10pm.



aS8M th« BFA-inducad radiBthbution of Oolo***P«cHic lipicis

Qolgl labelng it Men In non-BFA-ireat«d Controls (FIg 3L&nd d) In BFA trsatad
oHoodortdroc/tM C«-NBO-Cor la distributad throcgnout tha cyloplasm (Fig. 3].9). wMta Cs-
DMB-Cor labaNng Is saan throughout tha cali body and at tha sitas whara tha mator
procaaaas axit from tha caU body (Fig. 3]. h Ce-NBD-Car labaiad Intracaiiular
oomparlmanls arx] tha plasma mambrana of BFA-traated obgodandrocytas at tha Hght lavai,
sir>ca subatantlal amounts of floofascar>ca wara fourxi In tha back-axchar>ga madium by
comparlaon ¥tth Controls. Howavar. sinca back axchanga coold not ramova plasma
mambrarw-assoclatad Cs-OMB-Car (also saa Pagano at al, IM I). Hwas noi possibia to laH
whathar mera oornpartmanis than tha plasma mambrana had baan labaiad with Cs-I3IB-Car
In BFA-traatad oKgodarxIrocytas

In ordar to datarmima tha structuras Inwhich tha frans-Golgl arid TQN Hplds rasida In BFA-
traatad oMgodaridrocytas. Uva caMs wara Incubatad with BSA oolloidal gow and Ce-NBD-Car
In oonirol calli BSA-oolloidal gold labais andosomas and Cs-NBD-Car tha frana-Oolgi and
tha TQN (Fig 23) By oontrast. In BFA-traaiad oMgodandrocytas BSA-gold and Ce-NBO-
Car accumulata in tubulovasicular procassas such as thosa obsarvad by Lippincon-Schwartz
alai. (1%) and m andosomas (Fig @bande) This probaWy maans that m BFA Iraalad
oUgodarxIrocytas Ce-NBD-Car accumulatas in a fusad plasma mambrana/ar>dosomal/TQN
comparlmant. physically saparatad from tha cfa-/mad/a/-/frans-Golgl/ER compartmant (saa
Fio 20

Sirie« tha accumulatlon of Ce-NBO-Car in tha Oolgi is probabfy via raoognltton of (3Igl
spocHIc Hplds, tha prasani data furthar suggast that aitar 31 In BFA artdoganous TQN Hplds
as w «« as protairts (such as tha or» racognizad by TQN :BUpplrxx»It—SchwarU alal. IMla
and MBPRs. Wood at al. m also radlistrlbuta to tha racycling plasma

mambraria/aridoaoma”ON oornparimarit (Fig 279)

Tha facveMno AUsnsfrrtn launaWflari hv BF A In nlifliirtandfQCirtsI
CuNurad oHgodandrocylas possass high aflinHy translarrtn (TI) racaptors, bui tha numbar of
TI racaptors In thosa ooNa lo at laaaf two ordars of magnltuda lowar lhan In mosi olhar caN

typaa (Eapinosa and Foucaud. m In ordar lo axamina tha function of tha distai raglons



Flo. 31 Cft-NfID Caf and C* DMB Caf Ubalno at BFA-tralad, liaart »mftrvtoodmcvi*«.

Oligodendrocytes were incudeied lor 3 h at3 7 in the adsertce (a. b. e and d) or presence (e.
/,g arx) h) ol BFA. fixed, labeled with C«<-NBO-Cer (c and g) or Cs-DMB-Cer (darx| h) and
back-exchanged with DF-BSA In oligodendrocytes not previously treated with BFA. Ce-NBD-
Cer arKl Cs-DMB-Cer labeled Golgi com|>anments (c arxJ d). By contrast, in BFA-treated ceils
Ce-NBO-Cer labeled the plasma membrane, cytoplasm and a pertrHiClear location (g). while
Cs-OMB-Cer labeled the cell body, plasma membrane arxt beginnir>gs of the brarKhing
processes (h). Plasma membrane-associated iluorescence could be back-exchanged from

cells incubated with Ce-NBO-Cer but not Cs-DMB-Cer Bar: 10pm






nt* 32 BSA ooki and CgNPnnA~r rAinrmUtm In BF A trtfd caUa.

Obgoctondrocytei on aclar squaros wara incubatad lor 2 h 40 min at 37®C In Iha abtar>ca (a) or
prasanca (0 and c) of BFA. than Incubated with BSA-coNoldal gold for 5 min. followad by Ca-
NBD Car/DF BSA for 15 rrtn. In Iha contirxjod absence (a) or prasanca (0 and O of BFA, The
calls ware fixed, incubatad with DAB arxj pholoblaachad, than processed lor electron
microscopy Cans not previously ifkKubatad with BFA accumulated Ca-NBO-Car Inthe TON ar>d
BSA-gold In arxiosomas (a. arrow). By contrast. In BFA-traalad calls Ca-NBD'Car arxl BSA-
gold colocalizad In long, tubulovasicular processes (b, arrow) arxl arxJosomes (c. arrow). Bar;

S00rvn






ot th* Mcr«tory pathway in BFA-traaiad olgodandrocytas, caNa at 6 d ot ditlarantialton wart
incubated for 2 h in the preaerve of BFA. loaded with (*25]|Tf for 1 h arxf the amounta of
celt-aaaociated [*]Tf were determiried at different time pointa (Fig 33) The uptake of
(125]p-f apecitic . since Incubation with a 100-fold exceaa of uniabeled Tf cauaed a 3-4
fold decrease In the amount ot celt-aaaociated radioactiviiy

Quantitative rr>eaaurementa showed that 50% of the cell bound radioactivity waa reieaaed
in approxintately 3.5 min and that the rate of efflux of cell aaaooiated Tf waa the same as in
controls, irxJicating that BFA does rtot affect receptor-mediated recyclr*g in oUgoderxJrocytes
In an analogous experln>ent, Lippirtcott-Schwartx et al . (1001a) loaded NRK oella with
("25]|Tf In the absence of BFA and measured the cell associated radioactivity during
subaeguertt ir*bation in the presence of BFA. They also found that BFA dW rM affect the
cycUr~ of Tf. but by oomparison to otigoderxirocyles NRK ceNa released 50% of the cell
bound radioactivity In approximately 7 min. Therefore BFA appears it to impair vesicular

traffic between the plasma membrane and the TON/endosomal r>etwork In oligodendrocytes

In order to determine whether the BFA-irx)uced redistribution of the secretory pathway m
oHgodervirocytes is accompanied by char®ges In aphingoNpid metaboism, the oeNa were fed
with fluorescent Cer analogues in the preaerKe of BFA  Although control arid BFA-Ireated
oUgoderxlrocytes metabolize Cg-NBD-Cer to the same extent, the Cg-NBO-CbrSM ratio is
increased in BFA treated oeNa. although the Cg-NBO-OalC/QIcC ratio is uriaftected (Fig 34)

TNs change in the metabolism of Cg-NBO-Cer In BFA-treled oSgoderidrocytes is ortly rioted
after the first 3 h of iricubation arid becomes more pronounced with kicreased tima in BFA
This might mean that the charige in the metaboNsm of Ca-NBD-Cer in BFA-treated
oSgoderidrocytes occurs Mer the fusion ot the TON/eridosomairpiaama membrarie arid the
cir/mediaMrana-Qolgi/ER systenis (see Fig 27. g arid h). The iricreases in the Cg-NBO

Cb/SM ratios persist, even after 2 h of recovery arid/or the preserioe of riooodazote. a drug
that disrupts microtubule organization arid disperses the Oolgi (Krels, 1990) These

experlmenls show that once the BFA-dependenf charige in the rristabollsm of Cg-NBO-Cer






Hours in BFA

FM. 34-Tn» ni KIRNCt BnRFA o»aod«ndmevfl

CMgodcndrocyltl w*r* Incubatc«) il 37°C m trwdlum containing BFA ter tha Indicat«) timat
Tha calta wara ttian incubataci tor 2 h at 37°C with Cg-NBD C « In tha oontinuoua praaanca ol
BFA aiK) tha ttuoraacant aplda wara Ktantitiad and quantitatad aa daacribad In Matartala and
Mathoda Aahough tha amounta ol nwtaboUzad Ce-NBO Car/mg callular prolaln wara Idamical
In BFA'lraatad and control calla, tha ratio ol Ce-NBD-Cb/SM Incraaaad m BFA iraatad calla,

wharaaa tha Ce NBO-QaC/QIcC ratio waa unchangad



hat oocurrtd (n oMgodtndrocyttt. il ptrtitit during the (slow) restructuring of the secretory
pathway and is independent of the precise structure of the Qolgi and the microtubule
cytoskeleton Therefore BFA may cause extensive alterations in the enzymic macNrwry
Involved In sphingoMpid metabolism in oligodendrocytes

The relative amounts of metaboHzed C$-DMB-Cer arxl the Cs-DMB-Ct*SM arxl Cs-OMB-
QalC/QlcC ratios were Identical In BFA Ireated cells and controls, indicating that metabolism
of Cs-OMB-Cer is unaffected by BFA-Induced char>ges AdditioruMy. the change in the Ce*
NBO-CtySM ratio was rot observed in BFA*treated Type*| astrocytes, although it was not
examir>ed whether in Type-1 astrocytes BFA has the same effects on organelles of the
secretory pathway as in olgoderxirocytes Therefore, the change In Cb/SM ratio may only
take place In oligodendrocytes in these cultures ar>d depend on the use of a Cer analogue
that recognizes Uplds of the recycUrig TQN/plasma membrar>e/erxk>somal system. The
finding that BFA affects the metabolism of Cg-NBO-Cer in oligodendrocytes but not
astrocytes was not too surprtsir>g. sir>ce several other effects of BFA are cell-type specific (for
review see Pelham. 1991) arxl BFA is krtown to cause char>ges in sphirx”pld metabolism
When different een types were fed with radiolabeled sphingollpid precursors in the presence
of BFA. radiolabeled Cbs accumulated (van Echten el al.. 1990; Young el al. 1990)
Lirtardic el al. (1992a. b) reported a BFA dose*deperxleni decrease In cellular SM levels in
HL-60 leukemia cells arxl attrtbuled It lo BFA acting to bring pools of SM In contact with
sphingomyekrMSe In contrast. Briining et al.. (1992) found an increase in CeCs-SM but not
CaCa-OlcC when CaCa-Cer was fed lo BFA-treated CHO cells: they proposed that the
Oolgi/ER fusion may make more substrate available to ceramide:phosphatldylchoNr>e
phosphochoknetrarwferase thought lo reside In the cfe- and medlaFOolgi. thus favoring SM
biosyrtthesis  However. It Is net clear why the relative arrx>unl of CaCa*QlcC was not
increased, sirve the Intermixing of the Qolgi with the ER should also favor QleC biosynthesis
by makirg more Cer available to UDP-gkioose:giucotransferase. which Is located in a pre-
arxf the ofe-Oolgl compartments (Futerman arxl Pagano. 1991). Sirwe these other workers
did not examirte the BFA Irxluced redistribulons of the secretory pathway In each cel type
by iTTwnunocyloohemistry. abeolute comparisons with oligodendrocytes are not possible

It therefore i%ipears that BFA induoed changes in sphingoNpéd metaboNsm may be ceH-
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5.3 Dtocuseloo

Sine« Htti« or no motaboNtm ot fluorotcont Cort occurrod at tha Urna thaaa kpKla ara in tha
Qoigi, Car mataboNam may ba a praquiaiia tor axit from tha Qolgi Calla of tha
okgodandrocyia Hnaaga oouU corrvarl Ce-NBO-Car to irkraaalrtgfy higbar proportiorM of Cg-
NBD-OafC arid amallar proportlorw of Ce-NBO-SM aa a luriction of ditfararitiallon to tha
oHgodarxlrocyttc phanotypa TNa finding waa in agraan>ant with tha oonvaraion of Cg-NBD-
Car to Ce-NBO QacC arid -SM (DI Biaaa at ai. 1991) arid with QaiC rnartung diffaranliation
(Raff at ai. 1975. Banaai and Pfaiffar. 1955. Qard and Pfaiffar. 1959; Wood and Bunga.
1954) It waa puzzHrig howavar that Httia Cs-DMB Cb waa producad from Cs-DMB-Car
throughout davalopmara, although Pagarw at al. (1991) hava ahown that C5*DMB*Car la
pradominaritly corivarlad to Cs-DMB-SM in varioua rion-myalinating call typaa. Thaaa data
auggaatad that Cs-NBO-Car and Cs-DMB Car ara metaboHzad In dltfarant waya and
prorriptad ma to Invaatigata tha intracallular ailaa of thair mataboliam arid traffic in
oHgodaridrocytaa.

Cg-NBD-Car arid Cs-DMB-Car iocaUzad in ditfarant Oolgi aubcompanmarita prior to
niataboNam, auggaating that locaUzalion might ba datarrrilnad by lha Iritaraction of lhair
liuoraacant FA chaina with compartmani-apacific Npida Moraovar. tha aubaaquani
mataboliam arid tranaporl of C5-NBO- arid Cs-DMB-Hplda appaarad to daparid on tha
apacific Oolgi aubcompartmant which waa originally targatad Accordingly, tha initial
localization of C5-NBO-Car to Iha frana-Qolgi and tha TON and Cs-DMB-Car to Qolgi atacka
proximal to tha TON in oUgodandrocytaa may datarmina tha mataboliam arid iranaport of
thaaa Hpida arid thair producta

Bioaynthaaia of OaC in oHgodaridrocytaa la thought to taka placa in tha Oolgi arid at tha
plaaiTia mambraria (iridudkig myain). both lo wivo arid io ylliQ (Rouaaal at al.. 1957; Naaoovic
at al.. 1973; Coriataritirio-Caocanril and Suzuki. 1975; Koul arid Jurigalwala. 1951). Tha
aama might ba trua for SM (DI Biaaa at al. 1991). Tha poaaibla alta(a) of OloC bloaynihaaia
hava riot baan datarmiriad m calla of tha oHgodaridrocyta Inaa(}a. aRhough a pra- or aarly-
Qolgi oompartmant hava baan impicatad Mothar call typaa (Futarman and Pagario, 1991)
Cg-NBO-Car la oorivadad to Cg-NBD-Cba arid -SM in calia of tha ofigodandrocyta Iriaaga.

arid -OfoC arid -SM In non-myaNnating calla (LIpaky and Pagano. 1953) Howavar. only
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smaH amounts of Cs-DMB-Car mmy raach ths sitss of Cb btosynlhasls in oHoodandrocytas.
bacausa (as in othar calls. Pagano at al.. 1991) Cs-DMB-Car was pradonninantly convariad
to Cs-DMB-SM  Slain al al., (1969) showad that tha malaboHc fata of Cars is crtticaHy
dapandant upon tha acyl chain composition of tha sphingoUpid pracursor. which thasa rasuNs
suggast could ba a dua to tha initial localization of Cars to ditlarani Qoigi suboompanmants
This possibility was taslad with tha usa of BFA. a fungal mataboHla that can potantially
disoonr>act tha TON from othar Qoigi oomparlmants (Klausnar at ai.. 1992; Paiham. 1991).
BFA causad tha formation of two saparata compartniants in oligodartdrocylas, tha
TQN/plasma n“ambrana/arxtosomal and cfs*/madi«aF/frans-Qolgi/ER compartmants BFA
aiao causad changas in tha mataboMsm of Cg-NBO-Car. in that tha Cg-NBO-Cb/SM ratio was
irkKraasad although tha axtant of Cg-NBO-Car mataboiism was unaffactad Howavar, BFA
did rwl influanca tha mataboKsm of Cg-DMB-Car Tha Incraasad Cg-NBD-QalC/SM ratio in
BFA traatad oHgodarxfrocytas may ba dua to Cg-NBD-Car largating TON-spadflc lipids in
tha fusad TQN/piasnna mambrana/andosomal systam and bair>g n>atabolizad by rasidant
anzymas Tha Cg-NBO-Car malaboNtas wili rtot diffusa ones thay hava acquirad a polar
haad group arid wiN probably ramain trappad in tNs syslam. which is physicaily saparaiad
from othar Oolgi snd ER mambrar>as Tha fusad TON/piasma mambraria/arxtosonial systam
must lharafora hava an incraasad OaiC arxf dacraasad SM biosynthatic capacity. In support
of this argumant. tha spadfic activity of UDP-galactosa caramida gaiactosyitransfarasa Is
much highar In Iha piasnu mambrana of oligodandrocytes than In tha Oolgi during activa
myaUnalion (Koui arvj Jungalwala, 1966) Sines SM biosynthasis probably occurs at tha
Ooigi arid at tha plasma mambrana (Koval arid Pagario. 1991. Oi Biasa at al. 1991). m BFA-
traatad calls Cg-NBD-Car would ba mora availabla for (mora activa) QaiC blosynihasis at tha
fusad TON/plaarria rfismbrana/aridosomal systam only Coricurraritly. Cg-NBO-SM
biosynthasis may ba raducad by only occurring in tha fusad TON/plasma
mambrana/arxlosomal syslam and rv>t In tha proxirrtal Oolgi. arid might ba furthar dacraasad
by tha action of add and parhaps nautral (Lirtardic at al.. 1992a, b) sphingomyainasas Tha
raason why tha Cg-NBO-OlcC/SM ratio incraasas in tha prasarK# of BFA Is not claar. but
may ba causad by BFA salactivaly dNrupting tha furthar mataboism of OlcC and Cg-NBO-

OloC aooumutaimg. as was shown whan radloacSva gluoosphingolpid praoursors wars fad to
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cuNurtd murtn« c«Us (Young ot al . 1989; van Echtan e( at. 1990) Tha intracalluiar
conpartmantt of Ce-NBO Car and Cs-DMB-Car tocaiization in tha pratanca or abaanca of
BFA In oUgodandrocytaa. which probably dalarmina tha subaaquant mataboUam and
trartapon of thaaa aphingoNpida. ara ahown in Fig 35.

Tha BFA-inducad radlatrtbution of tubulin In oHgodandrocytaa haa not baan obaarvad in
othar call typaa arx| N ia rtot claar whathar it ia linkad to tha radiatrtbution of tha Oolgi Tha
data auggaat thal BFA cauaaa a raarrar‘gamanl of tha callular cytoakalaton —Microtubulaa
ara parVouiany abundant in tha cytoakalaton of matura okgodandrocytaa. both (q yiyg (Wood
and Burtga. 1964) arKt in witro (Wllaon and Brophy, 1909) Microlubuiaa intaract with a
variaty of protairw irtcludirtg thoaa that madiata thair Hnkaga with tha Oolgi. auch aa tha 110
kOa protain (croaaNnking tha Oolgi wHh MAP2 in a variaty of nonnauronal call typaa. AHan
and Kraia. 1966) and tha 56 kOa prolain (Bloom and Braahaar. 1969) Additionally,
microtubulaa intaract with mulUpla coat protaina. aach of which may ba Involvad In a airtgla
tranaport atap (Palham. 1991) aa waN aa with OTP-binding protaina that rrtay madiata tha
aaaociation of Oolgi mambrar>aa with coat protaina and could ba tha aitaa of BFA action
(Ktiatakia at al. 1992) Microtubulaa may alao aaaociata with caN-apadfic protaina and/or
Upida. auch aa MBP and OaC in oUgodandrocytaa (Wilaon and Brophy. 1969. Dyar and
Ban]amina. 1969b. raapactivaiy) Tharafora. tha affact of BFA on tubulin may alao ba caN
apacific arxl datactad only in calla lacking intarmadiata tilamanta and abundant
microfilamarna in tha call body

Racaptor-madlalad racyclirtg of Tt in oUgodandrocytaa waa unatfactad In tha praaarwa of
BFA. daapita tha dramatic changaa m tha organallaa of tha aacratory pathway ar>d tha
corraaponding modNicationa on Hpid mataboHam Sinca iron dalvary la alao unaftactad by
BFA in othar oaM typaa (Lippinoott-Schwartz al al. 1991a). tha atfacta of BFA may ba

apadkc to carlain callular functiorta
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e.l miroduction

Th« MSOdatkKi of my«Ur>-apcclfic =phir>ooUpi<te with th« cytotkolotont of gNal colls and
rmyoHn was oKamlood by Immunocytochomistry. Npid analysis and by following tho fats of
fluorosoont aphingoHpld pfocuraors

EstabHshing tho prosonco of sphingoUpids In tho cytoskelotona of oHgodondrocytos was of
particular mtorost, sines Wilson and Brophy, (1969) proposod that Ipld-protoin Intoractlons In
tho cyloskoloton may play dynamic and/or rogulatory rolos during dovolopmont. QaC may
assodato with MBP and nUcrotubulos (Oyor and Bonjamins. 1968. 1969b) and sphingollpids
art onrtchod In tho cytoskoloton of myoHn (QINosplo ol al.. 1969) Lipid-protoln Intoractlons In
tho cytoskolotons of oUgodondrocytos may mattor during tho oxtonslon of myoHn. sinco tho
cytoskoloton Is kr>own to control coll shapo and motility (NiggH and Burgor. 1987)
Intoractions of Hplds wHh tho cytoskoloton aro also thought to bo a proroquisito for vosicular
transport (Matood arnf Krols, 1967; Valo arvf HotarU. 1986. Stoinorl arxt Roop. 1966). and
such inloractlor>s may bo mvolvod In mombrano flow in oligodor>drocytos.

In a sorlos of initial oxporlmonls. immaturo and maturo oligodorKirocytos wars oxtractod
with Triton X-1(X) Tho prosorwo ol tho major myoHn sphingolipid OalC m Iho cyloakolotons
of oUgodondrocytos was ostablishod immur>ocylochomlcaily and its distribution was
comparod with thoso of mlicrofilamonts and microtubulos. sir>co microfilamonls aro found In
tho oxtromiSos of oxtonding procossos in immaturo colls, whoroas microtubulos aro found at
1ho coN body and tho major procossos throughout dovolopmont (Wilson ar>d Brophy. 1969)
Tho prosorKO of spodfic Upld classos In iho cytoskololons of oligodornirocytoo was
oonfirmod by Hpid analysis

Arwthor sorlos of oxporlmonfs attomptod to assoss whothor tho apocMic association and
or¥lchmonl of sphir>gollplds m tho cyloskoloton of CNS myoHn (QIMosplo ot al.. 1969) also
occurrod In PNS myoMn Nwas also important to oomparo Iho fatty add (FA) oomposiflorto of
cytoskolotaNy asaodatod Ipido wHh thooo in tho intact mombrano. sines such an anafysis
rdgM provido duos about Iho rofo of FA chain composition during tho inloractton of opodfic
Hpld claasos wHh tho cytookoloton

In ordor to visualizo Iho poaaiblo intoradlon of sphingoNpids with tho cytookolofon. Hwas

doddod to oxamioo MCrNSD Cor and Ca-OMB-Cor or ihoir roapoctlvo -Cb and -8M
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6~ Rm uHc«

rtair. « withtha cytoikal*tQn« oi olky>d*ndfocvta«
Gaie ia pratam In tha cyloakalatona of Immatura and matura oHgodandrocytaa and tha
panama ot cytoakalatally-aaaoclatad QalC tluoraacanca ara atrikirtgly diftarant dudng
davalopmani (Flg. 36). Punctata-vaalcular and fiat ahaat-Hka fluoraacartca ara aaan In tha
cytoakalatoria from your>g and matura oUgodandrocytet. raspactivaiy. In Irrwnatura calte.
antl'QalC da”orataa parlpharal microtllamanta, wharaaa Httia QalC colocallzaa with
microlubulaa In thaaa culturaa matura oUoodar>drocyte8 coniairt faw microfllamania (data
ro< ahown: Witeon arid Brophy. 1969) and QalC codiatribulaa wHh tubuHn In tha cytoakalaton.
Matura okgodar>drocyta cytoakalatorui ara mora axtanslva and conlain mora QalC than thair
Immatura couniarparta

Tha aaaoclatlon of QalC wilh tha cytotkalaton of youngar oNgodar>drocytat might ba
tranaiam arx| ralatad to microfilamant-madiatad transpon to myaNnating procassas. wharaaa
soma QalC m\ght associala parmanantly with microtubulas In matura calla. Tha
nr>icrofllamam rtch procassas of Inmatura oHgodandrocyta cytoskalalons conlain CNP
(Witeon and Brophy. 1969) and H Is possibla that QalC. mlcrofilamanis and CNP may iniaract
In tha parlpharal cytoakalaton of thasa calla. Howavar. slr>ca MBP colocaNzas with
microtubulas m tha procassas of matura oHgodandrocytes (Witeon and Brophy, 1969). It la
possibla that In thasa caNs QaC méghl Iriiaracl with MBP and tubuHn. It tharafora appaars
that although QacC Intaracts wilh tha cytoskalalon at all limas, QaC assodalas with dmaram
cytoskalatal alamants durtng davalopmani Tha studias of Oyar and BantanUns. (1969b)
suggastad that a Unking batwaan QalC. MBP and microlubulas may axist In tha
cytoskalatons of oUgooandrocytas and Fig 36 Indicatas that QaC. MBP ar>d tubuHn may

Iniaracl In tha cytoskalalons of matura but noi Immatura calte.

tum ifUri nftmpoakMQna ai «nd mwlIn cvloikatelnna.
Tha Ipld to protain ratto In tha cytoskalatons of oHgodandrocytas was smallar by oomparlson
with inlact calte (Tabla 4). and a lowar ratio te ateo found In tha cytoakalaton of CN8 myalin

by oompartaon wllh tba miaot mambrana (Olllaspla at al.. 1969: Tabla B). Cholastarol la a
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Pin rw Xhm qi QmiC with th« cvtoakatotof« nf njnnrtanrtfiiQdMm
ONgodtndrocyt« proQ”~nilort diH«r»ntiat«d lor 3 <{A.B.C arid D) or 6 d (£ arid F). war# than
axtractad wHh TrMon X-100 and axaminad by doubla indiract inmunofkioraacanca A: actin
(TRITO; ¢ and E: tubuMn (TRITC); B. D and E: GalC (FITC) Tha mécrolllamanl-rtch
partpharal procataaa ot Immatura oigodandrocyta cytoahalatona (4) wara daooratad with
and-QaiC In a punctata/vaalcuiar taahlon and antl QaC alalning waa alao praaant In toma
caN bodlaa (S). By contrast microtubulaa wara mainly praaant m tha cal body arkt major
procaaaaa ol Immatura oNgodandrocyta cytoakalatona (C), arxl dkl not oolocaNza with OalC
to a graat axtartt (O  Microtubules wara found In tha call body and maior procaaaaa In
cytoakalatonB from matura oHgodendrocylaa (f), whara thay oolocalzad with OalC (F).
Corrparad to youngar cats, tha cyloaKalatona Irom matura oligodandrocytas coraalnad mora

0OalC aaaoGtalad lluoraacanoa Bar; 10pm



Jmtim 4 Tt\m Mnid comPoaHkina ol cuMufd ft brain QMOQdendfQCVtfli Ifld ttltif CYIQaKOIfItQni.

0-2A proo«nitoft that had diflarantlatad to oHoodaodrocytaa lof 4-5 d a«ar tha ramoval of
bFQF from lha madlum. wara axiractad wtfh a butfar containing Triton X-100 (Wllaon and
Bfophy. 1969). Lipids from unaxlractad caWs or cytoakalatona (CSKs) wara saparatad by TLC,
vituallad by charring and quantthad by dansllomatry Al valias ara maans ot maasuramants
from at laast thraa ditfarant axparimants, with SDs10% of aach maan valta Tha valtas In
brackats ara lor oUgodandrocytat culturad lor 34 d. racalculalad Irom Frassinaud at al. (1990)

lor comparison

CELLS C3K
LipM /protain (ug/uo) 192 0.53
Lipid claaa (walght %)
Cholaatarol
Carabroalda
QalC-rk>n-OH 53 46
OalC-OH 43 51
QlcC 4 3
itida 1 (4 1
ipholipid 51 (41) 37
~ Claaa
PE 43(46) 45
PC 34 (20) 38
PS 15(17) 6
PI 2 (10) 2

SM 6 (5) 9



~ 1 Monmnoamon 6 RXMivun aiaoriatad evicakatoton.
LipkJs w«r« «xtract”d from ailhar 3*4 w k old rat CNS myaUn or Itt datargant inaolubla
cytoakolaton (CSK) arxt analyzad at dascribed In Malartalt artd Mathodt AN valuat wara tha
maarM ot dupUcata maaauramantt mada on at laatt thraa dlttarant axparlmanla. Tba standard
daviatlorts wara m aN casas <15% ot aach maan valua. Valuas in brackatt rafar to trtoaminal

r>arva (PNS) myaUn arx) Ht CSK.

COMPOSITION

COMPONENT MYELIN MYELIN CSK

22(3.3)

1 (40)

35(27)
33 (50) 40(48)
63(45) 59(51)
4 (5 1 (1)

1 1 (2

5 23 (31)
40(37) 18(4)
37(ia) 34 (34)
12(13) 3 (5
4 2 2 (2



ma”or lipid componant in oHpodandrocytas (Poduslo at al.. 1990; Tabia 4) and tha
pradominant Hpid In thair cytoakalatons Although thasa immatura calls contain Httla Cb
(mainly QacC). this Kpid is somawhat anrtchad in thair cytosKalalona. as was also tound in
CNS myaNn (Oiliaapia at ai.. 1989) Tha proportions of individual OalC classas in tha
cytoskalaton wara tha invarsa of thosa in intact calls, with QaiC-Non-OH and QaiC-OH
pradominating in intact caHs artd cytoskalatorw. raspactivaly Tha low QaiC-OH/QalC-Non-
OH ratio in intact oSgodarxSrocytas may ba anothar Irtdication of thair inwnaturlty, sinca QalC-
OH pradominatas in matura CNS myalin arKl its associatad cyloskaiaton (Norton arx|
Cammar. 1984. QiNaspla at al. 1989. raspactivaly) QalC OH, tha main Cb in CNS myaNn
(Norton ar>d Cammar. 1984) displays a high affinity for tha cytoskaiatons of oHgodandrocytas
ar>d CNS myaNn by comparison to OalC-Non-OH (Qillaspia at al.. 1989; Tablas 4 ar¥l 5).
tharafora tha anrichmarM of OaiC-OH in myaNn nuy ba dua to its strong inlaraction with lha
cytoskaiatons of oMgodandrocytas and myaNn throughout davalopmant.

Tha irKraasad proportion of cholaslaroi in tha cytoskeleton of oNgodandrocytas is mair>ly
accountad for by a compiamanlary dacraasa in phosphoNpids (Tabia 4). Tha phospholipid
composition in tha cytoskalaton is diffarant from that In intact caUs. In that SM is incraasad in
tha cytoskaiaton with a conoomiiartt dacraasa In PS SM is also incraasad arxl PS
dacraasad in tha cytoakoialon of CNS myaNn. but Iha irx:raasa in SM is much grastar arxJ
mostly accountad for by a oonoomHant dacraasa m PE (Qillaspia at al. 1989; Tabla 5) This
suggasts that rtot only QaC but also SM. anothar sphingoNpid. displays a strong affinity tor
tha cytoakaiaton of myaNn artd oNgodandrocytas

Tha strong affinity of various sphirtgoHpldo for cailular cytoskalatons has baan krx>wn for
somaNma (SMiaWbara at al.. 1981. OiNaspia at ai.. 1989. Packhamat al.. 1991; QiHard at al .
1991. 1992). and at laaat or>a protain is thought to ba soriad through tha Qoigi via an
intaraclion of Ns QP! anchor with glyoosphingolipids (Brown and Rosa. 1992) Many OPI-
anchorad protains ara inaokibia in Trtton-X-100 (Low. 1989). laadirtg to spaoulatlon that
sphingoNpids may madiata contact batwaan cytoakalatal aiamants ar>d mambrana protaina
corNainirig oovalarNly atlachad Npids Howavar. oovalantly attachad Hpids may alao ba
involvad Mintaradior>o olhar than wNh tha cytoakaiaton, sinoa PLP oontaino at iaast two

moiaoulas of pamstata par polypaplida chain (Bizzozaro and Laos. 1986) but aNhar doas not

M



Interact at aN with the cytoakateton in rat CNS myaHn (Oilleapie at al. 1969) or to a vary amaN
axtant in rabbit CNS myaHn (Parayra at al. 1966)

Tha cytoakalalon ot CNS myalin containa laaa Upid par mg protein than the intact
membrane (Tabla 5; QiNaapia at ai . 1969) By contraat. tha HpkVprotain ratioa in PNS myelin
arxl ita aaaociatad cytoakalaton are vary almilar (Tabia 5).

Although cholaatarol ia anrtchad in tha cytoakalalon ot myalin (mainly PNS) (Table 5). tha
ma)or diftarancaa between myaNn arxl ita aaaociatad cytoakalalon are in tha aphir>gollpida
and phoaphoUpida Tha Cba are proportionately enriched and tha total phoaphoUpida
daplalad In tha cytoakalaton. Tha relative proportiona of Individual Cb claaaaa do rwt vary
aignificantly between myalin and Ita cytoakalaton PE ia significanily reduced, while SM la
the moat abundant phoaphollpid In tha cytoakalaton Tha diftarancaa in Hpid compoaition
between CNS myalin and Ha aaaociatad cytoakalaton are analogoua to tha onaa found by
Oillaapla at al. (1969) arv) oompariaon with PNS myalin ahowa that tha atrorx) affinity of
aphingoliplda for tha cytoakalaton la n” raatrictad to CNS myalin and oUgodarxfrocytaa
SphingoUplda are tha only Uplda that ahow a oonaiatant proporlionala incraaaa In tha

cytoakalatona of CNS. PNS myalin and oUgodandrocytas

1 oi toVrw*o«k«liQn M f «nrichad tn f d tattw acid«.
Since tha Hpid compoaitiona of myalin and its aasodated cytoskalaton are markedly différant
(Table 5). a conpariaon of their FA compoailiorta might help undaratand why apadfic Npld
claaaaa diaplay a preferential aaaodation with tha cytoskalaton. TNa ar“alyaia was only
performed on CNS tiaaua. ainca tha diffarancas in Ipid compoaition between CNS and PNS
rrtyaHn and their raapactiva cytoakalatona are comparable (Tabla 5).

MyaHn and cytoakalatal Hpida differ In their FA compoaitiona and these dittarancaa are
pradomirtantly accounted for by PE. PC and SM (Table 6).

24 0 and 24 1 are the main FAa in myalin QalC (Norton and Cammar. 1964) Tha FA
oorTvtoalliona of cytoakalatally-aoooclalad Cba are almost identical to those In myelin (Table
6) Therefore, although Cbe are ar>richad In tha cytoakaiaton. association of Cba with tha

cyfoakalaton may not have a specific FA composition raquirament






C/totk*I«lally»toclat«) auKalklaa ara anrtchad In aaturalad FAs (mainly 14:0 and 16:0).
whila Itia monoanat (mainly 18:1 and 24:1) ara approilmataly halvad and PUFAa ara adhar
daplatad or not dataclad m tha cytoakalaton. wllh ttia axcepllon ol 20:4(n-6) and 22:4(n-6).
whoaa proporitont do not ctianga

Tha proportlona ol all Iha taturatad FAa and monoanaa ara Incraatad m cytoakalatally-
aaaodatad PE: tMa Inrvaata la primarily dua lo tha approximata doubang ol tha 20:1 apadaa
Total plaamalogana (aaa Tabla 6 undar dimalhylacatala: DMA) ara propomonalaly dacraaaad
In tha cyloakaMon and thia la dua lo a hahring In Iha amount ol 16:1. lha main plaamalogan
In myaMn PE (Norton and Cammar. 1984) Total PUFAa ara alao dacraaaad to
approximataly ha« In tha cyloakalalon. which la pdnclpally rallactad In tha 20:4(n-6). 22:4(n-
6) and 22:6(n-3) apadaa.

Tha dacraaaa In cytoakalatally aaaoclatad Pl la mainly dua lo an almoat hahring In tha
proportion ol 16:0 by oompartaon with myatn: 18 0 latha major FA In myaan PI, rapraaannng
approximataly 40% ol lha total FA (Tabla 6) Tha proportlona ol lha 20:1 monoanaa ara
approximalaly (juadruplad In tha cytoakalaton and lha 20:4(n-6) PUFAa, tha major PUFAa In
myaUn Pl. can ackXMjni tor tha major dacraaaa ol total (n-6) PUFAa In cytoakalatally-
aaaoclatad Pl  Uraqualy. lha (n-3) PUFAa ol PI ara lha only cytoakalalally aaaoclalad PUFAa
that ara propomonataly anrtchad

(3nly amall dllitarancaa ara nolad In tha FA compoaitlona ol myakn and cytoakalatally
aaaoclalad PS. tha main dittaranca la In lha proportion ol 24:1. which la daplatad In lha
cytoakalaton

Tha pradommam FA In mya«n PC la 16:0 (Norton and Cammar, 1964); tha proportion ol
lhia FA la mcraaaad m tha cytoakalalon. making up mora than 50% ol Iha cytoakalalaNy
aaaodalod FA In PC (Tabla 6) By ooniraat. Iha proportion ol 18:1. lha main monoana m PC.
la approximataly halvad m tha cytoakalalon. taadlng to a corraapondmg haMng m tha total
cytoakalalacy aaaodalad monoanaa Tha (n-6) PUFAa ara alao dacraaaad m cyloakalala*y
aaaoclalad PC

In 8M, aakjralad FAa aooounl lor approximatally 56 and 75% ol lha total FAa In myaln and
tha cytoakalalon, raapaclivaly (Tabla 6) Thaaa dklarancaa ara mainly dua lo a proportlonata

Incraaaa m cytoakatalaHy-aaaoclalad 16:0. Iha major FA In myatn SM Tha major dHlaranoaa
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Inth* mono«n« and PUFA oomam ol cytoakalalal SM are decreases In 24:1 and 22:2(n-6)
In th« cyk>tkolck>n

In summary, FA analysis ol Individual myelin and cyloskelelal apld classes, which was also
oonHrmed by lolal FA analysis (data nol shown), suggesled that the cytosheletally asaoclaled
apld ol myeSn Is enriched In all classes ol saturated FAs and depleted In monoenes, (n-6)
and (n-3) polyunaalurated FAs (PUFAs) and plaamalogont by oompartson »nth myeMn apM.
16 0 and to a leaser extent 20:0 and 24:0 are proponionalely enriched In the cytosKelelon
and monoenes (with the exception ol 24:1) are depleted, the PUFAs are reduced to
approximaleHy 26% and the plasmatogens to 50% ol their proponione In total myean apld
However, all the FAs present In myeln are also tound In the c)rtosKeleton, Indtceting that
Trtlon X-100 does nol prelerenllally solubiaze aplds that contain a spedllc FA chain

Mamsrt and Low. (1989) have shown that Band 3. a iransmembrane lon transport prulein
In red blood cells, oopurtliss with phosphoKplds containing long chain saturated FAs alter
non-ionic detergent treatment: their worli haa suggested that the light assoclallon ol Band 3
with long chain saturated FAs Is necessary tor stabltlzation ot Band 3, and Mls possible that

the enrichmeni ol saturated FAs In the cytoskeleton ol myelin may have a similar role

nun tnrtx .xxnclaie with the rvioskelelons ol nlioodendmcvlas altar ovifninhl

Although small amounts ol Cs-OMB-lIplds associste with the cytoskelelons ol
ongodendrocytes aher 2 and 6 h ol Incubation at 37<>C. overnighi Incubation Is necessary lor
these Spids to accumulate In the cyloskelelon; however, the relative amounts ot metabolic
products ol Cs-OMB-Cer remain constant attar 2 h ol Incubation (data nol shown)
Cyloskelelally assoolaled Cs-DMB-Iplds are mainly seen In a perinuclear location and some
Ihjoreeoence Is also present along the ma)or proceeses (Fig 37). By ooniraal, Ce-NBO-Cer
and Hs -8M and -Cb melabosies (LIpahy and Pagano, 1963) do nol assodate with the

cyloekalslone ol oSgodendrocyles under Ihaea oonditlont



Fkp 37 coipr«M>«ttonQf ¢~ DMBBDtdawithirfcviQaKwkrtnntnininortimrtfQcytti,

Olgo(t«rKkocyl*s at 4 d of dtHarantlatlon war« incubated with Cs-DMB-Car/OF-BSA tof 10
min at 37®C. waahad and Incubated at 3?oc ovem*ohl. Whole ceNe (A), or cytoehetetone
resulting from entractlon with Triton X-100 (C). were «*ed and enamlned by indirect
Immunotluorescertce. In unextracted cells, Cg-DMB-lIpld Ikiorescence (red channel) was
mainly m the cell body, with some fluorescence atong the ma*or processes (8). Cs-DMB-
Uplds were also associated with the cytoskeletons of oligodendrocytes, where the

tluorescerKe was present In a perinuclear location arvJ at the processes (0) Bart 10pm



Ce*NBO- and Cs DMB-Ctr ara vary cMHarant as regards thadr apaciral propartlas.
malaboUc fatas and abiHtias to labal intracallular compartmants: thla la thought to ba a
conaaquarKa of thalr tatty-acyl chain compoaiUons (Pagano at al. 1991) Tha NBO group
(aaa Sactlon 1. Fig 8} la polar and tanda to loop back (o tha polar raglon of tha mambrar>a
(Chattopadhyay and London, 1987. 1988), making tha sphingoalna backbona tha only
portion of tha molacula v*th a potantial for ambadding In tha mambrana Tha Hmitad
intaractlon of Ce-NBO-Hplda with tha hydrophobic cora of tha lipid bilayar may aoooum for tha
total axtractlon of thasa Ipids with non-lonlc datargant Sinca tha OMB group la mainly non-
polar and buMar than tha NBD group, DMB probably ramalr* aaaodatad with tha non-polar
region of tha marrbrar>a. which may account for tha abINly of DMB-Hplds to Iraaract with tha
cytoakalaton Howavar, since overnight incubation was nacaaaary In order to detect
aufticlanl Cs-DMB Uplda (mainly C5 DMB-SM) in tha cytoskalatona of okgodandrocytas, It ia
poaalbla that equilibration with cellular lipids and/or proteins may also ba of importartca for
intaractlon with tha cytoakalaton Cs-OMB-Uplds ara found in a pannudaar location and
aior>g the ma)or procaaaas of okgodandrocyta cytoakeletona. where microtubulaa ara also
located (Wilson and Brophy, 1989. Fig 36) Sinca microtubulaa ara Involvad m vesicular
transport (Paarsa and Robinson. 1990, Valias and Shpatnar, 1990. Pelham. 1991) and
microtubulas ara tha ma)or cytoakalatal structure in oligodarxlirocytas. both (o (Wood arx!
Bur>ga. 1984) and In cuRura (Wilson ar>d Brophy. 1989). thasa data suggest that Cs-DMB
lipids may continuously cycle In transport vasiclas that move along microtubulas and slowly
become corKantratad on tha tubulin cytoskalaton

Table 7 shows that following ovamighi incubation, the ratios of caMular to cytoskalalalfy-
assodatad andogarwus Hplds (control caHs) and unaxtractad to cytoakalatally-assoolatad Cs*
DMB-Ipids ara rather similar. Implying that Cs-OMB-lIpids may behave m a mannar simUar to
endogenous lipids ANhough Cs-DMB-SM Is tha predominant cellular and cytoskalataNy
assodatad malaboNia of Cs-DMB-Car. Cs-OMB-Cbs (approximatsHy 95% Cft-DMB-QIcC)
ara anrtchad In tha cytoskalatons of oRgodandrocytas after overnight Incubation This is
oonsistant with tha arwtchmani of endogenous Cbs In oligodandrocytlc cytoskalatons (Table
4) and tha anrfchmant of Cbs m the cytoskalatons of CN8 and PN8 myaRn (OiRaspla at al.

1969; Table 5).






RnhtnAttrurte /mtm\/to«kl*ion Qt Scfaitann caU«

Th« presence of OatC (Rg 36. 0) and Cs-DMB lipids (Flg. 38, 0) In tha cytoskalatorw o<
Schwann calla ahowa that assodatlon ol thata Npldt with U>a cyloakalaton la not Kmrtad to
oHgodandrocylas. Sinca In oMgodandrocytat moat ol tha Cs-DMB-Hpld la C5-DMB-SM aliar
ovamight Incubatlon (Tabla 7). C5 DMB SM may also asaodala with tha cytoakalatona of
Schwann calla.

Cytoakalaiaiiy aaaoclatad OalC oolocaHzaa with pahpharal nUcrofllamanta in immatura
oNgodandrocytaa and with tha cali body and procaaa-aaaoclatad microlubulaa In matura
oUgodarKtrocytaa (Flg. 36), which doaa not rallact tha parinuclaar diatributlon of QalC In
Schwann caN cytoakalatona (FIg 36). ANhough oKgodendrocytaa and Schwann calla partorm
tha aama function  vivo, thair morphologiaa and modea of myaVnatlon ara vary diffarant,
and It la poaalbia that cytoakalataliy aaaoclatad QalC in Schwann calla may hava a dlffarant

rota lo that In okgodandrocytaa






6.3 Dlacusslon
Immunocytoch«mi8try thow«d that OalC aatociates with th# cyloakalatoni of
oUgodandrocylea and Schwann calta. and In oUgodandrocytas thia waa oonlirmad by Kpid
analyaia Lipid analyala alao ahowad that by oomparlaon with total olgodandrocyta and
myaHn mambrana Ipida, cytoakalataNy aaaoclatad Ipida ara anrtchad In aphingollpida

Sinca aphingollpida ara alao ar>richad In tha cytoakalatona of both CNS arxl PNS myaHn.
thaaa Hpida may hava analogoua rolaa In both ayatama and thair cytoakalatal aaaoclation
may ba a praraquialta for myaNn function Much Information la currantly availabla about tha
rolaa of gar>gUoaidaa aa modulatora for tranamambrana aignala arxl madlatora of callular
Intaractlona (for ravlaw aaa Hakomoh, 1990), tha rola of aphingomyaln In auch Intaractlona la
baginning to amarga (Kolaanick. 1991) and Oyar arkf Banjamina. (1992) auggaatad that OalC
and auHatida may Indapandantly madlata Ca”” raaponaaa in oNgodandrocytaa Qm 3
colocaHraa with intarmadlala filamanta in human umbilical vain andothaHal calto (HUVEC)
(QIHard at al. 1991). but tha poaalbla aaaodatlon of gangHoaldaa with tha cytoakalalon haa
K>t yat baan Invaatigalad In myaHn arnf myaHnallr>g calla  SphingoHpld aaaodatlon with lha
cytoakalaton may tharafora madlata axonal oonwnunlcatlon and intracallular algnaHng In
myaHrtating caHa arxl myaKn

H la poaalbla that cytoakalataUy-aaaoclatad QalC and parhapa othar aphingoUplda may
madiata avarxa batwaan tha plaama mambrana ar>d tha cyloakalaton via Hnkar prolaina On
tha aurfaca of lymphocytaa. QM| gangUoalda undargoaa lataral radlatrlbutlon and forma
patchaa aftar birxfing cholara toxin, auggaating that QM| -toxin oomplaxaa may ba indkactly
aaaodatad with tha cytoakalalon via a tranamambrana componanl (Sahyoun at ai. 1961);
baaad on aimllar morphological char>gaa on oHgodandrocytaa attar antl-OalC traatmant. Dyar
and Banfamina (1969b) propoaad that 0aC may ba Important in tranamming tranamambrana
aignala and ragulata oHgodandrocyta manftbrana ahaal morphology by mdliractfy aaaodating
with microtubulaa via MBP

Although Gate aaaodataa with tha cytoakalalona of oNgodandrocytaa throughout
davalopmanl. mora QafC la aaan m lha cytoakalatona of matura oalfa, auggaating that aa

oNgodandrocytaa matura OalC aooumulataa m tha cytoakalalon Inyoung oaN cytoakalatona
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QalC it Hnktd to microtiltmtnit. that alto contain CNP (Wilton and Brophy. 1969): howavar,
in matura caH cytotkaiatont OalC coiocaHzat with nwcrotubulat, that contain MBP (Wilton
and Brophy. 1969) Tharafora. tha propotitton of Oyar and Ban(amint. (1969b) for a pottibla
lubuHrVMBP/0alC Hnkaga in tha cytotkalaton appears )ustifiad in tha cata of matura caNt.

CytotkafataNy-attodalad QalC nwy alto ba involvad in tha daHvary of moiaculaa to myakn
via itt IrMaraction with CNP and microfilamantt in young oUgodarxIrocytat. wharaat in
matura caNt OalC may participata In vatlcular transport and/or ttabilization of tha lubuHn
cytotkalaton via Ita irMaraction with MBP. Thus, tha intaraction of QalC with tha
cytotkalalorw of oNgodandrocytas ar® CNS myalin n>ay hava a rola In rr>yailr>ootr>atla (at
originally propotad by Qillatpia at al.. 1989) and in tha matura ahaath CytoakalataMy-
tttocialad QalC may hava timllar but not idantical functions In Schwann caHt tinea. unUka
in oUgodandrocytas. Schwann call davak>prr>anl it ur>dar axonal control (for raviaw taa
Jattan arxf Mirtky, 1991) arid tha cytotkalaton of Schwann callt contalnt aburxJani
intarmadiata filamantt (Kally at al.. 1992).

Saturated FAt (primarily 16:0) art enriched ar>d aH other FA dattat art daplatad in tha
cytotkalaton of CNS myakn. with PE. PC ar>d SM accountirtg for tha ma)or dlffarancat
Diacylglycarol ar>d palmitic add (16 0) form tupramolacuiar complaxat and are Inked to tha
adin cytoakalaton via a adirkn (Bum and Burger. 196S) Tha atfi'My of saturated FAt for
cytotkaiatont and their pottibla involvamant In aggregation was axampifiad by Packham at
al, (1991), who thowad that whan plataiats are induced to aggregate with thrombin
labalad taturatad FAt and In particular palmitic add are rapidly moorporatad in PC. whereat
“H-labalad unaaturatad FAt art axcludad Tharalora. It soomt that prafarantlal attodatlon
of taturatad FAt with cytoakalatorw. snd in particular palmitic add which It alto anrtchad in
cylotkalatally-ataoclatad myain PC and SM. may not ba unique to myaln and myalnating
caNt but might ba a gartaral macharttm promoting tha strong and rapid attodatlon of Iplds
with cytoskaiatont

Tha obaarvatlon that Cs-DMB* but not Cg-NBO-Npidt htvt tha potential to attodala wHh
tha cytotkalalon of olgodandrocylat and Schwann callt alto indicatat that acyl chain
compotlUon may prafarantlally détermina tha attodation of kpidt with cytotkaiatont. while

tha attodallon of C5 DMB-8M and *Cb wHh tha cytotkaiatont of oHgodarKkocytat
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7.1 Introduction
The cylosketoton is involvod in a vartaty of functions via iateral or sod-on inkaQSS to othsr
csihiiar oorr*orwnts. including moisculss in tf>s plasma membrans (tor rsvitw sss Niggli and
Burgsr. 1967) immunologically-rslatsd protsins that assodats with ths cytoskslaton can
havs diffsrsnt functions in ditfsrsnt call typas: spacthn in brush bordar microvilli (dansaly
packad spaciMzations of intastinal apithaNal calls) acts as a microtilamant cross Hnkar,
wharaas in synaptosomas spactrtn appaars to control tha furx:tton of tha glutamata racaptor
(SIman at ai. 1965) Tha rrtyalin spacific protains MBP and CNP assodata with tha
cytoskalaton of matura CNS myaHn (Parayra at al. 1966; QiHaspla at al, 1969) Dyar and
Ban)amins, (1969a) hava spaculatad that microtilaments may ba Hnkad with microtubulaa
and with CNP in cuNurad oHgodandrocytas In lhasa cells CNP iniaracts with microfilamants
during process axtansion, wharaas MBP Interacts with microtubules throughout davalopmant
(Wilson and Brophy. 1969) MAO also interacls with the cytoskelaton in myelin (Parayra at
al. 1968). and Trapp at al.. (1989a) hava proposed that since oMgodandrocylic MAO is found
in muRivasicular bodies (MVBs). this protein may ba associated with an andocytic pathway
that originatas in the periaxonal membrane of CNS myelin Intemodas and terminates in tha
parinuclaar cytoplasm

These data suggest that tha compositions of myelin and oligodendrocyte cytoskalatons
char>ge durir>g developmant arxJ that such changes could be impodanl in myeNnation
Therefore. irMial experiments ware aimed at examining which myaNn-spadfic proteins
associate with the cytoskalaton at the onset (postnatal day 9, P9) and durir® active
myelinalion (P15). An examination of the protein composition of tha myaNn cytoskalaton
durlr>g davalopmar>t might provide dues about the roles of irxtividual components of tha
cyloskalalon during myalination Therefore, ral CNS myelin from these davalopmantal
stages was axtradad with Triton X-100 in (ha manner dascribad by Omaspia at al. (1969)
and tha prasarwa of myaln spadfic protairw In tha cytoskalaton was astabMshad by Waetam
blotting AddNionaliy. it was hoped that daglyoosylation of datargent-solubla and Inaokibla
myelin fractions foUowad by Immunoblotting would indicate which MAQ Isoforms assodata
with tha cytoskaiaton during davalopmant

Tha locaHzalion of MAQ in young and matura oNgodandrocytas and Ms posalbla association
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RwuHs

Th~ pm ftn cofnpQmrtiQn ni th« cvtoakalton o! rat CNS mvlin ifirf— 1 \n OOfTBitlitV ttidPO

Th« my«Hn «xtractton bufitr tytttm wat tattad on adult rat CNS myaMn by ataantlally
rapaaling tha Immunobtotting axpartmanti ot Olllaspta at al.. (1969) with Idanilcal rasuNt
(data not shown)

Tha myalln cytoakalalon from P9 artmalt confalna approximalaNy half tha tubuNn and half
tha 21 5. 18 5 and 17.0 hDa MBPt but vary Httla acttn and no CNP (Fig 39) Tha aaaodatton
of tha MBPt arKf tubuHn In tha myaNn cytotkalaton balora activa myaUnatlon may ba
Important m attabUthIno a foundation upon which tha myalln thaath WiN avantuaNy ba bulH
Approxlmataly haN tha actln, all Iha tuboHn and motl of tha MBP and CNP polypaptkJat ara
found In tha cytoahalaton at P15 Thata ratuRt show that tha attodatlon of tha 21 5. 16 5
and 17 0 kOa MBPt with tha myaHn cytotkalalon pracadat that of actln and CNP. tha
attociatlon of CNP and F-acUn with tha cylotkaiaton at P15 may maan that thata protalnt
ara Important durlr>g activa myaknatlon Tha distribution of CNP batwaan tha datargant-
tokibla fraction and tha cytotkalaton ratamblat that of actln at P9 arid P15. ratpar”lvaly All
tha CNP la datargam tokJbla al P9 and most of tha tmalla: pofypapfida (CNP1) and all tha
CNP2 ara aaaodalad with tha cytoakalaton at P15. Tha finding of CNP and F-actin in tha
myalln cytotkalaton at P15 may Indicata that F-actin It Involvad m tha daUvary of CNP to
myaUn ar>d supports tha aarUar proposal that cytoskelatally-ataociIMad CNP and F actin
iritaract In tha paripharal procattat of immalura ohgodandrocyiat (Wilton ar>d Brophy,
1969)

Al P9 tha 21,S kOa MBP It anrtchad In tha cytoskalaton. tNt MBP polypapHda It totally
asaociatad with tha cytotkalaton at P15 and lha atudiat of Parayra at al.. (1966) and
Olllaapla at a l. (1969) hava thown that tha 21 5 kOa MBP it axclutivaly attodatad with tha
cytotkalaton In matura myalln. Thata dala tuggatl Ihal althar pott-trantcrtptional
modification may inlluanca tha axtanf of Intaraction ol lha 21 S kDa MBP with tha
cytotfcalaton and tha form that dltplayt tfrong affirkty for iha cytotkalaton pradommatat
during activa myatnallon and In aduN myalin. or lhal Iha pratanoa of microlliamanit (which

ara attanllally abtani from P9 myalln) may ba nacattary for aH lha 21.S kOa MBP to



Fin J9 Th« (Lldi».ilken ol fH CNS mv«in nmldn«h Iw n 1IM Tmon (S! mnri .
rvto”.l.tnn ICI irndlon« ctiiinn dnvniQamirt.

R « brain myalln Irom poalnatal dayi = and 1S (P9 and PIS) was axiractad wNh Triion X-100 aa

daacrtbad In Mataitala and Malhoda Tha dialrlbullon ol prolaina batwaan tha datargam-

aolubla and cyloaKalalon tradlona waa damonatratad by Waalam blottino CNP oo-dialiibutad

y»Nh aciin and Ihadlalilbiillonol tha 21.5, 1S 6 and 17.0 kOa MBPa raaamblad thai ol tubuln al

PB and PIS, raaptctivaly. Tha 14.0 kDa MBP, which wat noi dalactad al PB. dittilbutad Ika

aotnalPIB



aMOdat« with ttia cyloakalaton

Approximately haN o( the 18.5 and 17.0 kDa MBPS are found In tne myelin cyloskeleton at
P9 and these MBPS are totally associated with the cytosKeleton at P15. The distrlbutione of
the 21.5, 18.5 arxl 17.0 kDa MBPS between the detergent-soluble fraction and the
cytoskeleton of myelin, reflect those of tubulin al P9 and Pi 5. respectively, suggestir’g a
structural relatlonehip between these proteins durtr>g development. Since approximately half
the 18.5 and 17.0 kDa MBPs from mature rat CNS myelin are detergent-soluble (OiHespie et
al.. 1989) while at P9 these proteins are associated with the myelin cytoakeleton. It Is
possible that total association with the cytosKeleton is only necessary during the period of
active n>yellrtation.

The 14.0 kDa MBP is not delected in myelin al P9 but is present at P15, when Hdistributes
aknosl equally between the detergent-soluble and -insoluble fractions This data and those
of others (Barbarese et al. 1978: MoreN et al.. 1984) indicate that the 14 0 kDa MBP appears
later than the other MBPS ar>d persists In aduR myelin The fir>ding that the 14.0 kDa MBP,
CNP aixJ microfilaments associate with the myelin cytoskeleton at approximately the same
time, and data showing that this association persists in aduR myelin (Gillespie et al. 1989:
Pereyra et al. 1968) suggests that the 14 0 kDa MBP. CNP and F-actin might Interact during
active myeHrtation ar>d In mature myeHn

AN the PLP arxt DM20 are detergent-soluble, both al P9 arxl Pi5 (data nct shown), as was
previously demonstrated for mature rat CNS myelin (Gillespie et al. 1989)

The distributtons of actin, CNP and tubuNn between the detergenl-soiubie fraction and the
cytoskeleton al P15 are very similar to those found by Gillespie et al.. (1969) and Pereyra el
al, (1968) tor mature myelin, ir>dicalir>g that their pattern of association proteins with lhe
myein cytoskeleton may have already been established by PIS By contrast, the panem of
association of MBP wRh the cytoskeleton char>ges throughout development arxl ntay only

become established in mature myeHn.

UAnN Ih” mwHn cw tolflion Airing mwaMrulton
Western blotting indicates that MAG associates with the cytoskeleton of CNS myein at P9

arv] P15 (Fig. 40) Most of the 8-MAQ associates with the cytoskelston at P9 arki this may
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Fio. 40 Thweocicikin.ilMAQiiciinih«nnvdline»lQrkelelQniiunnQd«vekipfnBnl

Rai CNS myaln Irom potilnalal dayi S and IS (P9 and P1S) wat aitractad wllh Tnton X-I00
Equal vokjmat ol dalarBtnl aolubla (S) and Inaokiblt cyloakalalon (C) fractiona wara
Incubaiad In Iha abaanca (A) or pratarxia <S) ol andoglycoaldaaa-F and Iha dlaldbullon ol MAQ
waa ahown by Waalarn blonino MAQ waa pradoimnanlly (P9) or a>cluslvaly (P15) aanodalad
wnh lha cyloikalalon Slgmncam amounit ol Iha amali (S-) and larga (L-)MAQ polypaplldat

wara dalargam solubla al P9 oniy



nwan lhat S-MAQ and th* 21 S kOa MBP (Flg 39) ara tha «rat myaln apacHIc protalna lhal
aaaodala wtth tha cyloakalalon ol CNS myakn Tha alrong aaaoctallon ol MAQ «tth tha
cytoakalalon paralata at P15 (Flg 40) and MAQ la annchad m tha ortoakalalona ol CNS and
PNS myalln Irom 4-6 waak old animala (data noi ahown)

A ama* bui algrailcant amouni ol S-MAQ and all ol tha L-MAQ ara dalargam-aolubla at P9
(Flg 40. Panai S), wharaaa al P15 bolh ol tha MAQ polypaplidaa ara cyloakalalally-
aaaodatad (P1S. Panai S) Tha dlatribukon ol MAQ batwaan tha dalargant-aokibla Iraaion
and tha cyloakalalon at P9 and P15 raaamblaa lhal ol lubuin and tha 21.5. 16 5 and 17 0
kDa MBPa. bui noi Ihal ol acan and CNP (compara Figa 39 and 40)

InCNS and PNS myaln Irom 4-6 waak old rat. S-MAO panitlona malnly and L-MAQ tolaHy
wHh tha cyloakalalon (raaulla noi ahown) Al ima aga. lha dialribullon ol MAQ batwaan Iha
datargani aokibla and cyloakalatal Iracllona raaamblaa tha diatnbullona ol lubukn and tha
21 5. 16 5 and 17 0 kDa MBPa (<3lllaapla at al. 1969); Ihla may Indicala Ihal lha imaiacllon
ol MAQ. lubulln and tha MBPa wllh tha cytoakalalon ol myalln la Important lor tha

alabmzatlon ol aduk myatn

MAQ ewloak.wiru' Ira.rarainna In ninnrtandmcvlaa.

Okgodandrocylaa al 4 d ol dlllaranilallon (Flg 41. A) bava amaaar cali bodiaa and laaa
axtanaiva procaaaaa In oompartaun wllh ihalr mora matura 14 d coumarpana (Fig 41.0). in
Immatura okgodandrocylaa. microlllamaraa ara raathctad to partpharat procaaaaa (Flg. 41.
B). wharaaa MAQ la lound al Iha cali body and m lha cali partphary whara Il colocakiaa w«h
micromamama (FIg 41. O lo auppon ol Itila aaaoclallon. Trappal al. (1969b) hava ahown
that MAQ oolocakiaa wilh aclin In Schwann calla Extracllon wilh TiMon X-100 Indicalaa lhal
MAQ doaa noi aaaodala wllh iha cyloakalalon In Immatura okgodandrocylaa (data noi
ahown) WIlaon and Brophy. (1969) damonairaiad lhal F actin and CNP colocak/a In lha
partphary ol Immalora oMgodandrocylaa and Ihair cyloakalalona. Sinca MAQ. CNP and
microlUamanla ara lound In Iha partpharat procaaaaa ol Immatura oagodandrocylaa whara
MAQ doaa noi aaaodala wkh tha cytoakalalon. a la poaalbia Ihal waak imaracllona batwaan

MAO and allhar micioaiamanla or CNP may ba Invohrad In Iha tranaport ol MAQ to myakn



Fin 41 MAO t~locaUi« willh mirrolilimiinn in Ihe« «onojlinti procws«c Ol limnaluf»
nhnodandrQCyfl.

0 2A progcenliort wer* permittad lo omoroniiale lo oKgodandiocylot lor 4d (A. B and O or 14
d (0. E and /n. raapacllval». In dallnad madlunvIN FCS. Tha callawara lixad and procassad
lof lluoraacanca nacroacopy ualng phalloldIn-TRITC (a tlain lor microlllamanit) (B and £) and
ami-MAQ (FITO) (C and F), MAQ and microlllamania colocallzad In Iha procatsaa ol
oKgodandrocylaa al 4 d ol dlllaranilallon. wharaat MAQ wat ratliriclad lo lha cali body ol
malura otigodandrocytat Ihal ara davoid ol irtcrolllamanit An ailrocyla Ihal doat oomaln

naoroMamanii la taan m Uta lop lall oomar m Oand E. Bar: 10 mm



Malur« oHgod«r>drocyt«t 60 not contain iniarmediate lilamanU and (ha abaanca o(
microtUamanta wat ahown by Wllaon and Brophy, (1969) and confirmad by thaaa
axpartmama (Fig 41. E); tn thaaa calla. MAQ la (ound predominantly but not axclualvaly at
tha cali body (Flg. 41, F). | apaculaiad that H MAQ doaa aaaodata wHh tha cytoakalaton o(
matura ollgodandrocytaa, it may do ao with microtubulaa. Tha data ahow that
oHgodandrocyta cytoakalatona praparad trom calla at 14 d ot dinaranilatlon (Fig. 42 D)
contaln MAQ. that daoorataa microtubulaa al (ha cali body and caMular procaaaaa (Flg. 42. E
and F). all tha MAQ la cytoakatalaUy aaaodalad at thia davalopmantal ataga in cuKura (Flg
43) Tha diatrtbutlon paltarn ol MAQ In tha cytoakalaton raaamblaa that ot MAQ In
oHgodandrocytaa on aactiona trom brain and apinal cord (Stambargar at al. 1979) Thaaa
raaulta auggaat that MAQ and lubuUn probably Intaract In tha cytoakalatona ol matura

okgodandrocylaa and CNS myalin (Flg 40)



Fio. 42 MAH trfiuMn in thm cvtQ»K«fton 01 mJIUfE mnnrt*nrtnvM”a.
OHgod«ndrocyt«t «t 14 d ol difl«rntlation {A, B and C) or thair cytoskalalona (O. f and F) wara
(ixad arxj procaaaad for doubla Indiract Immurwfluoraacanca ualrig anti-lubuHn (TRITO) (0 and
E) and an« MAQ (FITC) (C and F) MAO oodittnbutad with lubuHn In tha caN boolat and In tha
ma)or procaaaaa of matura oNgodarxlrocytaa (0 arxl C) and lhair cyloakalatont (f artd F)

Bar I0Omm






7.3 DtacuMk>n
Interaction« between the cellular cytoakeleton arxj the plaama membrane have been
implicated in the oorMrol of cell shape and movement in a variety of cell types (tor review see
Carraway and Carothers. 1969) ar>d the extension of myelinating processes from an
oUgodendrocyte raquires a drastic change in cell nx>rphoiogy that probably Involvee the
ceHular cytoskeleton (Witoon and Brophy, 1969) The assodalion of myetin-specMic proteins
with the cytoskelaton« of CNS myelin (Pereyra at al. 1966. Qillespie el al. 1969) and
oNgoderidrocytes (Wilson ar>d Brophy, 1969) indicated that specific association« may exist
between either MBP arid tubulin or CNP ar>d actin in myelin and In oHgoderKtrocytes The
present data show that the cytoskelelons of myelin ar>d oligodendrocytes increase In
complexity durir>g active myellnation PLP ar>d OM20 from mature rat brain myelin are
solubilized totaHy by detergent (Qillespie et al. 1969. respectively) as are PLP ar>d OM20
from P9 arid PIS rat brain myelin. suggestlr>g that these proteiris do net Interact with the
cytoskeleton of rat CNS myelin

The late appeararK®e of the 14 0 kOa MBP in myelin (also shown by Rousel and
Nussbaum. 1981) suggests that this MBP may have a specific role during the late stages of
myeNnalion Since the 14 0 kOa MBP is the only MBP polypeptide that co-distributes with
actin. CNP arv lubuHn at aN times during development, it Is possibi« that the 14 0 kOa MBP
may be involved in hr>king CNP/microfilament with MBP/microtubule complexes This r>otion
Is supported by the Triton X-100 solubilization of both CNP and actin in P9 myeHn when the
14 0 kOa MBP is not yet expressed, and by experlmenle where specific disruption of
oHgoder~drocyte microfllaments resuNs In the simultarteous disruption of microtubules (Dyer
and Ben)amir>s. 1909a) Therefore, owing to the late developmental expression of the 14 0
kOa MBP. macromolecular CNP/microfilamenl/MBP/microtubule complexes may only stan
forming during the period of active myeHr atlon and persist in mature myein

The enrtchment of the 21.5 kDa MBP In earty myelin and its strong association wHh the
cytoskeleton throughout development is In support of a tormattve and'or stabilizing role for
this MBP m myelin, as was previously proposed by Gillespie et al. (1969)

CNP2 is not assodated with the myelin cytoskeleton at P9 but Is found In the cytoeketetons

of P15 and 4-6 week old myein. Since CNP2 Is the only known myelin protein that Is
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phoBphorylal«d in a cAMP-dapandent mannar (Bradbury and Thompaon. 1M4). Hla pottibia
Ihat cAMP-dapandant phoaphorylation ot CNP2 may only inveiva tha cytoakalalon during
activa myaHnation and in matura myakn Howavar. ainca tha axpartmanta ot Bradbury and
Thorrraon (19B4) wara partormad with myalin trom adult animato, it ia not knovm whathar
cAMP-dapandant phoaphorylation ot CNP2 may alao occur during aarly and activa
myaHnation. whan phoaphorylation may ba raiatad to aaaociation with tha cytoakatoton

ANhough radioactiva fucoaa labaHng ot rat brain ai dtltarani agaa indicaiaa that thara may
ba a changa in tha MW ot MAO during davalopmant (Ouartaa at al. 1963/S4). it waa not
poaaibia to aacartain whathar thia changa occura in tha polypaptida or cartwhydrata portion
ot MAO In rat ar>d mouaa. tha mRNA coding for L-MAO ia tha domir*ant MAO mRNA at
Pts. whila tha mRNA coding tor S-MAO dominataa at P62 (Frali and Brown. 1984); howavar.
it haa rtavar baan oortcluaivaly ahown thai tha raiativa lavala ot daglycoaylatad L- and S-MAO
polypaptidaa toMow tha aama davalopmantal aNtt aa thair raapactiva mRNAa Tha ttnding
that in P9. PIS and 4-6 waak oid rat CNS myalin. S-MAO ia tha pradominant MAO
polypapttda, auggaata that poattranacriptionai ragulatton and not tha raiativa lavala ot MAO
mRNA may ba raaponaibia tor tha arrxxinla ot L- and S MAO polypaptidaa m myalin Such
ragulation ot myaHn (and othar) protaina ia oommon and waa atoo lound in PLP and DM20,
whan at aarly agaa tha raiativa lavala ot thair raapactiva mRNAa do not corraapond to tha
raiativa lavato ot PLP and DM20 (LaVina at al, 1990) Tha aaaociation ot MAO wHh tha
cytoakaiaton ot myaHn waa ahown pravioualy (Parayra at al.. 1966). howavar, Ihaaa ara tha
tirat data to ahow which and how much ot aach MAO polypaptida aaaodalaa with tha
cytoakaiaton during davalopmant and thai MAO only aaaodalaa with tha cytoakalalon ot
larminally dittarantiatad oHgodarxIrocytaa

MAO ia thought to craata and maintain tha axorvmyalm appoaition (Ouartaa. 1963/64) and
S-MAO. tha dagiycoaylatad torm ot which primarlly partitiona with tha myaHn cytoakaiaton
throughout davalopmant. may ba involvad in ratrograda tranaport In oHgodandrocytaa (Trapp
at al. 1969a) Smea ratrograda trarwport involvaa microtubuiaa (tor ravlaw aaa Turnar and
Tanakotf. 1969). tha poaaibiHty that MAO may ba involvad in auch Iranapon la aupporiad
turthar by tha ooiocaNzatlon ot MAO and microtubuiaa in tha cytoakalatona ot myaHn and

matura oHgodandrocytaa Tha pailicuiarly apacilic Hnk batwaan MAO and lubuHn ia
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ex«iT kli«d tn P14 my«Hn at waU as in cuMurad oKoodendrocytat at 14 d o( diftarantiation.
whara Wastam blotting shows that all tha MAQ it found in tha cytoskalatal traction Trapp at
al. (1969a) showad that MAQ is prasani in muNivaatcular bodias (MVBa) in oligodandrocytas
i07iifi. and MVBs ara sin®iar in structura to tha MAQ anrichad vasiclas that Starr>bargar at
al . (1979) obsarvad in oHgodar>drocytat ttainad with anti-MAQ on thin sactiont It Is
tharafora attractiva to hypothasiza that tha punctata pattern of MAQ staining that is obaarvad
in tha procassas of oUgodarxlrocyta cyloskaialont may reprasant MAQ-anrichad MVBs in

strong association wNh microlubulaa during ratrograda transport.
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8.1 Introduction
Th« phosphorylaMon tial« ol prolaint reprcaantt a dynamic balanc« b«tw««n th« activttias of
phoaphalasat and kinaaaa. Phoaphorylation/daphoaphorylation «v«nia Ikad to changea in
th« aiructur« of my«Nn prolaina (Ramwani and Moacarallo. 1900) and ditfarancaa in tha
phoaphorytation atata of myaHn-apacific protaina may détermina tha flexibility wHh which they
interact la xIxG  Myaiin mambrana flexibility may thua ba d«t«mir>ad by protein
phoaphorytation at diffararM raaiduaa on tha polypaptida backbone, which would dapand on
anuill diffarartcaa in protain aaquanca and the apacificitiea of anzymea availabia at different
loci

Phoaphorylation may control the interaction of cytoakaiatal protaina vxth or>a ar>other
and/or other cellular proteine, aince diaruption ol phoaphorylation raaulta In an aberrant
organization of tha cytoakaiaion in retinal ganglion neurone (Nixon at al. 1907). Pathogenic
accumulation of abnormally phoaphorylatad cytoakaleial protaina la charactartatic of aavaral
r>aurod«g«neralive oonditiona. auch aa Alzheimer a diaaaaa. Pick a diaaaaa. amyotropic
lateral adaroaia arxl Parklnaor>a diaeaea (Johnaon ar>d Jopa. 1908) Oiliaapi« at ai. (1969)
ahowad that tha cyloakelalon of CNS myakn la atrongly aaaodatad wNh apactfic protaina »nd
they apacuiatad that the ravaraibia phoaphorylation and daphoaphorylatlon of thaaa prolairw
might regulate intaractiona between the mambrana and tha cytoakalaton Therefore, thia
initial aludy aimed to aaaaaa
a) if cytoakalataily-aaaociatad myaHn-apacific protaina are a dialinct aubaat. aa dialir>guiah«d
by tha extant of their Iy yius phoaphorylation arxf
b) tha poaaibi« affect of phoaphorylation on tha degree of aaaociation of proteine with tha
cyloekaiafon

In order to anawar thaaa quaetiona. rat CNS and PNS myaiin waa phoaphorylalad with (y-
37P)ATP. extracted with Triton X*1(X} arxl th« protaina of the datargant-aolubla traction and
the cytoakaiaton war« ar>aiyz«d by immurM>blottir>g artd autoradiography  Thia atudy
permitted a diract oompartaon between iha amounta of my«Hn protaina that war« either
aaaocialed with tha cytoakaialon or axtractad by dalargani and 8>a relative axtenta of thair iq

yUtO phoaphorylation
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MBP» that with thmcvtoakatoton nmmPhoanhofvlafd haavUv than TfHon X-
:Q«U acltrta MBPI,
Th« partittoning ot myén-épéctuc prcX«int b«twecn the tolubi« and cytotkalaton (ractiont
was indapandant ot io vttro phospbofylatton ind/or tha pfessnc# of cAMP (data not shown)
Qiltospto at al., (1M0) showad klanitcal protafn distributions tor rK>n'phosphorylatad 4-6
waak old rat CNS myaNn Sinca tha axiant of myalin prolain association with tha
cytosKalaton Is not controNad by in vitro phosphorylation, amino acid rasiduas at. or In
proximity to. tha oontact sitas with tha cytoskalalon might not ba phosphorylatad

Tha MBPS ara tha ma)or group of phosphorylatad myalin protains In tha sokibla traction
(Fig 44. Panai A2 and B~ Ottha tour MBP variants (21.5, 16 5. 17.0 and 14.0 KDa) found
in rat CNS ar>d PNS myaln. tha 21.5 kOa MBPS ara axclusivaly and tha 17.0 kDa MBPs
pradomlinantly assodatad with tha cyloskalaton (Panai Aland BJ) Although tha 16 5 ard
tha 17.0 kOa MBPs from both CNS and PNS myaKn ara enrichad In tha cytoskalaton. thasa
protains ara mora haavlly phosphorylatad in tha soluble traction In contrast, tha axtant of
phosphorylation of tha 14.0 kDa MBP raflacts Its ralativa abundanca in tha solubla ar>d
cytoskalatal fractions, both INnCNS and PNS myaNn As a gar>arai rula, tha MBPs which ara
anrichad In tha solubla fraction ara phosphorylated to a graatar axtarM than thair

cytoskalafally-associatad oountarparts.

PLP and DM2Q ara not phoephorvlaled In CNS mvelin and detefgenl SQiuble Pq is
Qhoaohorviefd la mptmMmr mvinmt rAmkmimtMliv Misocimimti Po
Whan phosphorylalad or non-phosphorylatad rat CNS myaln is axtractad with Triton X-100.
PLP arwl DM20 ara complataly solubiliad. as was aiso pravlousiy shown by GUMaapla at al..
(1669) for non-phosphorylatad myaHn PLP and DM20 ara rkst phosphorylatad by (y-
>2p|ATP laiDm (Fig 45. Pan« Ai)

ANhough Po. Iha major protain In PNS myaNn. Is anrichad In tha cytoakalaton (Fig 45.
Panai Bt arxf BJ). dafargant solubla Po Is phosphorylatad to a graatar axtant (Fig 45. Panai
s2)

In surrwnary. lha pradomirtant CNS and PNS myaln protains thai wara phosphorylalad
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DhQ&DhQrvlaliQn
Ral CNS (4) Of PNS (fl) my«lin was pho»phorylaf«d in yilm with (y-32p | ATP and !ha distributton
ol proteins between the soluble and cytoskeleton fractions was analy2ed by Western btotting
ar>d autoradtograpby

Panel At and Bt nitrocellulose transfers of soluble and cytoskeleton fractions stained
with 0.1% Am»do Black Parcel A? artd 02. autoradiograms of the transfers in Par>el 1. Par>el
A3 and B3 Western blots showing the distributions of PLP and DM20 (A) and Po (0) between
the solubie and cytoskelelal fractions PLP and DM20 were totally extracted by Triton X-100
(Panel A3) and were not phosphorylated (Panel A2). Although Po was enriched In the

cyloskeletal fraction (Par>el 0J). rrwre (y-*"PJ label was irtcorporated In soluble Po (Par>el 02).






iQ vitro (th« MBPS «r>d Po) also associatsd wHh the cytoaketeton, artd the detergent-solubte

proteins were phosphorylated more heavily.

The« rt t>hn.nhnn/UI* CNP2 in ttl« DfW«tIC« Ol CAMP.

The 46.0 kOa (CNP1) ar>d 48 0 kDa (CNP2) polypeptides of phosphorylated CNS and PNS
myelin do not associate with the cyloskelelon to the same extent (Fig. 46, Panels A4 arKi
04); identical results were obtained for non*phoephorytated myelin (data not shown). CNP1
partitions equally between the soluble fraction and the cytoskelelon. whereas CNP2 is
enriched in the cytoskeleton. both in CNS ar>d PNS myelin; analogous distributions were
shown for the CNPs of rat and rabbit CNS myelin (QiNeapie et al.. 1989. Pereyra et al.. 1898,
respectively) . Fig. 46 (Partels A1 and B1. A2 ar>d 02; /~3and 03) shows that CNP2 from
CNS myelin  the main myelin protein that can be phosphorylated in a cAMP-dependent
manner | vitro ar>d that In CNS ar>d PNS myelin CNP2 is the mafor phoephorylated form of
CNP. Although some stimulation of CNP2 phosphorylation by cAMP is observed in PNS
myelin (Fig. 46. Panel 03). this effect is much less pronourtced than the correeportdir>g one
in CNS myelin (Fig. 46. Partel A3). Remarkably, the enrichrrtent of phoaphorylated CNP2 in
the detergent-soluble fraction of PNS myelin does not reflect the enrichment of this
polypeptide in the cytoskeletal traction (Fig. 46. Par>el 04) These résulta show that in the
preserKe of cAMP. CNP2 from CNS myelin irworporates much more It” P ] label than CNP2
from PNS myelin. The CNP2 polypeptides from CNS arxl PNS myelin also differ in that the
main phosphorylated species associates with the cytoskeleton in CNS but is detergent-

soluble in PNS myelin
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Fin. <6 Ptiomtiorvlalion ol mv«Ln In Ih« Drecwence ol cAMP «nd ih« diilrtbuilon ol CNP
tMIWMn Ih« dalBfMnnolubl« (Si «nd linolubl« cvlolK«l«lon (CI Irjrunn.

Rat CNS (*) and PNS (O) myaNn waa phoaptwrylalad Ul vitro with ly-3*P|ATP In iha praaanca
(*) or abaanca (-) ol CAMP than ailractad with Trtton X-100. Tha diatttbullon ol prolalna
batwaan tha aolubla (S) and cytoahalalal (C) Iractlona waa analyzad by Immunoblolling and
autoradiography.

Panola Al ar>d B1 aro auloradlogramt of myolln prololna rosofvod by SOS-PAQE aftor
phoaphoryiallon cAMP prodomInanlly alirrxilaiod lho phoaphorylalion of CNP2 from CNS
mytlin. Tht dialribution of phoaphorylaled CNPi botwoon lho aolublo arxl cyloakoloial
fracliona in iho absonco or proaonco of cAMP la ahown In Panol A2 and B2, arxl A3 and B3,
reapecllvoly. Woatern blolting (Panola A4 and B4) ahowa that In both CNS and PNS myoNn,
CNPI diatrlbuioa equally between the aokible arxf cyloakeloton fractlona while CNP2 la

enriched in the cytoakeleton






=.3 Discussion

TMs study sDowsd that most mysKn-spscMic protsins. with ths notsbls sxcopllons of PLP and
DM20, are phosphorylalsd lo tfitro. in aorssmont with the consensus of previously published
data (Aprawal et al. 1962.1990. Madeneon at al. 1983; Ulmer at al.. 1987; Vanarian atal.
1986. Deibler at al . 1990; Ramwanl and Moscarello. 1990; Wiggins and MoreU. 1960;
Bradbury et al.. 1984)

With the exception of CNP2. phospborylated myeMn-specific proteins pariitk>r>ed between
the detergent-soluble fraction and the cytosKelston Since the proteins in the soluble fraction
were phosphorylated to a greater extent and their degree of association with the cytoakeieton
was ir>dependent of phosphorylation, contact with the cytoskeleton may inhibit
phosphorylation for stertc reasons ANematively. or perhaps additionally, dinerent charge
isomers of proteins such as the MBPs (Marteneon et al. 1989) that are phosphorylated on
different amino add residues (Ramwanl and Moscareilo. 1990). may have conformatlorM that
either permit or forbid assodation with the cytoskeleton In support of the involvement of
phosphorylation in conformational changes in MBPs. Deibler et al. (1990) have shown that
when oorrpor>ere 3 of the 18.6 kDa bovirw MBP is monophosphorylated on threonir>e 97 (o
vitro ns CD spectrum changes to a 13% more structured conformation involving 17 amino

add residues in p structures Qiiiespie et al. (1989) have shown that a spedfic subset of

sphir>goiipido also assodales with the myelin cytoskeleton. therefore the availability of a

complex mixture of MBPs with an inherent high degree of cortformational adaplabiliiy
corttroSed by phosphorylation, could be a distinct advantage during the interaction of the
MBPS with various combinations of proteins and Hpids in the bilayer Therefore. assodatiorM
that may involve phosphorylation in control of dynamic interactions in the cytoskelefon may
also contribute m myein flexibility

The CNPs are phosphorylated 4 yiyg by protein kinase A in the PNS and by protein
kinase C m the CN8 (Agrawal et al.. 1990) m oonirasi lo CNPI.CNP2 In CN8 myelin has
‘nuRiple phosphorylallon sites arxf Ks cAMP-dependent phosphorylation  yttca Is exclusively
by an intrinsic Type | kinase (Bradbury et al. 1984) CNPs pnmailly associate with single or
loosely wrapped ATP-rich membranes in oontaot with Schwann ceNs or oligodendrocyte

cytoplasm (Trapp et al. 1988), which makes these proteins Ideal
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phosphorytaik>n/d«phoftphorylatk>n targets by ratidonl kinatat and phosphatatet
Phosphorylation of CNP nuy tharalora ba important in ragulalirtg caN-call Intaractions by
causing raorganization of tha myavVn mambrana via Iha cylosKalaton cAMP-dapandani
phosphorylation tor CNP2 may ba a spacHic CNS raquiramanl. anabling tha oligodandrocyta
to raspond to cyclic nuclaolida signals sant from various axortal contacts by salactivaly
sNaring its cyloakalaton Phosphorylation of CNP might affact aN tha typas of cyloskalatal
aiamants. sinca Dyar and Banjamlins. (1969a) hava shown that CNP. microtubulas.
microfilannants arxl MBP may ba Hnkad in olgodartdrocylas Phosphorylation of CNP may
also ba Involvad in tha ragulation of microfilamant-dapar>dant procass axtansion and tha
dalivary of compor>anls from young oHgodandrocytas to myain, slrtca Wilson and Brophy.
(1969) hava shown that CNP raacts strortgly with microfilamants In tha axtramitlas of
aiongating myaHn-llka procassas

PLP and DM20 ara not phosphorylatad in vitro and do not partition with tha myaNn
cytoskalaton In rat. lartding furthar support to tha proposal that phosphorylation may ba a
machanism rasponsibla for controlling dynamic procassas batwaan tha calluiar marrtxana
and tha cytoakalalon By contrast, tha mafor PNS myalin Iransmambrana glycoprotain Po.
which was pravtousfy implcatad in homotypic can-call intaractions m transfactad HalLa caNs
(O'Urao at al. 1990) is phosphoryiaiad id vitro ar>d a significant porlion of Po partitiorts wHh
Iha cytoskaiaton; thasa rasutts suggast thM tha cytoskalaton of PNS myalin and possibly
Schwann calls might ba involvad in myalin-axon intaractions via lha ravarsibta
phosphorylation of Po.

Sinca protain eyeing batwaan lha mair*Kana artd tha cytoskaiaton may also ba imponar«i
for myain function, phosphorylation might addHionaly raprasant a simpla way for myalrtating
callo to partition aolafy mambrana from cytoskalalalty-associBlad protains

Phosphorylation of myaln-spacific protains can now ba oortsidarad in farms of thair
assodalion with tha cytoakalalon. artd It is possibia that phosphorylation may ba a ganaral
machanism in control of spadalzad and/or dynamic furx:tions for cytoskaiataNy-assooiatad

protains In moot oats
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9.1 Introduction
The rufnpshakor (ran) mouM was racanily raoognizad at a CNS myaNn mutant wHh an X-
Nnkad tnharttabla dafact In PLP gana axpraaaion (Qntfitht at al. 1990) AHhough othar X-
Hnkad PLP mutants ara notad for tavara laaiorw. in haiaroxygota ra/i tamatat no major CNS
hypomyaNnatad or amyaUrtatad araat axlat, with ma axcaptlon of hypomyaNrtalad flbart in
tha spinal cord (Fanarraga at al.. 1991) This mutant is unusual in that haahhy
oHgodarxIrocytas with wal prasarvad sacratory pathway orgar>allas ara Incraasad in numbar
but do not alaborala normal myaNn in brain A comparativa study of tha optic narva and
spinal cord in rh showad that tha myalin shoath in tha spinal cord is abnormally thin,
probably dua to an unusually larga axon diamatar Immunostaining intanslty was raducad lor
PLP ar>d MBP but incraasad tor QFAP, both In tha optic r>arva artd spinal cord (Farurraga at
al. 1992). This myaUn mutant is unusual In that tha animal displays normal longavity and
braading and producés substantial amounts of myaun

This study undariook to dafina blochamical diffarancas batwaan wild typa (wt) and r$h
mousa myaUn Tha Hplds arid prolalns of brain myaUn arid myalln cytoskalalons wara
quantHatad and thair compositions comparad In ordar lo ascartain tha prasarwa of parScular
spadas Thasa analysas mighi halp axplain how iha axiant of profain and Hpld association
with tha cytoskalaton contribuias In making ra/i such an unusual myaNn muiars arid furthar
our undarstaridirig into lha rolas of spadfic molaculas that associala with tha myaNn

cytoskalalon.



Th« Icid comDmllIQn« ol m vin «nd mveln M .ori.l«ri rvir>idi.l.IQn. In «K «nd «ft « « verv
diftarant

Th* protein and Npkl maasuramantt indicala that on a watght baais, tha brain ot P40 rsh
contalna a lot laat myain (protaln and Ipld) oomparad to that ot wt mouaa of tha aama aga
(Tabla 6A). Tha myalln compoalllona of rah ar>d wt mouaa muat alao dlffar, alnca tha
Hpld/protaln ratio in rah la approximataly twica that in wt Myain from wt mouaa oontaina a
highar proportion of cytoakalatai protairvo brain and tha ratloa of cytoakatatai Hpid” brain ara
vary aimilar in wt and rah. Howavar. tha myalin cytoakaiaton of rah haa a vary high
Hpid/prolain ratio, aa ia atao avidant In rah myatin Ovarall, aNhough tha brain from rah ia
dapiatad in myain by oompartaon with wt mouaa, tha myain and myaiin cytoakaiaton from
rah hava a highar proportion of Upid artd ara dapialad in prolain.

Lipid claaa analyaia ahowa that tha ma”r Ipid oompoaition dtffarancaa balwaan wt arwl rah
mouaa myain ara in choiaatarol. Cb and auHalida (Tabia 6B) Although choiaatarol la tha
pradomirtant Upid in wl and rah myain. iha proportion of thia Ipid la graatly Incraaaad in rah
Such an irKraaaa la urtuaual. airKa cholaataroi la praaani in artalogoua proportiona in wl rat
and mouaa CNS myalin (Saclion 6 and Tabia 66)

In oor>traat to tha incraaaa in choiaatarol, tha proportiona of Cb and auHatida ara dacraaaad
in rah myain by compatlaon to wl mouaa myaiin (Tabia 66) Howavar. tha proportiona of
individual Cb ciaaaaa ara vary aimilar inwt and rah mouaa myain Total phoaphoHpid ia alao
vary aimilar inwl and rah mouaa myain. with PE and PC accounting for moat; howavar. whila
PE la tha m a” phoapholpid claaa in wt mouaa, PC pradominataa in rah (Tabia 66) Inwt rat
Iha proportion of ntyaln gaiactoHpida and tha PE/PC ratio (“t.2. both at Pi6 and P20)
(Norton and Carrwnar, 1664) incraaaa with aga Sinca a low proportion of Cba and a low
PE/PC ratio (‘m09) ia alao found in rah myalin. tha lipid compoaiVon of rah myain appaara to
raaambia that in immatura ralhar than matura wt animaia. Tha amount and proportiona of
aphingoNpida and phoapholpida in rah myalin auggaata that thia might ba an animal whara

Iha aynthaaia of myatm-apaoific Hpida haa baan arraatad at an aarly ataga of myalnation
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Compartton o( th« Npid oompotlttont of wt my«Hn and wt myaHn cyloakalalon in ntouaa
(Tabla 8B) showa that cholaatarol and total photpboNptd ara dacraaaad and Cb arx] auNatida
irKraasad In tha cytoakalaton. Cb la alao irwraaaad and pl>oaphoUpld dacraaaad In tha
cytoakalaton ot wt rat CN'S myaNn (UINaapla at al.. 1969. Sactlon 6). Howavar. atthougb SM
la incraaaad In tha cytoakalaton of wt rat and mouaa (Sactlon 6. Tabla 8B). SM rapraaania a
highar proponion of tha cyloakalalai phoaphotiptd In rat.

Tha ditfarancaa in cytoakalatal ipkJ oompoaltion batwaan wt and rah mouaa ara avan mora
prortourwad than tha oorraaporkling ditfarancaa In myaun (Tabla SB). Cholaalarol makaa up
mora than hatf of tha cytoakalatal Npld In rah, wharaaa Cb aocounta for only 10% artd
auNatlda for 3%. Total phoaphoMpld la aUghtly Incraaaad In tha cytoakalaton of rah. whara PE
ar>d PC ara in approximataly aqual proporilona (Tabla 8B) By oonirast. PE la tha mafor
phoaphoUpld in tha cytoakalaton of wt mouaa. rat and bovina CNS myaNn (Tabla 8B.
Olllaapla at al.. 1969: Norton and Cammar. 1984, raapactivaly) QalactoHplda ara alao
raducad inp. gk. and aWbut to data rto othar atudiaa of cytoakalatally-aaaoclatad

Upid compoaltiona ara availabla tor myaNn rrtutanta

Profin Maociatton V@lha cvtoaKalatQn
immunobiottir® ahowad that actin. lubuNn. MAQ and CNP ara praaani in aimiiar proponiona
In wt and rah myaNn (Fig. 47); tha diatributlon of thaaa protaina batwaan tha datargant
aokjbla and cyloakalalai fractlora la vary aimiar Inwt ar>d rah. Tha proportion of PLP la
highar In wt than In rah. PLP appaara duhng activa myallnatlon ar¥t latar than othar myaNn
protaina m tha CNS (Qardir>ar and MackNn. 1988. LaVina al al. 1990; van CXKaaalaar at al.
1907), and In cuNurad oNgodandrocytaa PLP la datactad ahar MAQ but bafora MBP (Oubola-
Dalog at al. 1908) Although aon>a PLP waa datactad In tha myain cytoakalalon of wt, tha
mafortly of PLP waa axtractad by Triton X-100 both In wt ar>d rah myaNn. Waatam blotting
auggaata that tha dHfaranca Mtha ralaNva amounta of PLP batwvaan wt and rah can probabiy
ba aooounlad for by tha portion of PLP that aaaoolaiaa wHh tha cytoakalaton In wt

Tha total amounta of tha 10.6 and 17.0 kOa MBPa and tha diatrtbullona of thaaa protaina
batwaan Iha datargani-aolubla traction and tha cykKMkalalon wara vary aimNar Inwt and rah

AH lha 21 S kOa MBP partHionad wHh tha cytoakalaton, both m wt and rah, and
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FIQ. 47. Tha asaociallon oi Pfotlna with tha mvlin cvtoakaiaion m wild

fumpahaker («/>! mousa

MysHn postnatal day 40 (P40) from wt and r»h mousa was axtractad «ith Trfton X-100 arxf aqual
vokjmas of the deiargant -soiubla (S) and -msokjbla cytoskalalon (C) fracttons war#
alactrophorasad and transfarrad to nlirocalluloBa. Waslam blotting with antibodias against
actin {ACT), tubulin (TUB), myalin-associalad glycoprotain (MAO). 2',3" cycUc nuciaotida 3 -
pbosphohydrolasa (CNP), prolaoKpid protaln (PUP) and myaNn baste protaln (MBP) shows that
the ralaliva amounts of actin. lubuUn and MAO In myaMn and lhair raspactiva distributions
batwaan iha dalargani-solubla ar>d insolubla tractions ara not affactad Thara Is a highar
proportion of PLP in wt. whara PLP is anrtchad in tha soiubla fraction; by contrast, rah PLP Is
found axclusivaly in tha solubla fraction Tha 21 5 kOa MBP is incraasad ralaliva to tha othar
MBPS in rsh myakn and this MBP is found In lha cytoskslatal fraction, both Inwt and nh. Tha
14 0 kDa MBP Is deplatad in rsh myaNn but tha distribution of this MBP balwaan tha datargar>t-

soiubla and -insolubis fractions is similar in wt and rsh.






thrre was a amalt proportionate increaa# of this M6P in nh. Atthough there was a srrtaHer
proportion of the 14.0 kOa MBP in rsh myelin, this protein distributed similarly between the
detergent-soluble fraction and the cytoskeieton in wt ar>d rsh.

PLP is reduced in jp. gk and ahi, MBP In jp. gk. shi and fw. whereas there is a small
increase of CNP in shiand the activity of this enzyme is reduced in jp and gk (Hogan and
Qreertfieid, 1984) The relative decreases of myeNn-specific lipids and PLP in rsh. coupled
with the proportionate increase of the 21 6 kOa and decrease of the 14.0 kOa MBPs, which
are known to be characteristics of immature myelin (Barbarese et al.. 1078; Carson et al..
1083). indicate that in the brain of rsh. myelirtation arrest probably occurs at an early stage
Although this stage has not been defined as yet. these data suggest that the myelination
arrest in rah might occur after MAO and CNP but before PLP and MBP have established

their pattern of association with the cytoskeieton.



9.3 Dlacusslon
TNt anatytia ahowa that rah haa graatly raducad amounta ot myaNn cx>mparad to tha normal
animal, thua confirming tha morphological and morphomairtc atudlaa of Qriffitha at al.
(1990): howavar, rah haa conaidarably mora myaNn than othar X-iir9iad P1.P mutanta (for
raviaw aaa Skoff artd Knapp. 1992) Sinca a high Hpid/protaln ratio m myaHn la thought to ba
a function of normal davalopmani (Norton and Cammar. 1964). tha praaanca of aubatantlal
amounia of tipid In rah myain may aid axonal corxluctlon

MyaHrtation In rah la thought to ba haMad during aarly davalopmani (S k” and Knapp.
1992. Hudaon and Nadon. 1992) Thia conlantlon la aupportad by tha finding that in
compartaon with wt animala rah haa a low coniani of aphingoNplda. PLP (alao aaa Qrttfitha at
al, 1990) and 14.0 kDa MBP. but ralaUvaly high amounta ot PE. PC and tha 21 5 kDa MBP
which ara characlartatlc of Immatura myaHn

Tha PLP gana la alao found In aatrocylaa. whara It ancodaa a mRNA that la diffarant from
tha PLP mRNA in oUgodandrocytaa (MackNn. 1968). and lha pravioua axplanatlon that a
dafaci in PLP latha cauaa lor dyamyaknatlon arxd (la no PLP =no myaNn) la
o longar vlabia (Skoff and Knapp. 1992) ftia now thought that dafacta In Iha PLP gara
infkianca tha aady dltfaranilation of both aatrocytaa and oligodandrocytaa mlha mutanta. and
that dafactiva aatrocytaa may ba partly raapor>albla for tha aba#r>ca of oigodar>drocyta
apacific diffaraniiatlon aignala PLP and DM20 ara alao thought to promota oHgodandrocyta
diflarantlatlon Indapartdantly and prévida tha atructural undarpinning of tha myailn ahaath by
malnlainirtg tha oorract apadng batwaan appoaad bllayara In tha Intraparlod zon% (Hudaon
and Nadon. 1992) Although PLP la not aaaodalad with tha CN8 myaHn cytoakaiaton in rat
(QiHaapia at al. 1969). a amaN amount of PLP (<10%) la found In tha cytoakaiaton of rabbit
CN8 myaHn (Parayra at ai. 1968). Indicating that lha aaaodation of PLP with tha
cytoakaiaton of myaHn may ba apadaa-apadfic It waa lharafora of Inlaraat that aoma PLP
waa found In tha myaHn cytoakaiaton of wt but not nh mouaa. whara tha amount of
cytodialataHy aaaooialad PLP might rapraaani Iha ditfaranca m tha ralaHva amounia of PLP
In wt and rah myaHn Howavar, tha poaaibia function ot cyloakalataNy aaaooialad PLP la

unknown
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AHhough my«Hn sp*cNk: proteins (with Ihs sxceplion of PtP) associate to approximately
the same extent with the myelin cytoskeletons both inwt and rsh. there are very prortounced
differences in the relative quantities arK) classes of lipids that asaodaie with the cytoskeleton
The predominant ditterer>ces in rs/i are In the Cbs which are drastically reduced arKi In
cholesterol which is increased In the cytosKeleton. Although a great reduction in Cbs is a
universal feature amor>gst myelin mutants, this Is the first demonstration that the Cbs are
also drastically reduced In the cytoskeleton of such a mutant by compaitson with myelin; m
contrast. In wt mouse the Cbs are greatly enriched in the cytoskeleton SphingoUpids
associate with the cytoakelelon of CNS myein and oHgodendrocytes (QiHespie et al. 1989.
Dyer and Ben”mins. 1969b. respectively) arvl such lipids are though! to be Involved in cell
cell communication and the modulation of transmembrane signals in a many normal and
transformed cell types (Hakomoil. 1989, 1990; Kolesnick. 1991; Dyer and Benjamins. 1985.
1969.1992) Axortal and Intracellular communication may therefore Involve the interaction of
spNngoUplds with the cytoskeleton In myelin and myelinating cells Qillespie et al. (1989)
have proposed that sphingoHpids in association with the cytoskeleton may also have roles in
myellr>ogertesis Therefore, loss of sphingoHplds from myelin and Ns associated cyloskelelon

might rtot only affect myeNriating cells but the CNS as a whole






10.1 CuNur» =yst«mt tor glial Mils
Th« =fttabbshment and characlartzatton ot m rat CNS primary glial cuttura ayitam whara larga
numbart ot 0-2A progartiiora dittarantialad to oHgodar>drocytaa In a aaquantial and
pradiciabla marv>ar. parmittad Immunocytochamical ar>d biochamical axparlmanta to ta
camad out in parallal on cans from tha tama cuNuraa during ditfarant davalopmantal atagas

Fluoraacant activatad call aortir>g (FACS) (Bahar at at. 1988). tha oombinad uaa of
mitoganic factora auch aa bFQF and PDOF (BOglar at al, 1990; Louia at al.. 1992) arxt
parhapa diffarant dafinad madia (a.g. Bottarwtain arid Sato. 1979) may in futura parmit tha
iaolation of larga. highly purifiad populationa of 0-2A progariitora with tha potantial to
diffarantiata to oUgodandrocytaa. poaaibly undar tha influanca of (uncharactartzad aa yat)
diffarantiation factora (Lavi at al. 1987. 1991. Agraali at al. 1991). Such cuHuraa ahouid
parmit avan mora accurata immunocytochamical arid biochamical irwaatigatioria. In lha total
abaanca of othar call typaa

HwiN alao ba important to aatabHah tha poaaibla praaarica ot 0-2A*"'f progariitora in brain
and apirial cord (orily ahown in tha optic riarva by Wran al al . 1992). auch proganiiora ara
bipotantial arid divida aaymmatrically. thua ganaratirig diffaranliatad progany
(oWgodandrocytaa) arid Ihair own rapiariiahmarii throughout aduN ita Studlaa on brain O-
2Awfua proganitora. praoligodaridrocytaa (04*.0aC ) (Qard arid Pfaittar. 1989, 1990). arid
oHgodaridrocyiaa which may aiao ganarata naw oUgodandrocytaa (Wood arid Buriga. 1991)
ahouid iricraaaa our undarataridirig of caNular ragariaralion in aduR ariimala in gariaral and
ramyalination In particular Such atudiaa ahouid oompiamant tranaplaritalion tachnology
(Harvay at ai, 1991, Buriga. 1991; Biackanmora and FrarikHn. 1991) and could ba of

potaritial uaa In curing damyaliriatirig diaaaaaa of tha CNS

10.2 MAPI» mtha CNS.

Microfubula aaaociatad protaina auch aa MAPIB. that probably croaaHnka microtubulaB In
naurona (Nobia at ai. 1989. Salo Yoahitaka at al. 1989) and may hava a rota in naurNa
aitanalon and tha davalopmant of polarity (Tuokar at al, 1988a, b; Matua, 1988, 1989) ara

thought to play imporlara rolaa durtrig Iha davalopmarit of tha CNS. Sirioa MAPIB la alao
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«xpr«M*d in glia (Diaz and Avlta. 1969) inclucNng olgoderKirocytaa (Fishac at al . 1990). but
its function in that# calls is unknown, it was atlampted to idantity tha davaiopmantal point
whan MAPIB is first axprassad in glia of lha 0 2A linaaga and its possibia function in
oUgodar~drocyias (Saction 4). Imrrxinocytochamistry showed that although MAPIB is absent
from 0-2A progenitors, vigorous MAPiB expression coincldas with tha tin>a whan
praoHgodar>drocylas begin to extend numerous long. pra myaUn lika processes; this
suggested that MAPIB might be first axprassad whan myaHn processes begin to enlarge
One function of MAPIB might be to crosslink (arwl possibly stabiHza) microtubulas during
processes extension by preoligoder>drocytes and early oligoderxSrocytes. which would be
similar to Its proposed role In neurlte extension.

The presence of MAPIB in terminally differentiated oligodendrocytes (albeH at lower levels
of expression than In preoUgoderKtrocytes) and their cytosKeletons suggests that MAPIB
r>ight have the additiona: specialized function of stabilizing microtubules in the processes
this idea was supported by the antisense experiments Since microtubules are the
predominant filamentous structure in mature oligodendrocytes both lg yiyg (Wood and
Bunge, 1964) and in vHm (Wilson and Brophy, 1969. Section 7). H is possible that In these
cells MAPIB may stablHze microtubules by direct crossUnking instead of via indirect
association with actin and or CNP. as was suggested by Fisher el al.. (1990) However,
since MAPI B is absent from CNS myein, stabilization of microtubules in myeMn may be via
microfilarr>ents. CNP. MBP and/or lipids that associate with the cytoskeleton (C*Hespie et al.
1969. Sections 6 and 7).

The hypothesis that MAPI B could be involved In process extension and the stabilization of
microtubules in yourtg and rriature oligodendrocytes respectively, oould be tested by Inducing
MAPIB expression In 0-2A progenitors and abolishing MAPIB expression In more
developmentally advar>ced cells TNs could be accomplished by translectlr>g of 0-2A
progenitors wh either sense or antieense MAPIB cONA and then switching the expression
of MAPIB on or off during development io IUu hybridization arwiysis. both at the light and
electron microsoope levels, might addllionally reveal possible mter-relationehipe between
MAPIB synthesis and the cytoskelelon

A recent report (Manefteld el al.. 1992) has shown that only the phosphorylaled form of
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MAPIB != present in r>euronel growth cor>es. where some MAPIB associates with the
cytoskeleton: tNs study suggested that the interaction ol phosphorylaied MAPIB with the
cytoskelelon nrSght be of importance durirtg r>eurite extension. It would be therefore
In~rtant to assess whether phosphorylated forms of MAPIB exist in preokgodendrocytes.
mature oUgodendrocytes and their respective cytoskeletons, sirwe tNs might indicate the
possible roie(s) of MAPIB phosphorylation In celto of the oligodertdrocyte Hneage

The reiationeNp between cytoskeietal reorgaNzalion and morphological differentiation
Involving MAPs is Of great general interest When embryonal carcinoma ceils are Induced to
differentiate In the presence of retinoic add. they express MAP2 and they withdraw from the
ceM cycle (Oinsmore and Solomon. 1991). If the expression of MAP2 protein is inNbHed by
antisense RNA during induction, these cells express other ditferenliation specific markers but
they do not differentiate morphologically nor do they slop dividing (Dirwmore arxf Solomon,
1991) Nappears that there is a fundamental interrelationship between expression of MAP2.
developmentaNy-regulated changes in cell morphology and the prevention of ceil division
The induction of MAPI B expression may have a similar function in oligodendrocytes since It
precedes their terminal differentiation Support for this view comes from studies on axonal
MAPIB Axons that grow out from newly-oommitled neurons contain MAPI B but axons that
regrow from axotomixed, terminally-differentiated neurons do vl (Viereok et ai.. 1969.
Woodhams et al. 1969) An analysis of the interactions between MAPIB and microtubuies
should assist our understanding of the molecular mechaNsms that regulate the transition of

ceils of the 0-2A Ineage from prollterative progenitor to myelinalino oligodendrocyte

10J  SphingofipW maiaboliam and tranapoft

The metrqranes of eukaryotic cells contain numerous classes of apNngoHpids. which differ in
the composition of their long chain base The distribution of spNngoUplds is not random,
since some are enriched in the membranes of certain organelles, while asymmetric
distribution occurs across Ipid bilayers such as the plasma membrane Since no intracellular
membrane syslem can synthesixe aN Its own sphingoHpids da novo, the study of
bloeynihesit. tranalocallon and sorling of apNngoUpids relates to membrane biogenesis and

homeostasis The metabolism and transport of these Npids may also relate to the
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biotynihwlIt and tranalocatton ot aacratory proteins, sinca both processes are thought to
occur through similar intracallular compartments (Simons and van Maar. 1966. Simoris and
WarKUngar-Ness, 1990: Rosanwald at al. 1992: Kok at al. 1969) Additionally, lorward
transport from the ER through the Qotgi to the plasma membrar>a may take place via buk
flow, proceeding by default without the need for a special signal, both for secretory proteins
and endogenous sphingoUpids (Wleland at al. 1967; Young at al. 1992. respectively)
Although sphir>golipids appear to utilize the secretory pathway, the tranaport of ceilaln
phospholipids may involve earner proteins since In BFA ireated rat hepatocytes ER to
plasma membrar>e traffic of PE conliraies normally when vesicle-mediated protein traffic Is
negligible (Vance at al. 1991; Vance. 1992) A better understar>ding of protein synthesis
through the secretory pathway, possibly by approaches such as the use of viral membrane
proteins to follow biosyrMhetic traffic (for a review see Qhlfiths and Sodelk. 1992) may
er>hance our understarKMng ot Hpid metabolism ar>d transport.

The present study (Section S) examined the biosynthesis and transport of sphingoUpids m
oNgoder>drocytes. since QalC is a differentiation marker (Raff at al. 1976: Bansal and
Pfeiffer, 1965. (“rd and Pfeiffer, 1969) that probably interacts with the oligodendrocyte
cytoekelelon (Dyer mnd Benjamins. 1969a) In addition OalC is characteristic of CNS myeNn
(Norton and Cammer. 1964). arvj QaC and SM are enriched in the cytoskeleton of CNS
myekn where they may interact with myeHn-spectfic proteins (QiUespie et al. 1969)

Of the fluorescent Cer ar>alogues that were used. Ce-NBD-Cer appears to be an excellent
substrate for metabolic studies (Lipsky ar>d Pagar>o, 1963. PagarK) et al., 1990). but only
inserts partly in biologicai mambrartes (Chattopadhyay and Lortdon. 1967, 1966) ar>d is
subject to photobieaching. while Cs-DMB-Cer has high fluorescent yields but Is not
representative of endogenous Cer metaboism iq yUE& (Pagano et al.. 1991) The present
study suggests that using Ce-NBO-Cer and Cs-DfwIB Cer in parallel may be advantageous,
sirtce the metabolic and trartaport properties of ditfereni intracelular compartments can be
examined on a comparative basis

Fluoresoent Cer artalogues were used in combination with the 0-2A Nrteage primary
ouKure system artd a stage of 'active* metaboism lo fluorescent QalC was identified, which

coincided wNh the expression of oSgodendrocyte-epecllic markers by 9»e ma)orl(y of the oeNs

218



CuNurtt at this atao# wara uaad to study tha mataboKsm and transport o( Ce-NBD-Car. Cs-
OMB-Car arKI thair mstaboUtas in tha prasanca or abserkKS ol BFA. In tha absanca ol BFA
Ce-NBO-Car locaHzad m tha frans Oolgi and tha TON. whila Cs-DMB Car locaUzad In Oolgl
conparimants olhar than tha TON bafora any slgriHicant mataboUsm had occurrad Ce-
NBD-Hpids wars found In rransmost Oolgl cfsiarnaa and in aarty andosomas whan tha
maximum convarsion ot Ce-NBO-Car had oocurrad and thasa lipids localizad in lata
andosomas upon fudhar incubation By contrast. Cs DMB Hplds wars pradominanlly in tha
ER and at tha plasma msmbrana upon maximum corwarsion of Cs-DMB-Car arvt In Ooigi
conpartmants and Oolgl-darfvad vasiclas attar 5 h of incubation Although this study was
r>ot aimad at disoovaring tha axact sitas of fluorascant Car mataboUsm in oUgodarKirocytas.
tha rasults suggast that significant amounts of Car may ba convartad to SM in tha Qoigi and
tha piasma mambrar>a (as suggastad by Koval arnt Pagarx), 1991 tor non-gHai calls),
wharaas a signiticani amount of OaC blosynlhasis may taka placa at tha plasma mtmbrana
and tha TON Tharatora thasa data ara In broad agraamant with irrwTHjnocylochamical
(Roussai at al. 1967) and tractk>r\alion studias (Nasoovic at ai., 1973; CormtarSirw-Caccanry
and Suzuki. 197S. Koul and Jungahvata. 1961).

Whiia Iha iMal locaMzation of Cars probably dapands on spadtic intaractions batwaan
thair acyl chains and Ooigi oompanmant-spacific Hpids. Iha malabotsm and transport of Cars
may ba datarmir>ad by tha intracaUular comparimant whara thay irytiaNy locaVza This viaw
might ba tusfffi«d> *>ca whan Irana-Oolgi to TON traffic was disruptad and two saparata
comparimanis wara formad. Cg-NBD-Car colocalizad with tha TON/plasma
mambrana/arxtosomal oompartmant arxJ its mataboUsm to fluorascani OaiC rafiactad our
pradictad locaMzation of UDP-galactosa caramida galactosyllrandarasa In similarty tratfad
caNs tha mataboism of Cs-DMB Car was unatfactad. Indicaung that this liptd was probably
malaboMzad in tha ER/cfa”/madaF/frana-Oolgl oompartmant: in support, tha ma)or pan of SM
bioaynthasis is thought to occur in lha cir artd madva*Oolgi (Koval and Pagano. 199i.
Futamwnat al. 1990; Jackal at ai . 1990) and normal Npid racycHng takas plaoa balwaan tha
Ootgi (axctudmg tha TON) and iha ER (Pagano. 1990. Lippinoott-Sohwanz at a . 1990)

in addition to causing profound ohangas in orgartaNas of tha sacralory pathway. BFA also

affactad tha distribution of tubulin in oMgodandrocytat. Iha affact on tubuNn rrSght ba
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mediated throogh the cytoskeleton and requires further investigation Since the uptake and
recycMrtg of iron was not altered in these (and other) cells, the effects of BFA might be
specific to certain ceN functlorts only The BFA irKluced changes were reversible and the
TON recovered faster than the rest of the Qoigi, Indicating that organelle reassembly might
occur at different rates The return of the TON and tubuHn to their original distributions
required oorisiderabie time ot recovery (hours rather than mirKrtes) ar>d depended on the
tin>e ot exposure to BFA.

These data add to the wealth of literature regardirig sphingoHpéd biosynthesis arid transport
arid Iridicate some possibly urSque features of oMgoderxtrocytes as regards the biosynthesis
of OalC arid the structure ot the cytoskeieton These cells will be excellent carididates for
studies addressing how sphingoUpids and proteins are cotransported during their
biosynthesis through the Ooigi. since at least at least one ma”r oligodendrocyte protein
(PtP) Is syrshesized and irarisported through the Qoigi (Townsend et al, 1M4). its transport
In is arrested at the Ooigi (Roussel et al. 1087b) and Inhibition of glycosphingoUpid
biosynthesis affects the translocation of PLP to myelin membrane (Pasquirii et al., 1089)
Future studies should additionaliy employ truricated Car analogues such as CgCs-Cer
(Karrenbauer et al. 1900; Briining et al. 1902) and perhaps radioactive Gers with long chain
fatty acids that may resembie eridogenous Car precursors to a greater exterit

The biosyrithesis. transport arid roles of sphirigolipids such as OalC might also be
investigated by molecular genetics, in an analogous way to the study ot PE In E. cok
(Dowhan. 1992); a possible approach might be to change the structure of key ertzymes such
as UOP-galactose-4 -epimerase or UOP-galadose galactosyltransférase and either stimuiaie
or downregulate the biosynthesis of OalC at key points in development OalC production
could be monitored via the oorwersion of Cg-NBO-Cer to -QalC and the possible chariges (in
morphology, function of the secretory pathway, expression of differentlation-specitic ntarkers.
etc.) related to OalC biosynthesis ara) transport

Past studies uslrtg fluorescent sphingolpid anatogues have not examiried ganglosides.
possibly due to the smaN amounts and great variety of these giuoosphirigolipids in ceKs The
design of novel, highly fluoresoeni Cers that can be preferentially oorweded to the OloC

analogue by Inserting into the appropriate intracellular compartment(s) may add an extra
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dimawk>n to tho study ot Qangltosids biosynihosit snd transport.

10.4 Sphingotlplds m association with cytoafcolotons

Cali surtacs otycosphir>gollpids ars vary immunoganlc arxt ara usaful ntarkars of
dittarantialion and maUgnant transformation (Hakomori and Kanagi. 1963: Raft, 1989.
HaKomort. 1969,1990; Qlllard at al.. 1992) Such lipids modulata tha activitlas of mamIxarw-
assodatad Kinasas and apidarmal growth factor (EOF) (Hanal at al, 1986; igahashi at al..
1989) . whila tha carbohydratas moiatias of glycoUpids in nautrophiis. platalats artd T-
lymphocytas nrtadlata adhasiva raactlons to andothaHum (Phillips at al.. 1990: Larsan at ai.
1990)

Although N has baan known for somatima that sphingoNpids assodata with cytoskalatons
(Sakaklbara. 1961; Bum artd Burgar. 1965). tha possibla importanca of such intaractiorts is
only baginning to amarga (Packham at al.. 1991; Qillard at ai., 1991, 1992; Mataorti artd
Krais. 1967; Vaia artd Hotani. 1968; Stainart and Roop. 1966; Dyar and Ban)amlrts. 1969b;
OiHaspia at al. 1989) Tha cytoskalaton of CNS myaUn is anrichad in OalC by comparison
with tha irttact mambrarta (OiKaspia at al.. 1989) Although OalC was proposad to hava
diract links with tha oKgodartdrocytic cytoskaiaton (Dyar and Ban)amins. 1969b) and anti
QalC causas an irtflux of caldum in oUgodartdrocytas impUcatirtg tha cytoskaiaion in
Irartsmambrarta signairtg (Dyar arnl Ban)amins. 1990). tha assodation of QalC with tha
cytoskaiaion had rtot baan shown In a oortdusiva way prior to this study, possibly dua to lack
of suffidani matarial OalC is anrtchad In oigodartdrocyla cytoskalatorts artd this sphirtgoUpid
may ba assodatad with microfilamants and/or CNP In yourtg cans artd with microlubulas
artd/or MBP in matura calls; such assodatiorts imply that diffaranl. spadfic intaractiorta may
axist batwaan OalC artd tha cytoskalatons of activaly myalirtatirtg artd matura calls,
raspadivaly  Cytoskalatally-assodatad OalC may lharalora hava a variaty of rolas in
okgodartdrocytas artd myaHn durtrtg davalopmartt. which should ba axamirtad al spacific
stagas of diffarartiiatlon in cultura Tha possibla Importartca of cytoakalalally assodalad
OalC m myaknafion la furlhar urtdartirtad by tha prasartca of OalC in tha cytoskalatorts of
both PN8 myakn and Schwann oaNs, howavar. studias with pura Sohwartn oa> populaliorts m

ouNura ara hindarad at prasant. smca thasa oaHs spacllically raquira axorts or parhapa
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axooally-d*ilved tHjnalt m order to ditlerentlate (Jasaan and Mirsky, 1991).

Although Iha asaoclatlon of QalC ar>d its possible role in the cytoskalaton are ur>dar
irwastigalton ar”® might be further aiuddatad by molacular gar>atics (sea under sphingoUpid
mataboKsm ar>d transport). Httia or no atianiion has bean paid to cytoskalatal sutfauda. SM
arKi possibly gangsosldas QiNaspla at al.. (1989) have shown the presence of both suHatida
and SM (and the enrichmam of SM) in the cytMkelelon of CNS myelin, and the present
study suggests that these sphingoupids are present ki the cyloskeletons of oigoderxIrocytes
The association of SM with ceNuiar and membraneous cytoskeletone may modulate a variety
of ceMuiar interactions, since membrane proteins associate with cytoskeletal phospholipids
(Moss and White. 1992) and at least two products of SM metabolism (diacylglycérol and
sphingoid bases) have been Implicated as biological effectors (NIshizuka. 1968; Rando.
1988; HanrKin and Bell. 1969: Merrill ar>d Stevens, 1969) The role of cytoskeletally-
assodaled sulfatide is not clear, but it may be similar to QalC. Oar>gliosides have ur>ipue
functions in several cell types (Qonatas et al., 1964; Bremer et al.. 1964. Wiegandt. 1962.
Sung et al. 1991); the gangHosides recognized by A2B5 arid antl-0Oo3 are present in 0-2A
progenitors (Raff. 1969. LeVine and Goldman. 1966a. b) but not In mature oligodendrocytes,
while gangliosides are true constituents of CNS myeiln (Norton and Cammer, 1964)
OangHosides may therefore be transported to myelin immediately after 0-2A progenltora
begin to differentiate to oligodendrocytes Future studies should investigate whether
gangSoaides interact with the cytoskeletons of 0-2A progenitors and myelin arxl assess the
possible functiorte of such assodalions

Phospholipids oomainirtg saturated FAs are enriched in the cytoakeleton of CNS myelin,
artd significant amounts of Cs-DMB- but not Ce-NBD-Npids accumulate Into the
cytoskeletone of myelinating oeNa after overnight moubatlon These Nndkigs suggest that the
preferential association of aphingoUplds with the cytoskeleton may deper>d on acyl chain
oompoelllon In apedalzed membranes (such as myeMn). and on oorkinuous recycling as well
as acyl chain composition in cells The possibiliiy that fluorescent Npid molecules may
preferentially associate with specific proteins of the cytoskeieton could be further explofed by
using probes such as S*("26]) lodonaphthyt-l-azide (INA) (Bercovicl and Oilier. 1976) that

can be photoadivaled m the presence of fluorescent Hpida with UV Ight (Rosenwald et al.
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1991). Exlractton tMith non-ionic dolorgont prior to photoactivation might indicata which
cytoaKalatal protaina ara in cioaa proximity to fluoraacant lipida. Additionally, ainca INA la
mambrana-parmaant. photoactivalion in irttact calla may ahow which intracaliular.

compartn>ant-apaciftc protaina. ara Invotvad in aphingolipid mataboNam artd tranaport

10~ Tba asaoclaiion of protaina with cytoakalaiona during davalopmant
Lirikar protaina hava baan implcatad in madiatir>g cytoakalatally-drivan movamanta in animai
calia (tor a raviaw aaa Bray artd WhHa. 1966) Such protair>a hava baan idantifiad by thair
aaaodation with Triton X-100 Ir>aolubla raaiduaa In aavaral call typaa (FuHon at ai.. 1960;
Apgar at al . 1966; Banriat. 1965. Jaaaitua at ai. 1964. Fox at ai. 1966; Witoon arvl Brophy.
1969. Manafiald at ai.. 1992) and in apadalizad mambranea auch aa CNS myain (Parayra at
al., 1966. QiNaapia at al.. 1969). Tha axtanaion of oligodarnlrocyla procaaaaa artd that of
nauritaa hava atror>g aimilaritiaa aa ragarda thair cyloaKalatal alamar>ta; whiia microtubuiaa
ara abur>dani in tha growing axona of Apfy§i». growth conaa ara davoid of microtubuiaa but
rich in microtilamanta (Forachar ar>d Snath. 1966); CNP-aaaociatad microfilamanta ara
anrichad in tha tarmini of myaUn-Uka procaaaaa in young oligodarvfrocytaa. whiia MBP-
aaaoclatad rr>icrolubulaa ara four>d In iha procaaaaa of matura calla (Wtlaon and Brophy.
1969) OUgodandrocytaa arxl naurona may ba darlvad from a common proganitor cau (for a
raviaw aaa Camaron arid Pakic. 1991) arid may tharafora hava aimilar macharwWama for
procaaa axtanaion. howavar oNgodandrocytaa may utiliza thair own apacializad
cytoakaialally-aaaociatad prolaina and poaaibiy lipida Additionally. oNgodandrocytaa may
hava avolvad apacializad machariiama wharaby iaopranylalad protairw (auch aa CNP) may
hava roiaa in aignai trariaduolion arid tha ragulallon of tha can cycia via tha cytoakaiaton

Tha aaaociation of apadalizad Hnkar prolaina with iha cyioakalaton may ba avan mora
oomplax iTi matura CNS myaHn, whara microtubuiaa. microfilamanta. CNP. MBP and MAO
aaaociata with iha Triton X-100-inaolubla raaldua that alao containa OalC arid SM (Qillaapia
at al. 1969) Examlriatlon of tha cytoakalaton during davalopmant ravaala a poaaibia
aaaodation batwaan microtubuiaa. aariy MBPa and S-MAO in aarly myaNn. with
mlorofHamanla. CNP, L-MAQ and iha 14.0 kDa (lata) MBP addad to Iha cytoakalaton duririg

adiva myakoation Suoh a davalopmanlai raarrangamant of iha cyloakalalon would conform
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with Ih« ol my«Un mtfnbran« shMtt lorming as MBPs accumulata and microfilamantt
dapolymahza In tha caN procassas (proposad by Wilson and Brophy. 1969). this would
parmlt tha attachmant ol loosa (immatura) myaHn to axons during aarty myaHnation. whan
microlilamartta logathar with microtubulas would datarmina tha shapa ar>d. possibly via Nnkar
protalna. Haxibmty ol compacting ar>d compact myaNn Futura axparlrr>ants could addrass
thasa possibiUtias by spadllcally irthlblting or promoting tha axpraaalon ol myaHn-spadllc
(proposad lirtkar) protalna in cultura, and also parhaps In mutants whara tha axprasslon ol
such prolalns Is rwrmaMy inhibitad (such as $hi, an MBP mutant): tha possibla obsarvad
changas would ba ralatad to lha axtant ol prolain axprassion and cytoskalatal association
Such invastigatlons should also sxamirM which Nplds may assodata with tha cytoskalaton ol
myaHn and myaHnating calls during davalopmant, sIfKS sphingoUplds In particular may hava
diractiva rolas relating to procass axtanslon via tha cytoskalaton. ANhough such studlas ara
possibla and cartalniy worlhwhila. thair rasuNs may only ba suggestiva at bast dua to Iha
irtharant oomplaxity ol caHular and spadaVzad mambrana intaractlons. Tha idarttllication ol
spacHIc Hpld-protaln Iniaractlons that involva tha cytoskalaton during myaHnation in brain and
also parhaps ol a host ol spacHIc Hidd-prolain inlaractions in olhar tissuas. will most probably
ba achlavad by artalysls ol simpla raconslitulad systams such as Iha orias that hava baan
used to Idantlty tha dynamics and spadHclty ol Hpid mtaractions with either PLP or MBP (lor
review saa Brophy. 1992) Car>dldata molecules lor studying such imaractions should

includa OalC. SM. gartgUosldas. CNP arxl MAO

10,6 Proiain phoaphorylaiion and aaaoclatlon with cytoskalaiona

Phosphorylation has baan ksr>g known to altar Iha biological luncllons ol various prolalns,
probably by Introducing charigas in lhair conlormation This idea is supporiad by studlas on
tha molecular basis ol phosphorylation reactions in a number of aruyma and/or receptor
systams. showlr>g that lha reactions or responses are controHad. at least partly, by
attalr>marit of required conformations In aruymas or protein subslralas (Kandafcar artd
Jacobson. 1969. Hofl and Sawyer, 1966, Perlman at ai. 1969. Hanson at al.. 1999) Certain
myaln-spaoific prolalns may act as Inkers and lhair phosphorylation (Bradbury at al. 1994,

Ulmar at al. 1997; Vartanian at al.. 1996: Oaiblar at al, 1990: RarrtwarS and Moscarallo.
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1990; Agrawal tt ai.. 1962, 1990; Martanaon at al , 1983; Wlgglna and Morall, 1980) may
madlaia irHaracik>na batwaan tha mambrana and its assodatad cylotkaialon Thasa
pfolalnt intaract «wtth tha myaHn cytoskalalon (Parayra at al.. 1988; QINaspia at at.. 1989) and
phoaphoryiation causas axtanalva conformational changas In at laaat ona (MBP) laotorm
(Daibtar at al., 1990). Sinca analogous Hnkar protaina wars found in a vartaty of animal cala
(Manafiaid at ai. 1992; FuRon at al.. 1980: Apgar at a |. 1986. Bray and Whita. 1966; Bannat.
1965. JaaaNua at al.. 1964; Fox at al. 1966). tha atudy of phoaphoryiation aa a poaaibla
machaniam for controlling cytoakalaton-mambrana iniaractlona ahould ba of urtlvaraal
intaraat in call biology

Proiain phoaphoryiation can datarmina asaodation with tha cytoakalaton aa wall aa
prafaranUal aaaodatlon with mambranas; phoaphoryiation of band 4.1 raducaa ita ability to
birxf apactiln (Edar at al.. 1966) arxJ promotaa apactrin binding K>microfilamanta (Ur” al al.
1966), whila phoaphoryiation of tubulin with calmodulin-dapandant kir>aaa axpoaaa
hydrophobic domaina that anabla Iha phoaphorylatad protein to IrRaract with n>ambranaa
(Hargraavas at al.. 1986) Ravaraibla phoaphoryiation of myelin protelna may alter their
corHormaiion auch that aaaodation with membranaa ia favorad, whila aaaodation with tha
cyloakalelon la hindered Thia acanario might axplain why cytoskalatally-aaaociatad myawn
protaina are phoephorylated leaa heavily than datargant-exiractable forme lo xUIQ. aRhough R
doaa not explain why the relative degree of proiain aaaociatlon with tha cytoakaiaton is not
influancad by phoaphoryiation Such iaauaa might ba resolved and this atudy furthered if
phoaphoryiation waa to be additionaRy carried out In cuRure and io ybffi; «inoa In the MBPs at
laaat phoaphoryiation la ahort-Hvad (Daalardina arxf MoreU, 1963), a time oouraa of label
inoorporation may ba nacaaaary during each axparirr>ani  Such atudiaa might alao ahow
whether cytoakalataMy aaaooidad myaln protalna are a truly underphoaphorytatad aubaal (aa
waa ahown by tha io IdtEfi phoaphoryiation of myaNn) arnf whether aaaociation with tha
cytoakeleton may or>ly ba charactartatic of aoma laoforma Tha poaaibility that aoma MBP
charge laoforma (Madarraon at ai., 1969) may prafarantialty asaodala with tha cytoekalaton
can ba axaminad by aubfacting datargant aolubla and Irraciubla myaln fraoliona to two-
dimenaional gel electrophoreala

Amongat CN8 myeRn protairta, only the phoaphoryiation of CNP2 la atimulatad by cAMP io

225



]dtEQ (Bradbury at al., 1984; Sactton a). cAMP however irthiblta MBP pho«phorytalk>n in
cultured oUgodendrocytee (Ulmer el al. 1967) via galaclosylaphlrigoaine. a potential
catabolite of QaiC, interlering with the release ol diacylglycérol trom phosphatidyllnoaitol thus
aflectlr>g protein kinase C (Vartanian et al.. 1989). Therefore, future phosphorylation
experiments Involving cultured oeHs should irwlude cAMP. and might additionally investigate
the possible link between the irxJuction of QalC biosynthesis duilr>g development ar>d
cytoskeietal changes that might be caused by cAMP.

Phosphorylatiorvdephosphorylatton of myeMn-tpeclfic proteins should also be cortsldered
in terms of the k>catior>s of specific enzymes, since preferential modificalion of myelin
proteir>s could be due to the topology of such enzymes in the membrarte. The preserKe and
localizations of phosphorylation-related enzymes can be established by
immuriocytochemIMry  Disruption of the functions of such enzymes might indicale how they

affect the association of myeHn proteir” with the cytoskeleton

10.7 Myelin mutante and thé cytoakeleton
MutaUOTis affecting myeHnation in thé nervous System have been discovered m a number of
species. with thé extenl of dysmyeUnation arid ita effect on ilfespan varylng oonsiderably
amor>gst mutarrts Such animale are particularly suilable for blochemical investigations.
since they previde sufficienily homogeneous material and thé defect la usuaNy in a single
gene locus

The ntost severe cases of dysniyelinatlon are found arrx>ngst thé X-linked recessive
disorders. which oniy appear to affect the CN8 Such mutations with thé excepllon of rsh are
lethal. which makes thé study of rsh uniqus. The present resulta show fhat In addition to thé
delect In PLP expression In nh (Orltfiths et al., 1990), cytosketetally-aesodated PLP is
absent and there le a smaN increase In the 21.5 kDa MBP arxf a oonsiderable decrease In
thé 14.0 kDa MBP. thus indtoatir>g a possible arresi during earty myelr>atlon Such an arresi
Is eleo indicaied by thé decrease m the PE/PC rallo and thé decrease of Cbs m myeln
Further stucies. poaalbiy ualng CMS myeln from wt ammala during early myeMnaléon (P7-P9)

shouid indteate how thé Cbs m thé myeln cytoskeleton of rsh compare with those In wi
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Such ttudi«t would aifto b« intarosting from tha davak>pman(aJ point o viaw. tinea thay
might indicata tha amounts and classas ot Hpidt that associata with tha aarty CNS myaun
cytoskalalon (mada up oi microtubulas, aarty MBPs and S-MAQ, saa Saction 7).
CytoakalalaHy associatad PLP may hava a rola in mouaa and rabbit but not rat myain

Tha PLP gana is highly oonaanrad (lor a raviaw saa Macklin. 1992). tharafora tha possibility
that apadas spacNIc poattranalaliortal modUicatlons may datarmina tha partial association of
PLP with tha cyloskalaton rwads to ba axamirwd. Such rrxxuficatiorM may ba substltutad in
rat Olyalin PLP ar” thair absanca may aftact rrtyaHnation in rah mousa. Tha posaibia dafact
in MBP gar>a axprasslon In rah cartainly raquiras furlhar invasligalon. sinca such a study
mmy uNimataly laad to tha disoovary of Iha oracular basis for tha aSarrtativa splicir>g of tha
primary MBP Iranacript: oorwidaring tha complax structura arid ragulation of tha MBP gar>a
(for a raviaw saa Kamholz arxf Wrabatz, 1992). such a study should also ba of graat ganaral
intarast In molacular biology In addition, tha ralativa amounts of tha mRNAs coding for L-
and S-MAQ. tha amounts of tha raspactiva protain isolorms ar>d thair dagraa of association
with trw cytosKalaton must ba assassad In rsh Oiyaln. sirx:a such a study might furlhar our

hnowladga on tha davalopmantal ragulallon of MAO arid its rola in lha cytoskalaton






Alar. Oah. Satzar. J. L.. Rodar. J., Braun. P. E. ar¢j BaN. J. C. (1990) J. Naurocham 55.
1416-1426

Agrawal. H. C. and Agrawal. D. (1991) Naurocham Raa 16, 855-656

Agrawal. H. C.. Agrawal. D and Jankina. R P (1966) Naurocham Raa 11.375-362
Agrawal. H.C . Norohr>a. A.B . Agrawal. D ar\J Ouarlaa. R H (1990) Bloc Blop Raa Conwn
1690)953-958

Agrawal. H.C.. 0'Corw>al. K.. Randl. C.L. and Agrawal. D. (1962) BlochamJ 201:39-47
Agrawal. H.C., SpririOa. T.J. and Agrawal D. (1990a) J. Blol Cham 265. 11649-11653
Agrawal. H.C , Sphnkla. T.J. and Agrawal D (1990b) Bloch Blop Raa Comm 170(2):017-
623

Agraatl. C.. Alolal. F A Lavl. 0. (1991) Davalopmamal Blology 114: 16-29

Aleada, J , Bonay. P . Roa. A . Vllaro. S andSandoval. I. V. (1902) J. CaN Blol 116, 60-63
Alian. D and WaOun. C. M (1966) Blochim. Blophya Acta 938, 403-410

Alian. V. J. and Krala. T. E. (1966) J. CaN Blol 103. 2229-2239

Alolal. F.. Agraatl. C. O'Urao and O Lavl. O. (1966) Proc Nati Acad Sd USA 85. 6167-6171
Amzal. L. M and PoHacfc. R J. (1979) Anr>u Rav Blocham 46. 961-997

Andaraon. 0.J. (1969) TINS 383-65

Apgar. J R 6 Maahar, M F. (1966). In Mambrana Skalatona ar>d Cytoakalatal-Mambrarw
Aaaoclaliona (Barw>att. V., Cohan, C.M . Lux. S E 6 Palak. J.. ada). pp 293-305. Alan R
Liaa. Naw York

Argar>ott B.W. (1969) In; Baalc Naurochamiatry Molacular and Madical Aapacta. 4th ad
(Slagal O J ad ) pp 91-107 Ravan Praaa. Naw York

Armatrong. R . Frtadhch Jr.. V .Holmaa. K.V and Oubola-Dalog. M (1990) J. Cali Blol 111:
1163-1195

Arvinla. T. and HUdanbrand, K (1964) Blochim Blophya Acta 775. 66-94

Aah. J.F., Louvard. O and Singara. 8. (1977) J. CaN Blol 74, 5564-5566

Baaa. P W and Black. M M (1990) J. CaN Blol. 111.495-509

Balakrtahnan, K. Hau. F. J. Coopar. A 0. and MoConrwl. H M (1962) J. Blol Cham 257,
6427-6433

Banaal. R.. Warrtnglon. A.E.. Qard, A.L.. Rancht, B and Pfaiffar, S E. (1990) In *Annala of

229



th« N«w Yoffc Academy of Sciencet’ 605 409-411

Bansal, R . Warrington A E.. Oard. A L .B Ranachi. and S E Pfoitfer (1969) J. Nouroad
Raa 24. 546-557

Banaal. R and Ramar . 8. E. (1965) J. Nauroad Raa 14.21-34

Bai”raaa. E . Braun. P. E arxl Caraon. J. H (1977) Proc Natl. Acad Sd U.S.A.74, 3306-
3364

Bart>araaa. E.. Cartaon, J. H and Braun. P. E. (1970) J Naurocham . 31.. 779-702

Bahar, T.. F A. McMorria. E. A Novotny. J. L. Barker. a>d M Dubola-Datcq (i960) J
Nauroad Raa 21.160-100

Ball, M V . Simpaon. C.M.F. artd Sargent, J R. (1903) Lipida 10. 720-726

Ban Za av. A. (1966) Traoda Blocham Sd. 11,470-401

Banjamina. J. A, Calahan. R E . Montgomery. |. E and Studzinaky. D. M (1967) J.
Nauroimmurx>l 14. 325-336

Bannat. V. (1965) Ann Rev Bk>cham 54:273-304

Barcovtd. T artd Oitlar. C. (1907) B)ochamiatry, 17 1464-1469

Barniar, L.. Afvaraz, F Norgard. E. M . Raibta. O. W . Mar*anbarry. A . Schambri. J. Q .
Sabbatinl. D D artd Colntan. D. R. (1907) J. Nauroad 7.2703-2710.

Baanard. F.. Parraud, F . Sar>aanbannar. M. and Labourdatta Q. (1909) Ini. J. Dav Nauroad
7:401-409

Birchmalar. W.. (1964) TIBS 9.192-195

Bird. T. D.. Farrai. D. F and Sumi, 8. M (1970) J. Naurocham 31.307-395

Blrkatt, 0 J. . Price. N. C., Radda. Q. K. and Salmon. A Q (1970) FEBS Lan 6. 346-340
Blzzozaro. O. A arxfLaaa, M. B (1906) J. Naurocham 46. 630-636

Blackanmora, W. F and FrankNn. R J. M (1991) TINS 14. 323-327

BHgh. E. <8 and Dyer. W. J. (1959) Can. J. Blocham 37.911-917

Blobal, 0 and Oobbaataln. B (1975) J. Call Biol 104. 749-760

Bloom. O. 8 artd Braahaar, D. A (1969) J. Biol Cham 264.16003-10092

Bloom, 0 8, Luca, F. C. and VaUaa. R. B. (1905) Proc Natl Acad 8d USA 026404-5400
BOglar. O.. Wren. D., Baman, 8.C. Land, H. 6 Noble, M (1990) Proc Nall Acad Sd USA

07: 0360-6372

230



Bolog« L . Aiz*nman. Y., CMaptH. F. and d« V*IHs. J. (1966) J. Naurosd Rm |S. S21-528
Bonenatain, J E. and Sato, Q.H. (1979) Proc Nati Acad Sd. USA 76. 514-517

Boyar, E. D. (ad.) In; 'Eruymaa’ (1963). Ch. 10. pp 356-407

Bradbury. J. M. and Thompaon, R. J. (1964) Blocham J. 221.361-366

Bradbury. J. M.. CampbaN, R. S. and Thompaon. R.J. (1964) Biocham. J. 221,351-359
Brammar. M. J. (1964)J. Naurocham. 42, 135-141

BraaMua. T. A.. DaNya. R. ar>d Ouda)a, P. K. (1966) Blochim and Biophyalca Ada. 956, 216-
216

Braun P E (1964) In: ‘Myaln" 2né ad (MoraM. P., ad ). Planum Praaa. Naw Yortt

Braun. P E , Da Angalla. D.. Shiybal. W W and Bardar, L (1991) J. Nauroacl Raa 30,
540-544

Bray. 0 and WhHa. J. Q. (1966) Sdanca 239. 863-669

Bralttlald. P.P., McKinnon. W.C. andMoatov. K. E. (1990) J. CaNBlol 111,2365-2373
Bramar. E. O.. Hakomorl. 8.. Bowan-Popa. O F., Ralnaa. E. and Roaa. R (1964) J. Blol
Cham 259. 6616-6625

Brar>nar. S. L Bno Brinklay. B R (1961) Cold Spring Harbor Syrrp Quar®l Blol 46. 241-256
Brophy. P J. (1992) In MyaHn Biology arxl Chamlatry. (Marlanaon. R E, ad) pp197-212
CRC Praaa Inc

Brown. D. A and Roaa.J. K. (1992) CaM. 66. 533-544

Brown. S Lavlrcon. W and Spudich. J A. (1976) J. Supramol Strud 5, 119-130

Brinlr>g. A., Karranbauar. A . Schnabal. E. and Wialar>d, F T. (1992) J. Blol. Cham 207,
5052 5056

Bunga. M B .Burnja. R. P anU Ria, H. (1961) J Blophya Biocham Cytol 10.67-94

Bonga. P P (1991) m'Arviala ot tha Naw YoiV Acadamy of Sdancaa”. (Duncan. I. 0.. Shoff.
R P and Colman. D.. ada) 606, 229-233

Burgaaa. T.L . SkouNaa. D A. and WIllaon. L. (1991) CaN moillty arKf tha Cytoakalalon 20.
269-300

Burka. B and Warran. Q (1964) Ca« 36. 647-656

Bum. P and Burgar. M. M. (1965) ExparlmarMa 41, 779

Bum, P., Rothman. A . Mayar. R. K. and Burgar. M. M. (1968) Natura 314. 469-472

231



Cacam. A .and Kotik K. S (1MO0) Natura 343. 431-463

Ctmbi F.. Laat. M B . WIWama. R and Mactn. W (1963) Ann Nturol 13. 303-308
Ctmaion. R S and Pakic. P. (1991) OLIA 4: 124-137

Campagnonl. A T (1988) J. Naurocham 51.1-14

Carraway. K. L. and Canillan. C. A (1969) Blochlm Blophyt Acta 968. 147-157

Canon. J. H.. Nlalaon. M L. and Baibaraaa. E. (1963) Oav Biol 96. 485-492

Chandakar. L. P.. Palk. W K and Kkn. S. (1966) Blocnam j. 240. 471-479

Chang. P. C.. Yang. J. C.. Fujllakl. J. M . Chkj. K. C. and Smith. R A (1986) BlochamIUry.
25. 2682 2686

Chaltopadhay. A and London. E. (1988) Blochim Blophyt Ada 938. 24 34

Chatloptdhyay A. and London. E. (1987) Blochamltiry 26. 39-45

Challopadhyay. A (1990) Cham Phyt Uplda 53. 1-15

Chilaila W W. (1982) UpM analytli. 2nd Edition. pp62-53 Pargamon Praia. Oxlord. U K
Chrlaka. W w. (1973) Lipid analyala. 2nd adn.. pp 197-201

Colman. D. R.. Kralblch. Q.. Fny. A B and Sabatinl. D. (1982) J. Cal Biol 95. 596-606
Connolly. J A and KaklInt. V. 1. (1980) Exp Call Raa 127. 341-350

Corwior.J R and Fina. R E. (1966) Brain Rat 368. 319-328

Conatanano Caoctrmi E and Suzuki. K. (1976) J. BK» Cham 253. 340-342
Conttantmo-CaocarInl. E and Suzuki. K (1975) Brain Raa 93. 358-362

Crang. A J andJtckobaan. W (1983)J. Nturocham 39. 244-247

Cunningham. B A . Hamparly. J.J . Murray. B A. Prodigar. E A Brtckanbarry. R and
Eddakntn. O M (1967) Sdarva 236. 799-806

da Farra. F., Engh. H.. Hudaon. L .. Kamhoz. J.. Puokat. C.. MoHnaaux. 8. and Lazzadnl. R
A (1985) Cal 43.721-727

daNachaud B . Worn. A . Jaantat. C and Bouna. J-M (1983) J Naurocham 41.1538-1544
da Nachaud. B . WoM. A . Jaamal. C. and Bouna J. M (1963)J Naurocham 41. 1538-1544
Dalblar. Q. E.. Slona. A. L. and Klaa. M. W. (1990) Protalna: Structura. Function and
Oantllct 7. 32-40

Oat Rio Honaga. P (1919) Bol Soc Eap Biol (Madrldl 9. 89-120

Daa Jardkia. K. C. and Moraa. P. (1963) J. Cat Biol 97, 438-448

232



Di Bism . a.. Arglolas. L.. Contaloni. A. and Salvatl. S. (1091) Neurocham Rm 16. S51-554

Oiaz. N. J .and Avila J. (1969)J CaN Sd. 92. 607-620

Diaftl. H -J.. Schaich. M . Budzinaky. R. M and Stoffal. W. (1066) Proc Nati Acad Sd

U S A. 63.9607-9611

Oinamora. J. H.. and Solomon. F. (1991) Cali 64. 617-626

Doma. R. W . Ruta. Q and YawdaN. J. W (1960) J. CaH Biol 100. 61-72

Donaldaon. J. Q.. Llpplnoott-Schwartz. J . Bloom. Q. S . Krala, T. E. and Klauanar. R 0.
(1900) J. CaMBIOI 111.2295-2306

Oowhan. W (1992) In Dynamica of mambrana aaaambty (Joa A F dan Camp, ad.) NATO
ASI aartaa H: Cali Biology vol. 63, ppl1-32

Duboia-Oalog. M. E. and Armatrong. R. C. (1991) In 'MyaHn; Biology and Biochamiatry*
(Madanaon, R. E.. ad ) pp 81-122, CRC Praaa Inc

Duboia-Oaloq. M. E.. Bahar. T,, hAidaon, L. and Lazzartni. R A.(1066) J. Cali Biol 102. 364

392

Duncan, J. R. and Comfaid. 8. (1966) 3. Cali Biol 106. 617-628

Dyar. C. A and Ban)amina. J. A (1069a) J Nauroadanca Raa 24.201-212

Dyar. C. A and Ban)amina. J. A (1069b) J Nauroadanca Raa 24. 213-221

Dyar. C A and Bart)amina. J. A (1900) J. CaN Biol (111.625-633)

Dyar, C A and Banfamina. J. A (1992) J. Nauroad Raa 30. 690-711

D'Urao. D. Brophy. P. J. , Slugaitia. S M (*Uaapia. S C . Fray. A 6 , Slampak, J. O and
Colaman. D. R (1900) Nauron 2, 449-460

Edalman. Q.M (1964) Ann Rav Nauroad 7.330-377

Edar. P. 8 . Soong, C.-J. andTao. M (1966) Biochamiatry 25. 1764-1770

Edwarda. M A , Braun, P.E. and BaN. C. J. (1060) J. Naurocham 52. 317-320

Elaanbarth. Q 8.. Walah. F. 8. and Niranbarg. M. (1970) Proc Nati Acad Sd USA 76.

4913-4017

Eng .L. F and Nobla. E. P (1066) Upéda 3.157-162

Eapinoaa da loa Moraaroa. A. and Foucaud. B (1067) Dav Brain Raa 36.123-130

Evarty. J. L . Brady. R. O. and Ouadaa. R H, (1973)J. Naurocham. 21.320-334

Eylar. J (1972) m ‘Functional artd ftrudurai Protalna o( tha Narvoua 8yaiam* (Daviaon. A .

233



M«nd*l. P and Morgan. I.. ada ) 215-240. Planum Praat. Naw Yodr

Fanarraga, M L. . Qrtdliha. I. R . McCulkx*. M C.. Barrta. J. A . Cadanach. B M . Brophy.
P J. and Kannady. P. Q E. (1S01) Nauropalhol and Apwad Naurotjlol 17. 323-334
Fannaraga. M L.. Qntlliha. I. R., McCulloch. M C . Barna. J A . Kannady. P O. E and
Brophy. P J. (1902) OLIA 5. 151-170

Fadarotl. S (1955) In ‘Molacular Baaas ot Naurol Oavalopmanr (Edalman. Q M .Qall. E
0 and Cowan. W M.. ada ) pp 91-117. Wilay. Naw York

Famandaz-Moran. H. (1950) Exp Call Rata 1.143-149)

«ranch-Conalam. C.. Millar. R H . Kniaa. J . Schachnar. M and Rad. M C (1955) J. Call
Biol 102. 544-553

Figlawlcz. D. A . Nolan. C. E and Jungalwala. F B (1955) Trana Am Soc Naurocham 15.
130-130

Fltoin. M. T.. Walah. F. S. , Trapp. B D., Plzzay. J. A. and Tannakoon. Q. I. (1990) Natura
344.571-572

Flachar. I . Konola. J. andCochary. E (1990) J Naurosei Rat 27,112-124

FolchJ and Laaa. M B (1951)J Biol Cham 191.507-517

Forschar. P and SmNh. S J. (1955) J. Ca< Biol 102. 354 392

Fox.J E. B .BoyWs. J K .Barndl. M C Stahan. P K. and Andaraon. L. K (1955) J Cat Biol
105. 1525-1535

Frail. D. E and Brown, P. E. (1954)J. Biol Cham 259. 14557-14552

Fraasmaud. C . Vallai. J M . Rigaud. M . Caaaagna. C.. La Bourdalta. O and SarHava. L L
(1990) Naurocham Ini. 15,27-30

Fullahlro. M . Koahaka. S . Nagalka. K and Taukada. Y. (1955) J. Naurocham 47.191-195
Fujlwara. T. , Oda. K. Yokola. 8 Takalaukl. A and Ikahara. Y (1055) J. Biol Cham 253.
15545-15552

Fuaon A B.Wan, K. M and Panman. 8 (1950) Caa 20.549-557

Fularman A H., Slalgar. B . HuMiard. A L. and Pagano. R E. (1090) J. Biol Cham 256.
5560-5567

Fularman. A H and Pagano. R E. (1991) Blocham J 250. 296-302

0a5. C. and Oal. 0. R C. (1955) Natura 220. 156-173

234



QaiiMr. A R and KInAnar. O. A (1980) In ‘Naurotoglcal Functlont Anadino MyaUnallon’
(N. Baumann. ad ) Amalardam: Elaaviarpp. 171-178

Qard. A L..and naMlar. S E. (1989) Oavatopmanl 106. 119-132

(3ard. A L ,and Pladlar. S. E. (1990) Nauron 5. 815-625

Qardam. t* A . Novich. J. J. and SIMut. J. R. (1989) Blochamialry. 28. 884-893

Qardinar. M V and Mackiln. W B. (1988) J. Naurocham 51.380-371

Qaran. B B and Snun. F. 0. (1954) ki‘Fina Sinjctura ol Cana' Sympoakim. Laldan. pp 251-
260

Qtuzt. H S. and Mona. J O (1991) J. Elac MIC Tachmquet 17. 24-34

Qhoah P B and Whlianouaa. M W (1968) Blocham J 108. 155-156

Qllaid. B K.. Haalh. J. P . Thunnon. L. T and Marcua. 0 M (1991) Exp Can Raa 192.433-
444

Qllard. B K . TtHjrmon. L. T and Marcua. O. M (1992) Can Molinty and tha Cytoakalaton 21.
255-271

Qinaapia. C S . Bamiar. L. . Brophy. P J. and Colman. 0 R. (19900) J. Naurocham 54.
856-681

(Jinoapla. C. 8 . Trapp. B O . Colman. 0 R and Broptiy. P J. (1990a) J. Naurocham 54.
1556-1561

Qinaapla. C S . Wllaon R . Davidaon. A and Brophy P J (1989) Blocham J 260. 889-096
Oodiraind. C . Friadrich. V L., Holmaf. K V and Dubolt Daicq. M (1989) J. Can Blol 109.
2405-2419

Oonalaa. N K.. Silabar. A . Oonataa. J . Mommol. T and Flshman. P H (1983) Molacular
and Cadular Blolooy 3.91-101

Oonialaz. A-M . BuacagDa. M . Oig .M and Balnl. A (1990)J Can Blol 110. 753-785
Oouk). R M .Jaaaan K. R.. Mlraky. R and Tannakoon. O (1992) m ‘ Myann: Blolooy a'«)
Charmalry- (Madanaon. R E . ad ) pp 123-171. CRC Praaa Inc

QiKinh. L M and Ponard. T O (1962) J. Blol Cham 257.9143-9151

OnilHha. O and Sodak. B (1992) In: Dynamica ol mambrana aaaambly (Joa A F dan
Camp. ad ) NATO ASI. aaoaa H Can Biology vol 83. pp33 38

omniha. I. R and Simona. K. (1988) Solanoa 234. 438-443

235



Ortttltht. I. R , Soon, I.. McCuNocn. M C.. Barrio. J. A. . McPhllamy. K. and CanarMtch. B M
J. (1990) Naurocylol 19. 273-283

Hakomort. S. (1969) Adv Cancar Ras 91.157-331

Hakomort, 8 (1990) J. Btol Criam 286. 16713-18716

Hakomori, S. and Kanagl. R. (1963)J. N C. 171. 141-151

Hanal. N., Noraa, Q. A.. MacLaod, C. and Torra-Mandaz. L. (1966) J. Biol Cham. 263,
10915-10921

Hannun, Y. A and BaN. R. M. (1989) Sdanca 243. 500-507

Hanaon. T.. Slagatad. J . Padaraan. L.. Roth, R A.. Ootdatain. A and Olaaon. L. (1969) Proc
Natl Acad Set USA 86. 3123-3126

Hardy. M . Raddy. U. R. and Ptaaaura. D. (1992) J. Nauroad Raa. 31.254-262

Hardy. R and Raynolda. R. (1991) Davatopmani ill, 1061-1080

Hargraavaa. A.J . WandoaaN. F and Avila. P (1966) Natura 323. 627-628

Harri, E.. LoafUar. W.. Stgg. H P.. SiahaHn. H. and Tamm. H. (1963) HaN Cham Acta 46.
1235-1243)

Harrow, E. 6 Lana. D. (1966) In: “Antlbodlaa; A laboratory marHjaT Cold Spring Harbor
Laboratory pp 256 259

Harvay. A R . Chan, M. and Oyaon. 8. E. (1991) In "Annala of tha Naw York Acadamy of
Sctancaa”. (Duncan. I. D.. Skoft. R. P mnd Colrr*n. D.. ada ) 605. 573-576

Hirano, A . (1966) JCaNBlol 36:367-373

Ho. W. C., Allan. J . Von Maar, O, Bargar, E. Q. arv) Krala. T. E. (1960) J. Call Biol. 46. 250-
263

Hoakatra. D. (1962) Blochamlatry 21,2633-2640

Hogan. E. L. and Qraantlald. 8. In: ‘MyaMn* (1964) (MoraH. P ad) pp 469-534, Planum
Praaa, Naw York

HoM. C. and Sawyar. L. (1966) Protain Eng 2, 251-259

Hopkina. C. R (1902) TIBS 17. 27-31

Hubar. Q .andMalua. A. (1964) J. Nauroaol 4,151-160

Hudaon. L. D. and Nadon. N. L (1002) In: *Myaln Biology and Chamtatry* (Marianaon. R E.

ad.) PP677-702 CRC Praia me.

236



Hudion. L. D . Fritdrtch. Jr,, V L .8«h»r. T,, Ouboli Dilcq. M and Laziartnl, R A (1989) J.
CM Bk>l 109. 717-723

Hudaon. L.. Ono. K , Ftladrich. V.. Banacka. J , Duboia, Daicq M and Lazzailnl. R A (1987)
J Nauroad Raa 18.322-334

Huidiaplllar. T. and Flood. L. E. (1988) Natura 323.15-18

Hunzikar W . Whitnay.,J A. and (Mailman. I. (1991) Ca« 8. 568-579

leahaahl. Y.. Hakomort. 8.. Toyokunl. T.. Daan. B . Fullla. S . Suglmolo. M.. Ogawa. T., El-
Ohandy. K and Rackar. E. (1989) Blochamialry 28. 8796-8800

Igaraalil. M and Suzuki. K. (1977) J. Naurocham 28: 729-738

Ikanaka. K . Kagawa. T and MlkoaMba. K (1992) J. Nauiocham 58. 2248-2253

Imamo». K.. Pataraon. J. A and Lablond. C. P, (1978) J Comp Nauiol 180-115-138
Jackal. D.. Kananbauar. A,. Blrk. R.. SchmkJI. R. R. and )8/laland. F. (1990) FEBS Lan. 281.
255-157

Jackal. O . Karranbauar. A.. Burgar. K. N. J., van Maar. Q, and Wtaland. F. (1992) J. Call
Biol 117.259-267

JaaaHua. A J .Naamura.J. R . Skiar. L. A . Codirana. C Q and Palnlaf. R O (1984) J. CaB
Bk» 98. 1378-1387

Jaaaan. K R and Miraky. R (1991) QLIA 4. 185 194

Jaaaan. K, R,. Morgan. L .Brammar. M and Miraky. R (1985) J. Cad Biol 101. 1135-1143
Johanaon. L. B -A . Molotkovaky. J. Q. and Bargalaon. L. O (1990) Chamiatry and Pnyalca ol
Llplda 53. 185 189

Johnaon .Q V W andJopa. R 8. (1988) Brain Raaaarch. 456. 96-103

Johnaon. P W . Abramov-Nawarty. W.. Sallhalmar. B . Sadoul. R . Tropak. M B Arquun.
M . Dunn. R J . Scbacbnar. M and rodar. J. (1989) Nauron3. 377-385

Kambolz. J. and Wrabalz. L. (1992) m Myaan: Biology and Chamiatiy. (Mananaon. R E. ad)
PP387-385 CRC Praaa Inc.

Kandakar. 8 S and Jaoobaon.Q R.(1989)J Caa Blodiam 39. 207-218

Kar«. H C , Flabar. P J.. Prandargaal. F O and Flaughland. R P (1988) J. Cad Bld 107.
34a

Kmilan. M 8 andHinda.J. W (1980)J. Comp Naurd 193. 711-727

237



Kartn N. J. and Waahnaldl T. V. (1965) Naurocham. Rat. 10.697-907

Karranbauar. A.. Jackal. D.. Jutl. W.. BIrk, R.. SchmkM, R R, Rothman. J. E. and Wlaland.
F. T (1990) Cat, 63. 259-267

Katurtnan. J. and Somarharju. P. (1992) in; Dynamica of mambrana attambly (Jot A. F. dan
Camp, ad.) NATO ASI tartat H: Call Biology voi. 63. ppl27-14

Kaan. E. C. (1966) J. Lipid Rat 9. 319-327

Kaanan, T W . Morra. D. J. and Batu. S. (1974) J. Biol Cham 249. 310-315

Kally. B.M..QiUatpia.C.S..Sharman D.L. andBrophy, P.J. (1992) J. Call Biol. 116. 397-410
Karidlar. A artd Dawton. Q. (1992) J. Naurotd. Rat 31.205-211

Kithimofo. Y. (1963). In tha "Enzyntat*', voi. XVI (Boyar, P.D.. ad) pp 356-407. Acadamic
Pratt. Naw York

Kithimok). Y and Kawamura. N. (1979) Mol. CaN. Bloch 23,17-25

Kitlan. Q. T andNIgg. E. A (1991) J. Call Biol 113.13-23

Klautnar. R. 0.. Donaldton. J. Q. and Upipnood-Schwarlz. J. (1992) J. Can Biol 116. 1071-
1060

Klaln. 0.. Lalr>akugal. P., Pohiantz. O.. Schwarzmann. Q and Sarvihoft, K. (1966) In "Trandt
in OangHotida Rataarch Naurochamical arid Nauroganarativa Atpadt*. (Ladaan, R W .
Hogan, E. L., Tanamanti. O., Yalat. A. J. arid Ku. R. K. adt ) pp 247-256 Padova. Liviaria
Kobayathl. T (1964) FEBS Lalt 169. 224-226

Kobayathl. T and Pagano. R. E. (1969) J. Biol Cham 264, 5966-5973

Kobayaahl T and Pagano. R. E. (1968) Ca« 55, 797-805

Koflar. A.. Qratzar. W.B . Clarka, Q.D and Halat. A. (1963) J. Call Sol 61. 191-216

Kok. J. W., Etkaknan. 8.. Hoakttra. K. and Hoakaira. D. (1969) Proc Nall Acad 8d. USA
66. 9669-9900

Koiatniok. R N (1991) Prog Up. Rat 30,1-36

Koul. O. and JungaMala. F B (1961) Biocham J. 194. 633-637

Koul. O and Jungakvala. F B (1966) Naurocham Rat It. 231-239

Koul, O .Chou, K H and Jungahvala. F B (1960) Btocham J 166,969 969

Koul. 0., Singh, I. and Jungalwala, F. B (1968) J. Nourocham 50, 560-666

Koval. M and Pagano. R. E. (1969) J. Cal Biol 106. 2166-2181

238



Koval. M and Paoano. R E. (1990) J. Can BM 111.429-442

Koval. M. and Pagano. R. E. (1991) Btochimica and Biophysica Acta 1062.113-125

Koval. M and Pagano. R E. (1991). Bk>chim Biophya Acta 1082; 113-125

Kratbich. Q. and Sabatini. D. D. (1974) J. CaN Biol 61. 789-807

Kraia. T E. (1990) CaM Motil. CytosKaialon 15. 67-70

Kronquiat, K. E., CrandaH. B and F. Macfcun. W B and Campagnoni. A. T. (1967) J
Nauroaci Raa 16. 395-401

Ktiatakia. N T.. Undar. M E. and Rolh. M. Q. (1992) Natura 356, 344-346

KuniahHa T and Ladaan. R. W. (1964) J. Naurocham 42. 326-333

KuniabHa. T . Vaawani. K. K., Morrow. C. R.. Novak, Q P and Ladaan, R W. (1967) J
Naurocbam 46.1-7

Kurthara. T and Takabaahi, Y. (1973) J. Bioi Cham 262: 3256-3261

Kuilhara. T.. Fowlar, A V. and Takahaahi. Y. (1967) J. Bioi Cham. 262. 3256-3261
Kurthara. T., Takahaahi. Y., Niahiyama. A. and Kumartiahi, T. (1966) Bioch. Biop Raa
Comm 152. 837-642

LaammN. U. K (1970) Natura 227, 660-062

Lai. C.. Brow. M A . Nava. K-A.. Norohna. A Q.. Ouartaa, R. H.. Bloom. F.E., Mil>ar. R. J.
and SutcMfa. J. Q. (1967) Proc Nati Acad Sci USA 04. 4337-4341

Laraan E.. Palabrtca. T.. Sa)ar. S.. QiiMrt. Q. E., Wagnar. D. D.. Furia. B C ar>d Furia. B
(1990) CaN 63. 467-474

Lauraan R A . Sammlulah. M. arid Laaa. M. B. (1964) Proc Nati Acad Sd. U S A. 01 2912-
2916

La Duartn. N . Dulac. C., Duptn. E. and Camaron-Oury. P. (1991) OLIA 4; 176-164

Ladaan. R W , Fong, J. W and Broaloti, 8. W. (1976) Trana Am Soc Naurooham 6. 149
Laaa. M B. and Broatort. 8. W. (1964) in: *MyaNn”. 2nd ad . (Moral, P ad ). pp 197-224.
Planum Praaa. Naw Yortt

Lamka. O (1966) Traoda in Nauroaoianoaa 9. 266-270

Lamka. O (i960) Nauron. 1. 636-643

Lamka. Q. and Axal. R. (1966) Cai 40. 601-606

Lamka. Q.. Lamar. E. and Patiaraon. E. (1966) Nauron, . 73-03

23B



L»m>»f. P., Campagnoni. A. O. and Sampugna. J. (1974) J. Naurocftam. 22,163-172
Lanartar. J. F.. Ltam. R. K. H. and Shalanakl, M L. (1962) J. CaN Qko* 95. 982-966

Lavi, Q.. Agraati. C.. D'Urao, D. and Aloial. F. (1991) Nauroscl. Lati. 126, 37-41

Lavi, Q-, Atoisi. F. and WIUn. Q. P. (1987) J. Nauroad. Rea. 16. 407-417.

Lavina S M . Wong. D and MackUn. W B. (1990) Oav Nauroad 12.235-250

Lavina. S. M (1969) NauronS. 103-112

Lavina. S. M. and Goldman. J. E. (1966a) J. Nauroad 6, 3992-4001

Lavina. S M and Goldman. J. E. (1966b) J. Comp. Naurol 277. 441-449

Lmardlc. C. M .Jayadav, 8. and Hannun. Y. A (1992a) Clinical Raa 40. 323-334

Linardlc. C. M .Jayadav, S. and Hannun. Y. A. (1992b) J. Biol. Cham. 267, 14909-14911
Llpplnoott-Schwartz J., Yuan. L., Tippar, C., Amhardt. M, Ord. L. arxl Klauanar, R. D.
(1991a) Can, 67601-616

Lippinoott-Schwartz, J.. Donaldaon, J. G.. Schwalzar. A.. Bargar, E. G , Haurt, H.-P., Yuan. L.
C and Klauanar. R 0. (1990) CaN 60. 621-636

Lipplnoott-Schwariz. J . GMckman. J.. Donaldaon. J. Q., Robblna. J., Krala. E.. Saamon. K
B . Shaatz, M P and Klauanar, R. O. (1991b) J. Call Biol 112.567-577

Lipaky. N O and Pagano, H E. (1963) Proc Natl Acad Sd USA 60. 2606-2612

Llpaky, N O and Pagano. R E. (1965a) J. CaN Biol 100.27-34

Lipaky. N. G. arid Pagano. R. E. (1965b) Sdarica 226. 745-747

Llaak, R P., Plaaaura, D.. SlkJarbarg. O. H.. Marmlrig. M arid Saida. T. (1961) Brain Ras
223.107-122)

Lobal. P.. Fu)lmo(o. K.. Ya. R. D.. GrtWtha. Q. and Komlald. S (1969) CaN 57, 767-796
Louie. J. C-. Magai. E .Mulr. D.. Manlhorpa. M. and Varon. S J. Nauroad Raa 31.193-204
Low. M (1992) BIOCNm Blophya Acta 966. 427-454

Lowry, O. H. . Roaanbrough. N. J. . Farr. A. L. arid Raridall, R. J. (1951) J. Biol Cham. 193.
266-266

Luoooq, J and Warran, G (1967) EMBO J. 6. 3239 3246

Luzlo. J P.. Braka. B . Bantlrig. 0.. HowaU. K. E., Braghetta. P arid Stanley. K. K. (1990)
Blooham J 270, 97-102

Macala. L. J . Yu. R K. and Ando. 8 (1963) J. Up Raa 24.1243-1290

240



Mackin W. B. (1966) Trant. Am. Soc. Naurocham. 19, 132-143

Mackin W B .Wa4N. C. L. and Dalningar, P. L. (1986) J. Naurosd. Ra« 16. 203-217
Macin. W. B. (1992) tn Myain; Biology and Chamittry, (Marlenaon, R. E, ad) pp2S7-276
CRC Prass Inc

Matgat, M . Maurtca. A. and Baraud, J. (1966) J. Up. Ras 27. 251-260

Mar>idfl L. R. ar>d Low. P. S. (1969) Blocham Btophys Ras Comrrun. 159. 1012-1019
Mansflatd. S. Q.. Dlaz-Ntdo. J.. Qordon-Waaks, P R. and Avila, J. (1992) J. Naurocytology
21. 1007-1022

Mailanson. R E., Law. M. «. and Oabiar, Q. E. (1963) J Blol Cham 256. 930-937
Martanson. R.E , Dalblar. O E and Kia« M W. (1969) Proc. Natl Acad Sd. (U.S.A.) 63.
4962-4966

Mataod. R and Krals, T. E. (1967) J. CaN Blol 106. 1253-1256

MaRhlau. J. M . Evarty, J. L., Brady, R. O. ar>d Ouartas, R H. (1975) Blochim. Blophys. Acta
392. 167-174

Matthlaw. J.-M., Constantlno-Caocarinl E.. B4ny, M. ar>d Ralgnar, J. (1980) J. Naurocham
35. 1345-1350

Malurana. R. H. (1960) J. Blophys Blocham Cylol 7.107-120

Malus. A (1966) Annu Rav Naurosd 11,20-44

Malus. A (1990) J Physlol Paris. 64, 134-137

Maurtca. A. . Malgat. M. and Baraud, J. (1969) Biochlrda 71.373-378

Mc Kaahan, W (1964) In: “Call cultura malhotM tor molaculsr and oai biology". (Barr>a«. W .
Slrbaaku. D A.. Salo. Q.H., ads) Vol |, pp209-213 Alan R LIss Inc.. N Y.

McCarthy, K. and da VoNs. J. (1960) J. CaN Blol 65, 690-902;

McCarthy, K. D., and DaValNs. J. (1960) J. CaN Blol 85. 690-902

McOarry. R.C., HaMand. 8 L , Ouartas. R.H. and Rodar. J. C. (1963) Natura 306, 376-378
McKmnon. R D.. Malsul, T.. Oubols-Dalcq. D M and Aaronson, S. A (1990) Nauron 5. 603
614

McMorrts, F A and Dubols-Oaloq. D M (1966) J. Naurosd Ras 21.199-200

McMorrtq, F. a., Furlanatto. F W., Oubols-Oaiog. M., MoxaN, R. L.. Carson, M J. and Raibla.

D. W (1990) In: ‘DMaraniallon and functlons et gNal oaHs" (Lavl, O. ad.) pp6l-78 Alan R

241



Llm . N«w Yortc

M«r. H. and MacPlka. A D. (1970) Exp Brain Ras 10. 502-509

Manlabarry, A . Adasnik. M., Alchinson, M.. Norgard. E. M, Alvaraz. F., Sabatini. D. D arxl
Colman. O. R.(1966) Proc. Natl Acad Sd. USA 83.1111-1114

Marrill. A H Jr andStavana. V. L. (1989) Biochim Biophys Acta 1010. 13M39

Millar. R. H.. David. 8.. Ratal. R.. Abnay. E. R. and Raff. M C. (1985) Dav Biol 111.35-41
Millar-Prodzara. H and Fishman. P. H. (1962) Biochamistry 21.3265-3270

Millar-Prodzara. H. and Fishman. P. H. (1984) Biochim Biophys AcU 804. 44-51

Milnar R.J.. Lai. C., Nava. K. A . Lanolr. D . Ogala. J. and SutcMha. J. Q. (1985b) ("N 42.
931-939

ModasS. N M and Barra. H. S (1986) Biocham Biophys Ras Comm 136.482-489

Moora. P. L-. Quzikowski. A. P . Kang. H. C. and Haughland. R. P. (1968) J. CaN Biol 107.
34a

Morali P and Radin . N. S. (1969) Biochamistry 8. 506-512 Ravan Prass. Naw York

MoraN P . Ouarlas R. H. and Norton W. T. (1989) In; *Basic Naurochamistry: Molacular and
Madical Aspacis' 4th ad (Slagal Q J ad) .pp 109-135

MoraN. P and Toaws. A. O. (1984) In: 'OUgodandroglia* (Norton. W T. ad) pp 47-86.
Planum Prass. Naw York

Moscarallo. M A (1990) in; Dynamic intaractions of MyaNn ProtairiS'. pp 25-48. Allan R
Laiss. kK.

Moss. D J. and WhHa. C. A. (1992) Eur. J. CaN Biol 57, 59-65

Muraoka. 8 and TakahasN. T. (1969) Dav Brain Ras 49, 63-74

Murray N and Stack. A.J. (1964) Lancat 1. 711-713

NaismNh. A L. Hottman-Chudzik. E., Tsui. L-C and Rlordan. J. R (1965) Nudale Adds Ras
13. 7413-7425

Nava. K -A.. Lai. C.. Bloom. F. E. and Mlinar. R. J. (1987) Proc. Natl Acad. Sol (USA) 84.
5665-5669

Nasoovtc, N M.. SaMava. L. L. and Mandat. P (1973) J. Naurocham 20. 1419-1430
Nawman, 8.. KHarrura, K. and Campagnoni. A T. (1967) Proc Natl Acad Sol US A 84,

886-890



Nkx>b. J. W. (1965) Bloch«rTilttry 24. 6390-6396

Nicol«. J. W and Pagano. R E. (1961) Biochair*atry 20. 2783-2769

Nicol«. J. W and Pagano. R. E. (1962) Biochamistry 21. 1720-1726

NiggH. V and Burger. M M. (1967) J. Marnbrana BkM 100. 97-121

NiahUuka. V (1966) Natura (London) 334. 661-665

Nixon. R A.. Lawic«. S. E. and Marotta. C. A (1967) J. Nauroad 7.1145-11S6

Nobla. M (1991) OLIA 4. 157-164

Nobla. M.. Bamatt. S. C.. Boglar. O.. Larvi. H.. Wolawijk. 0. and Wran. O. (1990) kv ‘Proto-
oncogar>a« In caN davalopmanr WiNay. Chichaatar (Ciba Foundation Sympoaium 150) p227-
249

Nobla. M . Lawi«. S A and Cowan. N J. (1969) J. CaN Biol 109. 3367-3376

Nobla, M . Murray. K . Stroobani. P.. Watadiald. M D. and Riddla. P. (1966) Natura 333,
560-562

Norton. W. T. (1961) In: "Baalc Naurochamiatry' (Siaglaa Q J. Abart« R. W., Arganoft B W.
KuUman. ad«) R. Boaton pp63-92 Uttla Brown.

Norton. W T and Cammar. W., (1964) In; IwlyaNn* 2nd ad (Morali P. ad) pp147-195 Plarxjm
Praag, Naw York

Norton. W T and Farooq. M (1969) J. Nauroad 9. 769-773

Norton. W r. arxl Podualo. S. E. (1973) J Naurocham 21. 759-766

Norton. W T.(1977) In 'MyaNn’ lat ad (MoraN. P ad) pp 161- 199 Planum Praa«. Naw
York

Nuaabaum. J. and Mandai. P. (1973) Brain Ra« 61. 295-306

Omanartd. K.. Singh. I. arv] Jurtgalwala. F. B. (1966) J. Naurocham.. 50. 560-566

Ofd. L.. Tagaya, M.. Amhardl. M.. Parraiat. A . Donaldaon. J., Lippirtoott-Schwarli. J..
Kiauanar. R D and Rothntan. J. E. (1991) CaN 64. 1163-1195

Owana. Q. C. and Bunga. R. P. (1991) Nauron 7, 566-575

Paokham. M A.. Quoolorta. M A, Bryark. N. L. arvi Uvrta, A. (1991) Upld« 26. 465-491
Pagano. R E. (1968) TIBS. 13. 202-205

Pagano. R E. (1990) Curr Opinion m C"aN Bloi 2.662-663

Pagano. R. E. and Martin. O. C. (1966) Bloohamlalry 27. 4439-4446

243



Pagano, R. E. and Slatjht. R. Q. (1985a) Traoda Biocham. Sci. 10. 421*425

Pagano. R E and Slatght. R Q. (1085b) Scianca 229. 1061*1067

Pagano. R. E.. Sapanaki. M. A. arKl Martin, O. (1969)J. Cali Bk>l. 109. 2007*2079

Pagano. R. E.. Sapanaki. M and Martin. O. (1969)J. Cali Bici 109. 2067*2079

Pagano. R.E.. Martin. O.C.. Kang. H.C. ar>d Haughland. R. P. (1991) J. Cali Biol. 113(6):
1267*1279

Paaquini. J. M.. Quarrai. M. M.. Baak>nx>raix>, M. A.. Huraqur. M. T.. Otaiza, P. I. aiid Soto, E.
F. (1989) J. Nauroaci Raa. 22. 289*290

Pataraon. J. A. (1903) Anat Anz. 163, 149*168)

Patton, 8. (1970)J. Thaor Bk>l. 29. 489-491

Paaraa. B. M F. arxl Robinaon, M S. (1990) Annu. Rav CaN Bid. 6. 151*171

Padraza. L., Owana, Q. C.. Qraan. L. A. D and Salzar, J. L. (1990) J. CaN Bid 111, 2661*
2661

Palham. H. R B. (1991) CaN 67. 449*461

Parayra. P. M.. Horvath. E. arKl Brown, P. E. (1988) .Naurocham. Raa 143, 583*595
Partman, R.. Bottaro. 0. P.. WhHa, M. F and Kahn, C. R. (1969) J. Bid Cham. 264, 8946-
8950

Patara, A (1900)J Biophya Biocham Cytd 7. 121*126)

PhiNipa, M. L.. Nudaknan, E., Oaata. F. C. A.. Sk>ghal A K.. Hakomori. 8. and Paulaon. J. C.
(1990) Scianca250. 1130*1132

Poduak), J. Fand Brown, P. E. (1976). J. Bid Cham 250, 1099*1106

Poduak), 8. E.. MIiHar, K. and Pak, C. H (1990) Naurochamical Raaaaroh 16. 739*742

Pdak, M.. Haymakar. W., Johnaon, J. E «nr arid D'Amalio. F. (1982) In "Hiatology arid
Hiatopathoiogy d tha Narvoua 8ydam* (Haymakar. W and Adama. R. D ada.) pp. 363-480.
Chartaa C. Thomaa 8prtr>ghald

PoNorak, M., Sadoul. R., KaNhauar. Q.Larrda, C.Fahrtg, T. and 8chaohr>ar. M. (1987) .J. CaM
Bid 106. 1893-1899

Prtoa, J. (1987) Davalopmanl 101.409*419

Prtoa, N. C., Cohn, M. araJ Sohirmar, R. H. (1976) J. Bid. Cham. 260,644*062

Quarlaa R.H., Evarty, J.t. and Brady, R.0. (1972) Biocham. Biophya Raa. Comm. 68. 491*



497

Quart»«. R. H.(1983/84) D«v Naurowi 6.285-303

Quarles, R. H.. Barbaraah, Q. R.. Figlewitz. D. A. ar>d Mcintyre. L. J. (1983) Biochim.
Blophys. Acta 767, 140-143

Raff M. C.. Miraky. R.. Fields. K. L.. Lisak. R. P.. Dorfirain. 8. H.. Sildeberg. D. H., Qregaor>
N. A . LiebowlU. 8.. Kennedy. M C. (1978) Nature. 274. 813-16

Raff. M. C. (1989) Sciertce 243. 1450-1455

Raff. M C.. Aney, E.. Brockes. J. P and Homby-SmNh. A (1978) C»H 15. 813-822

Raff, M. C., LHlien, L. E.. Richardaon, W. D.. Bums, J. F. ar>d Noble. M 0. (1988) Nature
333.562-565.

Raff. M. C.. Miller, R H and Noble. M D. (1983) Nature 303, 390-396

Raff. M C.. Williams. B P and Miller. R H. (1984) EMBO J. 5.

1867-1064

Rain«. C. 8. (1984) in “Myelin‘, 2nd ed.. (Morell. P. ed.) pp. 269-310, Plenum Press. New
York

Ramon y Caial. 8. (1934) In: ‘Degeneration arvl regeneration of the rtervoue system” vol 2.
pp 486-021. Oxford Urkversalty Preee. London. 1968

Ramweni. J. arxJ Moacarello. M A (1990) J Neurochem. 56, 1703-1710

Ramweni, J. ar>d MoecareNo, M. A. (1990) J. Neurochem 56. 1703-1710

RarKht. B.. Clapahaw, P. A.. Price. J.. Noble, M. arxf SeMert. W. (1982) Proc. Natl Acad. 8ci.
U8BA 70. 2709-2713

Rando. R. R (1988) FABEB J. 2. 2348-2356

Ranvier. L. (1871) C. R Acad 8ol 73, 1168

Reave«. R and Banting. Q (1992)J. Cell Biol 116, 85-04

RIchardeon, W D.. Prtngl«. N.. Moaley, M J . WeMermark. B arxl Dubols-Dalog. M (1088)
Cell 53. 300-319

Rogalaki. A. A ,Bergman. J. E and 8ingq«r. S. J. (1064)J. Cell Biol 90. 1101-1100

Rome, L. H.. Bullook. P. N.. ChlappeW. F., Cardwell. M , Adkxilfl. A. M and 8wanaon, D
(1086) J. Neuroad Rea 16, 40-06

RoeenwsOd, A. Q . Pagano. R. E. and Raviv. Y. (1901) J. Biol Chem 206.9614-9621



Rothman, J. E. (1967) CaN 50. 521-622

Rothman, J. E. and Orci, L. (1990) FASEB J. 4. 1450-1468

Roussal. Q and Nuaobaum, J. L. (1981) Histocham J. 13. 1029-1047

Rouaaal, Q.. Nuaabaum, J. L.. Eapinoaa da k>s Montaroa, A. and Naaoovic. N. M (1987) J.
Naurocytot 16,85-92

Saavadra, R. A.. Fora, L.. Saal, 8. N. and Markua, A. (1989) J. Mol. Evoi. 29, 149

=156

Sahyoun, N.. ShatUa, T.. LaVina, H. and Cuatracaaaa, P. (1981) Bk>cham. Btophya Raa.
Comm. 102, 1216-1222

SaHo, M.. Salto. M. ar>d Roaanbarg, A. (1984) Biochamiatry 23. 1043-1046

Sakakibara, K.. Momoi, T.. Uohida. T. and Nagai, Y. (1981) Natura 293, 76-79

SalzarJ.L., Hotmaa, W. P andColman, D. R. (1987) J. CaN Bk>l 104, 957-965

Sandal. J. H. and Maahland, R. H. (1988) J. HMocham Cytooham 36. 555-559

Sankaram, M. B.. Brophy, P.J. and Marsh. 0.(1989a)Blocharr>iatry 9686-9691

Sankaram, M. B.. Brophy. P.J. and Marsh. D.(1989b)Biochan/ry 9691-9698

Sankaram. M. B.. Brophy, P.J. arv Marsh. 0.(1989c) Biochamistry 9698-9707

Sato. C.. Larooca, J. N., Paaquirk. J. M. and Soto, E. F. (1906) Naurocham Int. 6. 109

=114

Sato-YoahNaka, R . Shlomura, Y . Miyasaka. H. and Hirokawa. N (1989) Nauron 3, 229-238
Schachnar. M . Kkn. 8 K. and Zahnia. R. (1981) Davalop. Biol 83. 328-333

Schmidt, M (1983) Curr. Top. Microbiol. Immunol 102, 101-126

Schnabb, M. E. arKi Schr>aN, L. (1989) J. Naurooytoiooy 16. 161-169.

SohroH. A. J. and Madaan, J. W (1983) Bioohamlatry 22. 3617-3623

Schwann. T. (1839) Micfx>9kopiBhO Um»muchungon Obmr dim UAimrmirmUmmunQ in dmr
sfaWdur und dam WmchtMum dar TTara und PWanzao, Sandar. Barkn

Schwarzmartn, Q. ar>d Sandhcff, K. (1990) Bioohamistry. 29, 10865-10671

Somitt. F. O. and Baar. R.8. (1939) Bid Rav. 14. 27-60

Somitt. F. O.. Baar. R. 8. and Clark. Q. L. (1935) Radiology 26. 131-151:

8ooldir>g, N. J., FrNh, 8., Uniogton, C,, Morgan, B P., CampbaN, A. K. and Crompton, D A.

8. (1989) J.Nauroimmundogy22, 169-176.

246



summon. K. B and Oaly. J. W. (1966) Adv. Cycic Nuclaotida Protaln Phosphorylation Ras
20. 1-214

Shankar. O.. CampaQrtonl. A. T. and Plahnoar. R. A. (1967) j. Nauroad. Ras 17, 220-224
ShtasInpar. M. J. (1992) In; DyriarrMcs of mambrar>a assambly (Jos A. F. dan Camp, ad ) voi.
63. PP197-210 and 349-364.NATO ASI. sartas H.CaN Biology

Siman. R.. Baudry. M arv] Lynch. Q. (1965) Natura 313, 225-228

Simons. K. and van Maar, Q. (1966) Blochardslry 27. 6197-6202

Simons. K arid War>dInoar-N«as. A. (1990) Cal 62. 207-210

Slrtgh, 1, Nolan, C. E.. Figlawici. D and JungaKvala. F B. (1966) Trans Am Soc
Naurocham 17,314-322

S)Oslrarid. F S. (1949) J. Call Comp. Physiol 33, 363-368

Skoft, R P and Knapp, P. E. (1992) In: "Myaln Biology and Chamstry* (Martanaon. R E.
ad) PP663-676 CRC Prass Inc

SkoM, R. P., Prica. 0. L. arid Stocks. A. (1976)J. Comp Naurol. 18, 291-312

Skoff. R P & Knapp. P.E. (LM 1) OLIA 4 165-174

Slalght. R Q and Pagano. R E. (1965) J. Biol Cham 260, 1146-1154

Snidar, M D and Rogars. O. C (1965) J. Cal Biol 100. 626-634

Sobua. O arid Plaasura. D (1964) Scianca. 224. 72-74)

Sommar. | arid Schachnar. M. (1961) Dav Biol 63. 311-327

Sommar. | and Schachnar, M (1962) Naurosdanca Lattars 29.183-166

Sossin. W 8 . Fishar. J. M arid Schalar. R H. (1900) J. Cal Biol 110,1-25

Sparry, W M Brand. F. C. (1943) J. Biol Cham 150. 315-324

Sprtrikla. T. J . McMorris. F. A.. Yoshino, J. arid daVrias. Q H (1965) Naurocham Ras 10.
919-031

SprirAla. T.J, Wals. M R.. Oarvar. F.A arid Smith. S B. (1060) J. Naurocham 41 1644-1671
Stain. O., Oatta, K.. HoNaridaf. O.. Oabach. Y., Ban-Nalm. M arid Slain. Y. (1969) Blochim
Blophys Acta 1003, 175-162

StalTiart. P M and Roop. D. R. (1066) Annu Rav Blocham 57. 593-625

Stambargar, N H., Quadaa, R H., Iltoyama, Y and Wabstar, H Da F (1079) Proc Nall

Acad 8« USA 76.1510-1514

247



stonar, Q. L. (1984) J. N«uroch«m 43. 433-447

Sturrocfc. R R (1982) J. Anat 134, 771-793:

Sturrock. R R (1985) J. Anat 141. 19-26

Sung, H Y.. Yavin. E.. Hammar, J. A and Quariat, R H. (1991) J. Naurocr>#ni 57. 2144-
2147

Suaan, j. M . Kabakoff. B.. Fither, P. A and Lannarrz, W. J. (1992) in Oynamica of
mambrana aasambly (Joa A. F. dan Camp, ad ) NATO ASI tartas H Cafi Biology voi. 63.
PP189-198.

SutcMta. J 0. (1987) Trandt in Qanattca 3. 73-78

Suzuki. M.. Sakanxrto. Y., Kitamura. K., Fukunara, K.. Yamamoto, H.. Miyamoto, H. and
Uyamura. K. (1990) J. Naurocham 55. 1899-1971

Tanaka Y. and Scrtroit A. J. (1983) J. Blol Cham 258.11335-11343

Tartakoff. A M (1983) Ca« 32, 1026-1028

Thompaon. RJ . Bfadbury, R.J and Richardton . P.J. (1986) Biocham Soc Trant 14. 351-
352

Thybarg. J. and Motkalawtki. 8 (1985) Exp Ca« Rat 159. 1-18

Timait.8 Q. BaHyCuif. L. Colman. O R. andZalc.B (1992)J Naurocham 56.1172-1175
Tira«.J Q and Cortaa, C.J. (1980) Comp. Biocham Phyalol 838. 807-873

Towrbin. H., StaahNn. T and Gordon. J. (1979) Proc Nati Acad Sd (USA) 78 4350-4354
Towrttand. L. E.. Ban”mint. J. A and Skoff. R P. (1984) J Naurocham. 43. 139-145

Trapp. B D. Itoyama. Y.. Macintosh. T 0. and Ouartat. R H. (1983) J. Naurocham 40. 47
54

Trapp. B 0.. Bardar. L . Andrawt. B arid Colman. D. R (1968) J. Naurocham 51.869-868
Trapp. B 0.. Hauar. P and Lamka. O. (1968) J. Naurotd 6. 3515-3521

Trapp. B O . Itoyama. Y , Stambargar. N H.. Ckiartat. R H. and Wabatar, H. DaF. (1961) J
Cac« Blol 90.1-8

Trapp. B 0.. Moanch. T., PuNay, M.. Barbosa, E , Tarwtakoon. O. and Orttfin J. (1987) Proc
NaM Acad Sd USA 84.7773-7777

Trapp. B 0.. Ouartat. R. H. and Suzuki. K. (1984)J. Ca« blol 99. 594-006

Trapp, B.. Andrawt. B., Coolauoo. C. and Ouarfat. R. (1969a) J. Ca« Blol 109. 2417-2426

24B



Tr«pp. B D.. Andrew», BS .Wong. A ,0'Conn«. M and Qrtftin. J w (issgb) J. Naurocyto)
18: 47-60

Trinchara. M and Qhidonl. R (1889) J. Biol Cham. 264. 15766-15769

Tronar, J. and Schachnar. M. (1989) Oav Brain Raa 46. 115-122

Tuckar. R P and Malua, A | (1B68a) Dav Biol. 130, 423-434

Tuckar. R P, Bindar. L. I. and Malua. A . (1968) J. Con« Naurol 271.44-55

Tuckar. R P, BIndar. L. I. Vlarack. C., HamnUnga. B A and Malua. A 1. (1988b) J
Nauroad 8. 4503-4512

Turnar, D L .Snydar. E, V and Capko. C. L (1990) Nauron 4. 833-845

Turnar. J R. and Tanakod. A M (1989) J. Call Biol 109. 2081-2088

Turnar. R S . Chou, C.-H.. Maizal. Q J . (Jambura, P and Kuo. J. F (1984) J. Naurocham
43. 1257-1246

Ulmar. J B . Edwarda. A M . McMorrla. F. A. and Braun, P E. (1987) J. Biol Cham 262.
1748-1755

Ualar. P. 8. and Daamar. O. W. (1981) Arch Blocham Blophya 209. 385-395

Vala. R O and Holanl. H (1988)J Ca« Bid 107.2233-2241

VaHaa. R B and Shpalnar. H S (1990) Annu Rav Blocham 59. 909-932

van Ooraaalaar. A . Nabih. R . Sorokina. O . Schindlar. P and Lu. B (1987) C. R Acad Sd
Paha 305. 555-560

van Echlan . Q . Ibar. H .SIUz. H . Takalaukl. A and Sandhoh. K (1990) Eur J Cac Biol
51. 136-139

van Echlan. Q and SandhoH. K. (1969) J. Naurocham 52. 207-214

van Maar. Q (1989) Ann Rav Cac Biol 5. 247-275

van Maar. O., Slalzar. E. H. K.. wnznaandla-van-Raaandl. R W and Simona. K. (1987) J
Ca«BIOI 106. 1823-1635

Vanea. J. E. (1962) In: Dynamica ol membrana aaaambiy (Joa A F dan Camp, ad) NATO
ASI aanaa H Ca« BKKogy vol 63. ppl03-126

Vance. J. E.. Aaaman. E. J. and Siarka. R. (1991) J. Biol Cham 286. 8241-8247

Vartanian. T,, Dawaon. O . SoUvan. B.. Nalaon. D. J. and Schuzal. S (1989) OLIA 2. 370-

379

24B



Varlanian. T.. Szuchai. S.. Dawaon, Q. and Campaononi, A T. (1986) Scianca 234. 1395-
1398

Vayaaa, P. and (3otdman, J. E. (1990) Nauron 5. 227-235.

Viarack, C.. Tucfcaf, R. P. and Matua, A. i. (1989) Nauroactanca 9, 3547-3557.

Virckow. R (1854) Vabar daa au™abra/fa/a Vodco<nnian a/nar dam Ma/vanmadc anatopan
SubstMuz in dar tfadcban Oaiaaban Virchow'a Arch Path. Anat 8. 582

Vlodanaky, !.. Bar-Shavit. R.. iahai-Michaali. R BaahkIn, P. and Fuka, Zvl (1991) TIBS 19.
288-271

Vogai. U. S and Thompaon. R J. (1967) FEBS Lati 218, 281-265

Waanhaldt. T. V and Malolka. J. (1980) Brain Raa 189: 582-567

Wamar, F D and MHchaN. D. 0. (1980) \* Rav Cylol 68. 1-43

Warran. K. R . Miraa. R 8.. Arora. R C and Radin ,N S (1978) J. Naurocham 28. 1083-
1072

Watt. F M (1986) Traoda Biocham Sd. 11: 482-465

WaHa . M R and Sprinkla. T.J. (1981). J. Naurocham 38. 633-639

Wiagandt. H. (1982) In ‘Advancaa In Naurochamatry" (Arganotf. B W and Apriaon. M H .
ada ) voi 4 pp 149-223. Planum Praaa. Naw York

Wialarid. F T . Oiaaaon. M L.. Saraflni. T A and Rothman. J. E. (1987) Call 50. 289-300
Wiggina. R C and Morali. P (1980) J. Naurocham 34. 827-634

WIHard. H F. and Riordan. J. R. (1985) Scianca 230. 940-942

WIHiama. A. F. (1987) Immunol. Today 8. 296-303

WiMama. A. F. (1987) Today 8, 296-303

WiNiama. B P.. Raad. J and Pilca. J. (1991) Nauron 7. 865-893

Wilaon. L. and MargoNa. R. L. (1981) Cold Spring Harbor Syrr*) Quant Biol 18. 199-205
WuUaon. R and Brophy, P. J. (1989) J Nauroadanca Raa 22. 439-448

WoNgram. F and KolorH. K. (1988) J. Naurocham S. 1281-1290

Wolav4)k. O.. Riddla. P. N. and Nobia. M (1991) Ola 4. 495-503

WOlawilk. Q. and Nobia, M (1989) Davalopmant 105, 387-400

Wood. P. artd Bunga. R. P. (1984) In: "OHgodandrogla’ (Norton, W. I.. ad) voi. 6 pp 1-48

Planum Praaa. Naw York

250









