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ABSTRACT

Changes in the microtubule system of lymphocvytes were ex-
amined during manipulation of *wo 1lymphocy*e func4ions.
Spvlenic lymphocytes frcm nude mouse, which were 95% B cells,
were induced *+o cap surface Ig by incuba-ion wi+h an*i-Iqg
antibody, Cells which patched or cappred surface Ig showed
an altered wmicro+ubule distribution by immnnofluorescent
staining, To detemine if +here was a cganqe in microtubule
assembly during capping, resting and capped cells were exam~
ined by electron microscopy. No significant difference was
found in the number of microtubules in sectirns th-ough the
MTOCs of res*ing cells and of capped cells, This suggas*ts
that +he <change in immuncfluorescent s+tainina npat%ern re-
sul+s from a change in the spatial organiza*icn 2€ ~he mi=-

crotubules.

Tmmunofluorescent staining showed increased microtubule
nerworks in s+imulated mixed cell and nude mouse R c=11 pop-
ulations, "he tubulin contents in restina populations of
mixed cells and of nude mouse B cells were 3,6% and 2.9% re-
spectively. These increasd *o 5,1% and 3,2% after 24 h »of
stimulation, The difference in *71bulin con*en*s of 2.97 and
L,4% in live and unfrac-iona*ed {live and dead) <resting B

cell populationg, and *“he difference beiween rixed, B cell,



and T cell populations emphasizes *re need to vrre selected

populations for these determinatiors,

Tte micrc*nubule networks of T cell popula*icns 3+imulated
for 0, 24 and 48 L were examined by immunofluorescent s*ain-
ing and electron microscopy. Increaced micro*nbule networks
were seen in cells which had increased in size during stima-
lation., The most extensive ne<works were seen in 48 h stim=-
ulated blast cells. The increase in micro*ubule nunber dur-
inq/stimulation was determined by electron microscopy of the
MTOC regions of cells in resting ard s-imulated popala-ions,
The mean number of microtubules per sec*ion +through *the v70C

[
increased from 15.7 * 7.2 in res+ing cells *to 2€6,3 ¢+ 9,2 and

35,1 % 14%,¢€ in 24 h and 48 h stimula*ed popula<icns respec~

+jvely.

Direc* measuremen*s c¢f +tubulin ard ac*in con+ten+s, asg a
percen- of +otal cell pro+ein, and of +to*al «cell pro*ein
{TCP) con*ents were made on res*ing and s*imulated 7 cell
ropulations from which contaminating dead cells tad been re-
noved, As a percen* ¢f TCP, tubulin increased from 0.8% in
resting cells to 1.2% ina 24 h s*imula*ed prpulation, and
+5 1.3% in a 48 h stimuylated poprla+ion, The TCP con<-en“s
were 25, 29 and 39 ug/10% cells in resting, 24 h anil 48 h
stimulated populaticns respec*ively. The to*al *nbulin <on-
+en*+ increased 2.5 fold, from 0,2C ug/176 resting cells %o

Nn,51 ug/10% cells in a 48 bk stimula*ed pcpula*+ion, As per-



cent of total cell protein, *he ac*in conten* increased from
2.3% *c 3.1% in the first 24 h of s*imulation, bu*t dropped
to 2.5% in 48 h stimulated cells., The +to0%“al ac*in conzent
per cell, however, increased over 48 h of s*imulation from

0.58 to 1.0 uag/106 cells.

T have used these numbers to estima*e the to+al and poly~-
merized tubulin contents, Durinq stimula+tion +he total tu-
bunlin content increases frcm 0.20 pg in a resting T cell +»o
1.0 pg 3in a blast cell. The percent of +“ubulin in polymer
“orm increased from £5% in a resting cell to 93% in a blast
cell, and *the concentration of solvble +tubnlin dropped “rnm
0,74 mg/ml in resting cells +c¢ 0.712 wmg/ml in sztimula-ed
cells. The large increases in tubulin and micro*ubule con~-
tents during stimulation make lymphocytes a mrdel sys=em *o
study the regulation of tubulin svnttesis and of i-s assen-

bly into microtubules.



RESUNF

Lors de la manipulation de deux fonc*ions lymptrocytes, cn
a pu remarquer des modifications au niveau de leur sys*téme
microtubulaire., Des splénocytes, don* 95% scn- des cellules
B provenant d'une souris nue, ont é+& inpdui+s A la forma-ion
de capuchons Ig superficiels par incubaticn avec 1'an*icoros
anti=-Ig., 2Au moyer de l'immunofluorescence, on a observé que
la distributicn des micro*ubules a 6+*é nmodi€iée chez les
cellules o i1 vy a eu formation de plagqres onr de capuchons
Ig superficiels, Afin de determiner s'il vy a en rne madifi=-
cation dans l'assemblage des micro*ubules lors de la forma-
+ion des capuchons, on a observé des cellules capuchconnées
et au repos, au microscope électronigque, Tu ce gul concerne
le nombre de microtubules, anucune difference imprrtante n'a
&6+t®& notée entre les cellules au revcrs ou capvcto>nnées dans
les secticons comportant des centre d'ocrganiza*’~n micro+tubu-
laire (MTPCY., Ceci laisse croire gue les modification= nbh=
servées par 1'immunofluorescence dans la Ais*ribu=ion des
microtubules proviennen+* d'un changement dans leur organiza=~
+icn spatiale, Par 1l'immunoflurresgence cr a rbservé une
angmentation margqude des réseaux wmicrotubnlalres dans 1les
populations stimulées des cellules mix-es e+ de= cellules P

de souris nues. Dans les cellnles nmix*e~ o+ dans lec cel-



lules B de souris nue, au repos, la *enecur en +*ubuline etai+
respecéivement 3,f% et 2,9%, pour ensui+te angmenter 3 5,1%
et 3,2% apr2s 24 h de stimulation, Ces 4% fférences de 2,9%
et de 4,8% dans la teneur en tubuline de cellules B non~-
stimulées vivantes et les cellules P non-fracticnnées (vi-
vantes et non vivantes), et la difference en*re les celliles
mixtes, les cellules B e+ les cellunles T démontrent gu'il

est important de se servir des nrcopula*tions 3électionées

&rablir la teneur en tubuline des différent cellules,

A ltaide de 1la technique de l'immunoflucrescence et 4du
microscope électronigue, on a procédé & 1'observazinn des
réseaux microtubulaires des popula*ions de cellules ™ qui
onz &+& stimulées pendan®t 0, 24 e- 48 h, ©n a no+é une aug=
mentation des réseaux de microtubules dans les cellules gu’
avaient augment® de volume lcrs de la s+timula*ion. Les
résecaux les plus vastes ont &-& obrervés <clez les celliles
blastiques stimuldes pendant 48 h, I'augmen*a*ion 11 noabwe
de microtubules lors de la s*imula*icn a é+*¢ dé+erminée par
»n examen av microscope électronigue des régicrns MTOC  Ae
populations cellulaires au repos et stimnlées. Le nombre
mcyen de microtubules par sec-ion dans la T“é&ginn MTNC a aug-
menté de 15,7 + 7,2 chez les cellules au reprs 3 26,3 £ 9,2
e+ 35,1 + 14,€ chez les populations s*imrlées respectivenment

pendant 24 et 48 t,



On a effectué&, chez des populations de cellvles T au re-
pos et stimulées dont on aval+* retiréd les cellules mor+es
contaminants, des mesures dicectes de la *eneur en tubuline
e+ en ac*ine, en tant gque pourcer*age du crn-enu ovrotéigie
total de la cellule, et du ccntenue protéique de la cellule
(TCP). la tubuline est passée de 0,8% du TCP clez les cel-
lules auw repos, 4 1,2% <ctez les cellules stimulses pendan*
24 h, et 3 1,3% ckez les cellules s-imulées pendan=z 48 h,
Chez les populations cellulaires qui ont &*é stipilées pen-
dant 0, 24 et 48 h, la tenenr en TCP était respectivement de
25, 29 et 29 ug/10e cellules. Le ceontenve *c+al Ae %ta1buline
z'est multiplé par 2,5, passant de (,20 vg/1”é cell 1les chez
une popnlation au Tepos, 3 0,51 ug/10% cellules aprds une

stimulation de 48 h,

L'ac*ine a augmenté de 2,3% du 7Cp & 32,7% aprds les 24
premidres teures de s*imulation, mais a diminué a 2,5% apr2s
48 h de stimulation. Toutfois, le contenu +#n+al dtactine

par cellule a augmenté de 0,58 3 1,0 2g/106 cellules au

cours A'une période de stimulation de 48 %,

On a utilisé ces résultats ponr évaluer la olanti+& 1ie
+nbuline total et de tubulin polymérisébe. Icrs de la s+=imn-
lation, 1la teneur total de tubulire a augmenté de 2,27 pg
chez une cellule T au repos & 1.0 pg chez vwne cell:ile 2n
blastogénése, La proportion de “ubuline scus *otme de pd-

lyn®re est passée de €5% chez une cellule au cepns & 93%

- vii -



chez une cellule er blastogén2se, e* la concen*ra*ion de tu~=
buline solurle a diminué de 0,74% ma/ml dans les cellules au
repos 3 0.12 mg/ml dans les cellules stimulées. La forte
augmentation de la reneur en tubvline e+ en microtubnles,
lers de la s*imulation des lymphocy*es, noucs permet de nous
servir des lymplocytes comme systeme mod2le pour 1l'é+tude de
la régulation de la +ubuline e+ de srn assemblage enp micro-

tubules.
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section T

INTBRODUCTION

The components ¢f +he cytoskeleton interac* with each
other and with cellular membranes +o par*icipaze in main-~
+aining cell shape and in other cellular functicns, In order
*o understand hcw tte cytoskeletal components work -=oge*ther,
i+ is important +to understand how t*ey are organized indi-

vidually.

The microtubule network is +reoug**+ +o htave a s*ruc=ural
=>le, TvTatbler +han a ccntractile 7role like +he microfila=-
ments., The organized ye+ dynamic nature rf +tre nmicootubule

ne*werk is 3llus=rated by +he <ctanges i+ undervoes luring

'Jl

mitosis, Disassembly of +te interptase micrn*ubule ne*wrrk,
assembly and disassembly of *he spindle appara*us, and -hen
assenbly of interphase micro-ubule netwnzks *n +te daugh*ter

cells suggests a highly regulated svys*en.

The in*roducticn will be concerned wi+k micTotubnle oo-
ganizaticn and mecharisms of regula-ing ascembly of micoofi-
bules in viyo, particularly ir several tissue cnl=ure cells
+ha+ rave been used *%¢ study +the roles of +'e wmicro*ubule
organizing cen=<er, tubulin and microtubule assncilaczel pra;ew

ins in regulating microtubule assembly.



1.1 MICROTUBULES

Microtubules are found in all eukaryotic cells., The nar-
ticipation of microtubules in a wide varie+y of cellular
functicns tas been realized for some +time {Por*er, 1966y,
Microtubules are a structural component of +he locomotory
organelles cilia and flagella ({Tilneyvy et al., 1973). The
loss cf cell shape was correlated with the disappearance of
cytoplasnric micr?tubules induced by micro*vbule disruprting
treatments (Til;ey and Gibbons, 1969: Brown and Bouck,
1973).~ Cell shape was regenera*ed and *he micro+*ubules re-
appeared during subsequent recovery from *he *reatmen<., Mi-
crotubule irtegrity was shown +0 be necessary for metaphase
chremosome movement (Brinkley and Cartwrigh+, 1971y, and
protein +ransport in nerve axoplasm {Fernandez e+ al,,
1971). DMovement of pigmen* granules in melanoprrzes (Byers
and Pcrter, 1977) and of cy*oplasmic grannles in nerve cells
{Stearns, 1980y appeared *o be directed by micro*ubules,
while the motive force could have been provided by +the other
cyzoskeletal elements, Motili+<y of cell gvrface proteins can
be direc*+ed by (Fogers e* al., 1981) or restric+*ed by (Dli-

ver et al,, 1980) tle microtubule sys*temn,.

The major microtubule pro+eins, alpta and bhe*a *“ubulins,
have MWs of 50,02¢ and 48,000 respectively. "he primacy
structure ¢f the tubulins has <Tecently heen deterainel hy

protein sequence analysis of porcine brain alphra (Pons*ingl
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et al,, 1981) and beta (Krauhs e+ al.,1981) tubulins, and by
nucleoctide sequencing of <cloned c¢cPFA coplies n° embryonic
chick brain mENA for alpha and be*a *ubulins (Valenzuela 2+

al.,, 1981).

Alpka and beta *ubulin associate teo form tre*erodimers,
“he basic subunir of microtubules. Microtubules are cylin-
drical structures 24 nm in diameter. Tact *ubnle is composed
of 13 protofilaments arranged in a parallel fas*ion zo make
the tubule wall. Protofilaments consis* of theterodimers

s*acked end to end,

Microtubule elongation is a result of *te net addi+ion of
tubulin subunits to the polymer, bv*t +he exac* mechanism is
not clear {for a review see Kirsclrner, 1978), Treferen=zial
growth of brain microtubule subunits onto the dis+tal end »f
isolated flagellar axonemes demons*rated vpeolarity of in vi-
=0 microtubule assembly (Allen and Borisy, 1974). There is
net assembly at one (plus) end and ret disassembly a= *he
other (minus) end of steady s+*ate micro*nbules in vizz?.
T"his resul*s in a flux of subuni-s through s*eadv state mi~
crotubules which is refered +o as treadmilling {(Marqolis and
Wilson 1978), The p-eperty of treadmilling in vi*ro implies
tta+ microtubules with the minus end anchecred +¢ a micro*u-
bule organizing cen*er (MTOC) would be more s*able, and as-

semble at lower tubulin concentra*icne +%*an *free anicrotu=-

bules (Kirsclner, 1980).,



1.1.1 Spatial and Temporal Organization

MTOCs are structures which can iri+iate +hre grow-h of ni~-
creotubules (for one recent review see Raff, 1979). The iis-
tributiocn of microtubule initiation sites on *te M7TOC can
determine *¢ a large extent, tle spatial crganization of tLe
micretubule network (reviewed in "ucker, 1979). One example
where the M™0C determines +he precise pa**erning of cy*o-
plasmic microtubules is found in the quadriflagellate alga
Polytomella agilis. Parallel arrayes of cy+toplasmic micro*u-
bules are ini+tiated frcm +be root+tler~s which ac*+ as organiz-

ing cen*ers irn

I

ive. Isolated basal~body roorlet complexes
initiated the ip vitro assembly of microtubules from exoge-

nous tubulip in the ir vivo pa*ttern (S+tearns and Brown,

1981y,

The extent +o which +tte precise pattern of cy+splasmic
micreotubules is determined by the MT0C in o*ler cell tyves
is less clear. #ell spread +*tisste cul*ure cells, such as
€ibroblast cell lines, have a radial pat*ern of micro-ubiles
which extend between tlte central M™CC and *te cell perinhery
{Weber et al., 1975). The MTOC in +hese cells, als> Tefer-
red o as the centrosome, consis*s o©f a cen*Ticle na‘iz and
pericentriolar material (for a review see Pe*arson and
Berns, 198M). During recovery from a microtubule disrup=ing
colcemnid treatment, microtubules were firs* seer azound “he

cen*rosome, At later +imes of recovery, ftte microtubules had
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extended *o +the cell periphery (Weber e+ al.,, 1975). The
radial pattern of microtubules whicht extends frrm =zhe cell
center to the periptery, 1is determined a* least in part by
+he MTOC.

Microtubules have been shown at *+te electron microscopic
level to interact/with other filamenés. PYumercus connecticns
were seen between the microtubules and +be micro*rabecular
lattice in *te cell margins of fish ery+hropltores (Byers and
Perter, 1977). Tn cultured ctick embrye fibroblasts, micro-~
*ubules were seen t0o be inserted c¢nto by bc+h actin fila-
ments and +he microtrabecular 1lat+ice, S*erec 1images re-
vealed that the microtubules frequently ctanged direction at
sites where the actin filaments made con*ac*, anl +<hat +*he
micrctubule pattern was grea*ly altered if +te wicrofilament
system was disrupted with cytochalasin B {Sclliwa and van-
Rlerkom, 1981). These observations sugges* tra+ d4her cy-
+oskeletal elements “influence the r~patial organizatiecn of

microtubules,

Temporal organiza*ion of microtubules is well illus“rated
by <changes in the micro+ubule networks of dividing cells.
In mi-oric cells the cytoplasmic microtubule ne*twork disaop~
pears before the spindle apparatus begins to “rra (Weberx,
1876). Microtubules can then be seen in +le spindle arpara-
+us bu* are no* fourd throughout the res*t of +*e cell (McIn-

tosh, 1979). Follcwing cytokinesis *he cytcplasmic micro*u=-
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bules are reassembled in the daugh+er cells (fsbhrn and

A

¥eber, 1977).

1.2  COMPONENTS OF MICPOTUBULE ASSEMBLY

Among tte possible components of requlaticn of micro+*i-
bule assembly are the MTOC, tte availability of assembly
comnpetent tubulin, wmicrotubnle associated proteins (MAPS),
and calmodulin-~-Ca2+ med’ated micro*ubule disassembly.

7., MTOCs are organelles which, by defini+icen, orcanize
nicro+ubules. The exis“ence of VMTOCs was proposed o
account for the ipni“+iation and direc*irnal con+*rol »°
precise arrays of microtubules seen ir cells (Pick-
ett~Heaps, 1969, M7T0Cs have been shown %0 initiate
microtubnle assembly in vive (Osborn and Weber, 1978)
and in vi=rc (Brinkley et al., 1987). Kine+tic ({(Bergen
et al., 1980) and morphological (Heideman and McTIn~-
+*osh , 1980) analyses showed ~+ha* tle growing, or
plus end of the micro=ubuvle was distal +c the MTOC,
Hence *he mipus, or dicassembly end was ar-achel =n
t+he MTOC, The MTCC could conceivably requla<e microa-
tubule asserbly by de-ermining +lre number »f initia-
+ion si+tes and, keeping in mind the in vitr) propertty
of treadmilling, by con4rolling +he digassembly end
of the microtubule,

2. The assembly of microtubules is ul+ima*ely depenient

on tte availability of assembly compe*en* tubulin.
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Association and disassocaticn rate censtants were de-
termined for the addi+tion of dimers *o *te plus and

minus ends of microtubules Auring ipnp yvi*r

[[%]

assembly
{Bergen and Borisy, 1980). Microtubules will assemble

in yvitro when the tubulin concentration is higher
than the critical concentraticn (0.2 mg/ml in Bergen
and Borisy, 1980), suck that the rate of assembly at
the plus end is higher than the r~ate of disassembly
at the minus end, T™he concen*ration c¢f unvolymerized

+ubulin in 373 cells has been estimated tn be 1,2

ng/mL (Hiller and Weber, 1978), which is censiderably

O

higlter than the critical concentraticn for ip vi*r

et

assenbly. The soluble tubulin, towever, 1is no* al

necegsarily available for assembly into microtubules.

Boeth +the synthesis and the post t+transla+innal mod-
ification of tubulin may requla+e *te availability of
tubulin for assembly. In 376 cells, when *he intra-
cellula- level of uvnpolymerized *tubulin s increased
by disrupting tle microtubwle ne*work wi*} colchicine
or nocodazole, there was a rapid decrease in the lev-
el of +tubulin mRNA synttesis (Cleveland et al.,
1981). Due to the short half life of +ubulin mn®¥a in
these cells, the rate of *ubulin syrthesis dropped
soon after {Ben=-Ze'lev et al., 1979; Cleveland et al.,
1981) . L decrease in the unpclymerized +ubulin levels

was induced by stabilizing micro*ubules wi+h taxol »>r
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by sequestering free *ubulin into paracrys+<als with
vinblastine, Tris resulted in a sligh+t Jncrease in
+ubu1%n mEN¥A production, and +ubulin s3ynthesis,

e
Thege studies indicate +ha+t, in these cells, the rate

of tubulin synthesis may be dependen* on *“he level 0°

unpolymerized tubulin,

Post *translational modifica+tion of +u1bnlin may po~
ten*ially influence i+s assembly prrper~ies, Tyrosy-
lation of +re alpha +ubulin carboxyl “+erminus, by
tyrosyltubulin ligase, did n»~ inflvence t+the in vitr»
assembly properties (Rabin and Flavim, 1977). Howe=
ever, the activity of +tyrosyltubulin ligase in syn~-
chronized CHC cells has been shown “c¢ change through
the cell cycle, wi*h a peak acrivi*y de*ected during
mid 8 (Forrest and Klevecz, 1878). Trtis suggests
that tyrosylation may play a rnle in in viv> assem-

bly.

Another examnle of pos=- *ranslational medifica=ion
of +ubulin iz phosphoryla“ion., Tubulin isoclated from
+he S and M stages of *be Hela cell cycle con-ained
2=3 times mcre covalen+tly bound phespla*te *han =nbua-
1lin isolated during G1 or G2 (Piras and Piras, 1975).
The rcle of phosphorylaticn in regnlating +ubulin as-

sembly has no- been concre*ely establisted,.



9
"he role of microtubule asscciated proteins (MAPs) in
microtubule assembly tas been ex*ensively stadied
with in yitro assembly systems, using microtubule
proteins isolated from brain (for a review see Kirc-
schner, 1978). Two classes of brain MIPs *hought t»
be resporsible for “he observed stimula‘tion >f micro-
tubule assembly are the higr mclecular welght (HMH)
proteins of MW 286,700 and 271,000 con SDS gels {(Mur~-
phy and Borisy, 1975%) and the tau proteins MW 58,707
to 65,000 (Weingartem e+ al,, 197%),. The *an poote=
ins are unrelated %o HMW pro*eins as de*te-mined by by

peptide mapping {(Cleveland e* al., 1977).

\
MATs were incorporated in+r microtubules in z+-i-

chiome~ric rather +han cataly+*ic amorn*s (Sloboda et

al., 197¢)., The HMW proteins were seen distribu+ed

along the lengtlt of Ir vitrc assembled microtubiles

by electron microscopy {Murphy and Borisy, 1975). The
mectanism by which MAPs promo*e in vi*rg assembly is
not clear, but i+ is sugges+ed +ta+r trey “inc<ion by
adding onto tle tubules and e*abilizing *tem agains:

disassembly {Murphy et al., 1977). If tte same mech-

anism works r yivo +ten micre+ubule disassembly

I

could be controlled by con*rrlling dissccra*ion =of

the M2?Ps.
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MAPs have been localized *+o microtubules in tissue
culture cells using immunoflucrescen* sta’ning zech-
niques, Botl interphase ard spindle micrctubnules of
several tissue culture cells s*ained with primary an-
tibcdies made against brain +an {Connolly =t al,,
1977y and brain HMW pro+teins {(“herline and 3chiavone,
1977; Connolly et al., 1978), ™he staining pat*erns
sujgested that the in vivo dis+tribu*ion of MAPs was

continuous along +the leng*hs of *Fe microtubules in

these cells,

Immunofluorescent staining and bioctemical technigues
have shown *hat a particular MALP can be wide snread
~krough a species {Bulinski and Berisy, 1987%; nuerr
et al., 1981) or can be cell “ype specific (Duerr e%
al., 1981; Clmstead and Lyon, 1981).

Calmodulin media*es Ca2+ requlaticn of several cell
enzyme systems (reviewed in Means and Dedman, 1930).
The in yitre assembly of nmicrotubules depends on the

abili+y of tle assembly buffer “c crelate Ca?2t+ (Weis~

enberqg, 1972). Calmodulin or Ca2% alecne, in 1l
amoun*s, only sliagh+tly reduced Iin vitro asseably of
micro+nbules, ' However, 10 u¥ Ca2+ and 0.4 9" calmo~-

dulin *toge+ther totally inhibi-ed microtubule asszembly
{Marcum =t al.,, 1978). Tre interphace microtubules
of permeablized BSC=1 monkey cells were sensi+ive *o

Ca2+ levels above 84 uM, If drugs such as stelaziae
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which inhibi+t calmrdulin were used *hen millimnlar
levels of Ca?+ were needed +o disassemble the micro-

tubules (Schliwa et al., 1981).

/

Immunofluorescent staining of calmodvlian showed
that it was evenly distributed throughkou* the cyto-
plasm of interprase cells and not specifically asso-
ciated witt the micro*ubules (Welsh e+ al., 1978y,
In mitotic cells, however, the “ubulin and calmodulin
staining patterns coincided, Calmrdulin was concen-
+rated at tle pocles of +he zpindle appara-zus, and
flucrescence extended *towards *he chromosomes (Welsh
et al., 1979). Inmunolocalization a* +he elec=-ron
microscopic level showed calmodulin +o be concen*rat-
ed where the microtubules showed extensive lateral
interaction, and no* arcund sinagle tubules or *he
MTOC (DeMey et al., 1980). 7Tris does n»n*t suppor+ +he
idea *that cglmodulin plays a role in microtubule 4i-
sassenbly since bundles cf microtubules are though+

to be more stable than single migro*ubulers.

Three 0f +he bes* s-ndied sys+tems whict illustrate *he
potential of these four compcnerts 3in tte regulation »>f mi-
croctubule assembly, are interphase and miino*tic Hela cells,
normal and SV40 transformed 373 cells, and differentiating

neurnblastoma cells,
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1.2.1 Hela cells

The M™CCs of synclronized Hela c¢ells were tested for
their abili+y to initiate ip vitro micrctubule assembly., Af-
ter cold disassembly of intrinsic microtubules, c¢ells were
lysed into a solution containing brain micro+ubule proteins,
Following incubation a+ 37°C +o promote micro*nbule assem~
bly, centriolar complexes were isclated and examined by
electron microscopy. 2Lssembly of micro*ubules was only seen
on +*he centrioclar complexes isolated from mitc=ic cells
(Telzer and Fosenbaum, 1979) suggec+ing a cell cycle depen-

den+ change in iniation capacity of +te MTOC,

An increase inp tubulin con*en+, de+ermined by
3H~colchicine binding activity, during G2 was found in Hela
cells released frcm hydroxyurea bleock (Lawrence and Whea*-
ley, 1975),. They interpret *his <o mean tta* *}'e increase
in tubulin content c¢ould play a role 3in regula*“ng spindle
frrma*tion. Tubulin in +*+he S and M s+<ages 0of *he cell cycle
con<ained 2=3 times more covalently beund phosphate ~han *1-
bulin from cells ir G1 or G2, This seemed %~ resul* from an
increased protein kinase activity assccia*ed wi*+h *he micro~-
tubules {Piras and Piras, 1975) . Tte ro2le of ntosphorvla-

~jion in +he regula~:con of microtubule assembly 2s not known.

A more recent analysis has found -haz *te +“ubulin ccan-
tert, as a percent of total <c¢ell protein, was +he same in

both exponentially growing and mi-otic enricted Hela cul-
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tures (Bulinsii et al., 1980B). I* was alsc frund *ha<t *he
tubulin from each population was *te same Zn ‘+< ability *o
assemble in vitro and to co-assenble with carrier brdin mi-
crotubule proteins, and in the ability:of alvha tubulin *»o
act as a substrate for tyrosyltnbhulin ligace (Palinski et
al,, 1980). In addition, the amount and *ype of MAPs were
the same in extracts from bo*h cell +ypes. This sugges-s
~hat microtubule assembly is Dbeing regrla*ed a* the ™TAC

level,

1.2.2 373 cells

Mouse 3T3 cells display a radial pattern of mic-o-ubiles
which grow from a central MTOC %0 t+he cell periptery. e
cells display an altered microtubule ne*wcrk “ollowing
transformaticon wi+h 5V40 (Brinkley e+ al., 1975; Hebe: et
al., 1975}, To determine if there is a change in *the ini+ia-
+tion capacity of the MTOC followinc *ransforma*icrn, Brinkley
and coworkers tested +he ability of M™0Cs in lysed 373 and
SY4n +ransformed (S5V3T3) cells teo initiate *he growth »f mi -
crotubules in viiro, using exogen~us micro:ubule proteins,

They reported a decrease Iin the in vitre ini-iat+inrn capaci-y

b

vf +he MTOCs following transforma*ion whtich was comparable

¢

+o *he decrease in microtubule number seen in viyve following

+ransferma*tion, In addi*ion, *le average lengths ¢f in wvi:

[ e ]
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assembled microtubules initia+ed by MTQCs frem 37

were twice as long as the micro*ubules ini-ia*ed by M70OCs
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from SV373 cells (Brinkley et al., 1980y, =uaggesting %ha*
MT0Cs exer+ scme control over microtubnle leng+*h. This
group Ltas more recently reported no differences in microtu-
bule numbers, as determined by electron microscrpy, in *he
centriolar regions of 373 and S¥Y3T3 cells bu* +ha< thece
were feyer microtubules in the cell periphery of SV3T3 cells
(Zimmer et al., 1981) ., They sugges* +hat tte microtubules in
373 cells are lconger, extending *o the cell periphery, and
possibly doubling back. They do no* explain +*te apparent

contradiction bertween these and the earlier resvul+s.

Reports of changes in tctal and peclymerized <+ubulin con=-
*en*ts in 3T3 and SY3T3 cells have not been consiszen*, De~
termirations using 3H=~colchicine binding indicated a 50% in-
crease in *co%al and pelymerized tubulin con*en*s following
transforma+on by several viruses iccluding SvV4N (Tichorn and
®eterkofsky, 1979). A 50% decrease in *c+al and polymerized
+ubulin contents following SVU0 transformat+icn has alsn been
reported (Fine and Tayloer, 197€¢)}., They determined *ubnlin
content by measuring the percent of radiocactivi*y incorpo-
rated in vivo intoc +tubulin subsequently disolated Srom 1D

gels.

Otrers, using md>re sensitive me*hods, }ave showr no
change in +ubulin con+ent followirg *ransfcrma+ticn., The tno-
tal tubulin content was de*ermined *o be 2,2% of ftoral cell

protein in both 3T3 and SY3T3 cells by radioimminoassay
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(Hiller and‘Weber, 1978) , and by *he percent of label incor~-
porated in viyo intc tubulin subsequently isclated by immu-
noprecipitation (Chafouleas e+ al., 1981 . These tubulin

values are an order of magnitude higher +t*an “te values ob-

“ained by 3H~-colchicine binding assay.

Tau like MAP proteins have been isolated frcom the miczo-

tubules in 373 cells and shown +to participate in ip vi

Kkt

L2
microtubule assembly (Duerr et al., 1981),. “mmunofluores=
cent staining using antibody prepared against brain HMW pro-
teins stained microtubules in 373 cells ceontinuously along
their leng*h (Sterline and Sctiavene, 1977)y. %Yo one has

looked at the MAP content of SV3T3 cells.

Radicimmunoa ssay determinations stowed a doubling in -he
calwmedulin content of 373 cells following 5V40 +ransforma-
tion., The increase was due to a *we fold tigher level »f
synthesis relative to the ra*e of dearada*icn in *ransformed
cells {(Chafouleas et al., 1981), They in*erpre+ *tis to mean
+hat an increase in <he calmodulin=~CaZ2+ mediated disassembly
is, at least in part, respousible for tte decreased microti-

bule ccntent in *ransformed cells.

1.2.3 Neuroblastoma cells

e e N e —_——

Neuroblas-oma cells, when induced to differentia*e by se-
rur depriva*tion, grow long neurites, Pisruap+ion 0f *hke mi-

crotubunles with colcticine prevente”? neuri*e formation, anid



1€
resulzed in neurite retraction (Maniels, 1972). “lectron
microscopy revealed that the number and densi*y of microtu-
bules in neuroblastoma increased during differertia%ion, due
“> bundles of micrctubules found in the neurites (Morgan and
Seeds, 1975), Mvltiple NMTOCs in undifferentiated cells were
+he initiation sites for cyvtoplasmic microtubules. During
differentiation the MTCCs aggregated at +he si*te of neurite
formation, before outgrowth of +he nevrit+te (Sniegelman et

al., 19792).

Radioimmunoassay determinaticns showed that the %total +u=-
bulin content was 4 pg per cell in bo*h undifferentiated and
differen+ia*ted neurcblastocma cells. The percent tabulin in
rolymer form, however, increased from 14% *+¢ 55% during dif-
ferentiation (Dlmstead, 1981) corresvonding *c¢ *he increased

micro-ubule conten* seen by electron microscopyv.

A 215K MW MAP can be isolated from differer+ia*el neurnsb=-
lastoma, which is not de*ectable In undifferen*iated cells
(0Olms+tead and Lyon, 1987), This suggests +tra* +he appearance
of the MAP regulates <te microtubule assembly and could play

a rcle in microtubule dependent neurite differentiation,

The results of ttese three well s+1died systems indicate
+ha* “he requlation of microtubule assembly mav be accom=-

plished in a different manmer in tte differen* cell +ynes,
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n these three systems the MTOC ex»ibited a ctange in ini<i~-
ation capaci+y which was correlated wi+! a change in micro-
tnbule organization, The *ubulin con*ent remained *he sane.
"here could be as ye* undetected <ctanges in *ubnlia , such
as the phosphorylation seen in Hela cells, wrict alter *he
assemnbly characteristics of the +ubulin, MADPs play an im~-
poertant role in microtubule assembly during differen+tia+*in
of neuroblastoma cells., Any role +tey play in *he changes in
micro=-ubule assembly seen during tte cell cycle 2f Hela
cells c¢r following 8V40 transforma<ion of 3™3 «cells is no*
eviden+, Calmodulin, whose invclvement 3in  micoo>*ubule
{dis)assembly is not at all clear, is implica*ed Ly associa~
“ion in cenzributing *o the decrease in microtubule assembly

in 373 cells following transforma+inn.

1.3 LYMPHOCYTE ACTIVATION

lymphocytes function in irmune responses in higher verte-
brates, B lymphncy+es provide humoral, or antibody mediated
immunity, and T lymphocytes function in cellular immunirty.
ictivation of resting lymphocytes 4is necessary <for immune
response, Lymphocyte activa=icn is *he process whterceby lym-
phocytes in G) are induced to en*er and ccmple*e cell divi-

sion,

Polyclonal mizegens suct as *the plan*t lec*inc phytotaema-

glutinin (PH}Y) and concanavalin ? (c~n 1) can be vsed *o ac-
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tivate a large por-ion of a resting lymphocyte popilation in

vitro (Oppenheim and Rosenstreich, 1976). Cecn » 353 a T cell

=]
pr
ot
(o]
Vo]

en; *ha+ is, it only ac*iva+es T lymptocvy*es al-hough
it binds to +he surface of bo*h T and B lLymgpreccy*es (Greaves
and Bauminger, 1972). B lymphocytes are subseguen=ly acti-
vated by stimulated T lymphocytes (DPo*tash, 1980"), Seconilary
s*imulation, along with different responfes of individual
lymphocytes, result in a very lLeterogenous response o in

vitro activation (reviewed in Wedner and Parker, 1976).

Many morphological and bioclemical changes occur iuring
activation., Increases in Cat*t+ up*take (2llwocod e+ al., 1971)
and Na+ and K+ transpor* across the plasma membrane (Kaplan,
1678) are detectable early in activation, Increases in cAMP
and cGMP levels early in activation, and a* “}te onset »f 5
phase Lave been repor-ed, but the resul<s are by no means
consistent (for a revievw see Hume and Welideman, 198)). Tn=-
creased membrane fluidity resul*ing from chrangers 3n phospho~
l1ipid metabolism {FTesch et al., 1977), and increased up*ake
of metabolit+es such as sugars, amir»> acids and micleosides
during activation have also beerp repor*ed (¥Wedner and Parc-

ker, 197¢).

Protein synthesis increases early and con*inves +o in-~
crease throughout activa*ion (Hausen et al., 1969y, 1°%?
syntresis increases after abou* 10 h. tppearance Hf new

mRENA in the cytoplasm before this +ime 3is dre *o processing
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and transport of preformed m°NL (F:+*chell e+ al., 1978).
Increased DNA syntlesis, which <can be de*ec*ed by 30 h,
peaks between 48 h and 60 h and is followed by cell divi-
sion, TIncorporation of 3H-*hymidine into DNR a*t 48 h, by
virtue of its simplicity, 4is used as a gene-al measure >¥

s*imulation in the popula*ion (Wedner and Parker, 1976).

In activated lymplLocytes, both tlte cytoplasmic and nncle~
ar volumes have increased but the pucleus / cy*cplasa ra*io
has gone down. The chroma*tin has become decondensed (see for
example Biberfeld, 1971). In *lre cytcplasm of ac+ivated lym~
phocytes, riboscmes and mi*ochondria have increased in num~-
ber, *bhe Golgl apparatus is highly develcped, and -“he 1icro-
+tubule sys+tem is more extensive (for one exaaple see

Biberfeld, 1971).

1.3.1 The microtubule network inp lymphocytes

An-i=~"g induced Ig capping is intibi-ed by high ccncen-
+ra*ions of con A. Colchicine released *the inhibi-iom »F Ig
capping, presumably by depclymerizing +*e micro*tibules
{Bdelman et al., 1973). These vworkers sugges* t+ha+* +he
freezing of recepwors by con 3 ig dve to a direc- associa-
+jon of *he con 2 receptors with tte microrubules, and that
*+he mobili*y and distribu+icn of cell surface receptors is

modula“<ed by the microtubules,
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The inhibi*ory effect of an+imicrctubnle drugs on several
aspects of lymphocyte mitogenesis such as increases seen in
amino acid transport (Greene et a}.; 197€¢€), F¥® syntresis
{Hausser e* al., 1976), ard DYNA synthesis (Gun+er e+ al,,
1976; and many others), 1led to the sugges+*icn thaz “‘he nmi-
crotubule system plays a key role in *+te regula*ion of lym=~
phocyte mitogenesis. ©Other s*udies however, have found +hat
colchicine levels which inhibit DNA syn+hesis tad little ef~
fect on otler aspects cf stimulation such as lymprokine pro-
duction (Sherline and Mundy, 1977y or phosptolinid me-abo~-

lism (Resch e+ al., 1977).

Edelman and coworkers have determined *he +ime course of
inhibition 0f activation produced vwhen colchicine was added
a* varying *imes of culture (Wang e% al., 1975; Sunzter e+
al., 197&). From tteir resul*s *hey prrpeosed a meodel in
which microtubules are necessary for *he initiation of DVA
synthesis brought on by *he binding ¢of mitcgen +o0 the cell
sur face, More recent studies thave found +tra* colchicine
will inhibi+ DNA synthesis if added after *te Ini+ia-icn and
commistment period of activation (Puvdd e* al., 1979; “Resch
e+ al,, 1981). Trese authors suggest thra+ inhibi*+ion of DNA
synthesis is par+t of the general disrup*ion cf cellular me~
tabolism resulting from colchicine media*ed micrn-ubule di=-

sassenbly.
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Despite the poten*ial impor+*ance of *+ke micro*ubule sys-
tem in lymphocyte responses, very few studies have specifi-
cally examined +he micrctubule sys*em of lymphocytes or the
changes in microtubule assembly which accompaﬁy ~hese Te~

SPCNsSes.,

’

The microtubule network has been sugges+ed <o play a role
in the redistributicn ¢f 1lymphocy*e cell surface receptors.
Using electron microscopy to direc*ly lock at +he microtu-=-
bules, it was shown *hat *he mobility ~f con ﬁ receptors was
restricted in cells with intact micro*tubule networks (Dliver
et al.,, 1980). Tte resrricticn of mrbility is released, and
+he con A receptors cap, when the microtubules are disassen~
bled. TIntac* micro*ubule networks lrave been shown, by immu-
ncfluorescent staining and electron nmicroscopy, 4in lympho-
cytes which have capped surface Ig {Pogers e%* al., 19317).
These authors also sugges+ted that “*here was a change in the
micro<ubule networks, seen by immunoflucrescent s+aining, in

capped cells.

Increased microtubule networks have been de*tected by im-
munofluorescent staining and electron microscepy in con A
stimulated mouse splenic lymptocy*es (Rudd et al., 1979) and
by electron micreoscopy of PHA stipulated human pecipheral

lymphocytes (Biberfeld, 1971).

The MT0Cs of stimulated mowse splenic T lymphccytes werce

shown to initiate “le irn yitro assembly of mere micro-ibules
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froem exogenous tubulin in a lysed cell system than the M?NCs
from resting T cells (Schwei*zer and Brown, 1987, demon-
s*rating an increase¢ in the ini+iation capaci*+y of the M™0OC
during ac*tivation. No cone has looked at tlte amount or *y»e

of MAPs in resting cr stimulated cells,

Tubulin determinations made using a 3H=colchicine binding
assay showed an increase in +*le total and pelymerized <ubu-
lin con=ents following PHRX =s+imula*ion cf mixed populations
2% human periphkeral blood lymptocytes (Pipeleers et al.,
1977; Cherline and Fundy, 1977). Peterminations made after
36 h of PH2Z stimulation showed nct cnly an increase in *“ubu-
l1in content per cell but alsec that tubulin increased from
3,43% to 0.97% of the soluble cell pro*ein (Rterline and
Mundy, 1977). Tubulin determinatiorns made by directly meas-
uring tubulin specific peprides, showed tha* tubulin repre-
sents 4.1% of total cell protein in normal human peripheral
blood lymphocytes {Anderson, personal communication)., The
tubulin content varied widely between dconors, possibly die
+0 the state of their immune sys*em. Comparison ~f <ubulins
rc¢m human normal and chronic lymprocytic leukemia lympho-
cytes found n» differences between *he *ubvlins as a oercen=®
of soluble cell prctein (1.2%9 by 3H-colcticine binding as-
say), in ability to polymerize in vitro or in cross reactiv-
ity with anti=-tubulin an+tibody “ollowina *ransformation

{Liebes et al., 1980).,
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1.4  PURPOSE OF THESIS

- — A T i e

Microtubules tave been implica*ed in lymphocyt2 Imnmune
function, However, very litzle is known abou* picro+ubule
organization #n éhese cells, The activa*ing lymprtocyte is a
potential model sys*tem to study +le regula*tion of tubulin

synthesisg, ard of its assembly into micro*ubules.

Problems with past studies of *he tubulin and microtubule
contents in lymphocytes are due in par* *o tte use 2Ff poinrly
defined systens, Mixed populations were used, and +he ex-
<ent of response during stimulation was no+* monizcred. Dif=-
ficul*ies arise in comparing tle repor+ed values for *ubilin
centent in mixed lyvmphocyie populatichns, de*ermined by
3A=colchicine binding assay, to valves repocted Ffor cther
studies on lymphocytes, or studies on othler *issune cul=ure

cell -ypes.

As an initial step in a lcng *erm study T tave defined a
system which can be used -0 exanmnine the regulaticn >f <ubu-
1in synthesis, and of micro*ubule assembly in lymphncy=es.
Tn this thesis I have used selec*ed cell pcpulaticns +o min-
imize hreterogenei*y c¢f +he popula“ions, and T have used *wo
manipulations which induce ctanges in micro*vbule nrganiza-

+ion.

Capping of .cell surface Tqg is Indnced by incubating c=21ls

with anti-Ig antibody. Immunofluorescent stalning showed an
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alvered microtubule network in cells which had patched or
capped surface Iqg, Nco difference in micro+ubnule nimber was
detected by electron microscopy of res%ing and capped cells,
The rapid cbange in microtubule organizaticn seen Auring
capping does not seem *0 be useful for lcoking a- chanqes in
microtubule assembly, but may be useful for looking at rapid

changes in spatial organization,

T lymphocytes were induced to activate by con 2, Dicec*
tubulin determinations showed a large increase in rzubalin
con*ent during activation. A corresponding increase in mi~-
crotubule number was seen by elec#gcp microscopy 2f res*ing
and stimulated T cell populations. The ccordinated increase
in tubulin and micrctubule contents suggests a rele for “i1-
bulin synthesis in the regulation of microtubule assembly

during activation of lymphocytes.



section II

MATERIALS AND METHODS

2.1.1 Mixed lymphocyte populations

To isolate mixed cell populations tte spleens from Balb/c
mice were removed and disrupted on a wire screen into 4 ml
of medium (FPMT 1€40 and 10% fetal bovine serﬁm). lLarge
clumps were set+led +through a calf serum gradien*. C21lls

were spun down and resuspended in 0.7 M NH4C1 for 7 min +o

lyse thke red cells, fed cell membranes were rcemoved by
spinning the cells through calf serunm,. 211 opera*tions were
carried out on ice, Lymphocytes were resuspernded and cul-

tured in medium at 37°C.

2.1.2 B lymphocyte peopulations

B cell popuvlations were isolated <frcm +he spleens 2% RNC
nu/nu mice, as described above for Balb/c mice, The percent
of B lymphocy*es in the population was determined by s-ain-
ing cell surface Ig. 50 ul »f cells a* 1N7/ml in BPHNI 164D
were incubated at 37°C with 230 ug/ml rheodamine conijuga<ed

geoat-anti-mouse Ig (Rh~GaMIg) for 7 mip. Turinc this +ime
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the cells vere set*led onto poly-l-lysine coa*ted coverslips.
Following incuba*ion with an+*ibody +“he cells, on coverslips,
were washed for 15 sec in phospha*e bhuffered <aline (PB3:
7.65 g NaCl, 0.725 g NaH2Pn4, 0,212 g KH2POU4 per liter, pH
7.0), fixed for 30 sec in 3% paraformaldehyde in PBS a* pH
740, Cells were then washed twice for 1 min im PBS and
mounted on a slide in 50% glycerol (V/V) in PBS at pH 7.8,
Samples were examined with epifluorescen* and phase con*rast
optics and 4900 cells were examined *o determine *he percent

of Ig bearing cells in the pocpulation.

Poly~-l-lysine coated coverslips were prepared immediately
before use. Clean coverslips were flncded wi+lr N,1% poly=1=-
lysine in water for 1 min, Coverslips were rinsed <wice

with deiocnized water, then air dried.

Cells on pely=-1l=lysine coated coverslips were processed
by carefully transfering -he coverslips *o weigtbora*s con-

taining the wash and fix soluvtions.

2.1.3 T enriched populations

Balb/c nmice were killed by cervical dislocat*icn, The
spleens were removed and disrupted »n a wire <screen into 4
nl of mediunm. T enriched popula*ions were iscla*ed by =he
method of Bourguignon et al. (1979). Total splenocy-es were
suspended at 3-% x 108/mlL in 170 ug/ml whea* germ agglvtinin

and layered on *cp of a cushion of 50% calf serua., The B
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lymphocytes and red cells clumped and se*tled +*hrough +he
gradient, After 30 min +*be top layer of cells, consis<ing
o® T lympLocytes and ccn*taminating red cells, was removed
and washed in 0.2 M N-Acetyl D=glucosamine +o bind free
wrea* germ agglutinin. Any con*anminating red cells were
lysed by incubation in 0,17 M WH4C1 for 7 min. The lymphn-=
cytes were spun through a calf =zerum gradient +o isola-e
+hem from red cell membranes, tten csuspended in medium for

culturing, All operations were carried out on ice.

The percent of contaminating B cells in the ™ lymphncyte
population was determired by staining cell surface Ig, as
described above. At leas* U400 cells were exam’ned *to deter-
mine the percent of Ig positive (B) cells. Only popula*ions
con+taining less than 5% Ig bearing cells were used in the

subsegquent experiments.

2.1.4 Live cell populations

Live cell populaticns were prepared {metbod o0Ff vonRoehmer
and Shortman, 1973) for -he preotein determina*tions, and =he
cell size profiles measured on a Ccvulter counter channelizer
nmodel Zf, ¢ remdve dead cells, cultured cell populatiocns
were collected by gentle centrifuga+ion, The pellets werce
resuspended into a low iomic strengtt buffer (L75B) to a
éensity of 5 x 107/ml, "he 1ISR was ¥aCl, ¥Cl, Mgsos,
KH2P0U4 each at 4.2 mM; 2.8 mM CalCl2; 25.2 mM Hepes; 38.5 a¥

glucose and 246 mM sorbi*ol a+ pH 7.0, Tn ITeRm,  +he iead
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cells clumped togettrer, and were separated ov* whren the cell
suspension was passed cver a nylon wool filter In a pasteur
pipet. All operations were done on ice. Tte filtrate con-
*ained the live cell population. Cell viability was dete-~

mined by exclusion of t+he vi+al dye trypan blue.

2.2  LYMPHOCYTE ACTIVATION

2.2.1 Cell culture

Lymphocytes were cultured at a density of 1.2 X 1n6/mL in
media supplemented with 2 mM L-glutamine, penicillin-s%trep~-
tomycin (100 upits/mlL-100 ug/ml) (Difco) bu*fered to pH 6.9
with Hepes. Cells were cultured In sealed +issue culture
flasks at 379°C, Cultures were supplemented every 24 h with
10% volume of complete medium to improve cell viablility o>ver
lcng cul“ure times. Cell numbers were couwnted onp a haemdCcy-
+ometer, and cell viabili-y was determined by exclusion »of

+he vital dye trypan blue,

2.2.2 Lymphocyte activation

Mixed and T lympltocyte popula*ions were s+timula=ed by *he
ajdi+icn of Concanavalin 4 (Con A, "albiochem) *c +*he opti-
mal dose of 3 ug/ml. The activation of Ccn 2 stimuwlated poo-
ulations was assayed by an increase in cell size ducing
s+*imulation, and by 3H-+thymidine incorporaticn a%¢ 48 h »of

stimula+ion.



29

To s*imula“e B cells, nude mouse splenic lymrhocyte popu-
lations were supplemented with 20% ™ enricted lymphocytes to
improve the response of the B cells (Owens, 19817), and this
popula*ticn was stimulated with 3 ug/mlL cen A and 25 vg/ml
lipopolysaccharide from Echerigchia coli. Activaticn was
measured by increase in cell size during stimulation and by

IH~-thymidine incorporation a* 48 h.

Increase in cell size during stimvlation was mcnizored by
measuring cell diameters with an ocular nmicrometer, 7ell
size profiles of res=zing and s*imnla*ed live cell popula-

+ions were measured using a Coulter counter channelizer and-

el Zf.

To assay mitogen induced DNA syn*hesis, af+er 48 h of
culture, resting and stimulated cell popula*ions were pulsed
for 1 k with 2 uCi/nl cof 3H~+thymidine (New Tngland YJuaclear) ,
harvested onto glass filters, washed wit} 5% TC3, then etha-
nol, and dried. TCA insoluble radicact+ivi+y was coun*ted in

a scin*illa*ion ceourter,

2.3  CRAPPING

Following isclation, cells were cnltured a+ 37°C in nmedi-
um for €0 min., This allows *he microtubules to recover fronm
cecld induced disassembly before caoping {"ngers et al,,
1981) . Cells were collected and resuspended to a lensity »f

107/ml in RPMI 1€40.
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For immunofluorescence studies, 45 ul aliquote of cells,

a*+ 37°C, were induced to cap by *te addi*icn of 5 ul »% Rh-
GaMIg in PBS to a final concentratiocn of 200 ng/mlL. "he
cells were immediately settled on*c poly-l-lysine coated
coverslips, in a humidity chamber a*+ 37°C, 2?fter incubation
for specified +imes the <cells, on the coverslips, were
washed in PBS for 15 sec, fixed in 3% paraformaldehyde in
PBS for 30 sec, given two 1 min PBS washes and *%en mounied

c¢n slides in 50% glycerol {(V/V) in PBS at pH 7.8.

For electror microscopic studies, ferri+ip labelled GaMIg
(F-GalTg) was used to induce cavopina, Cells were%at a den-
sity of 107/ml in EPMI 1640, a* 37°C, F=GalFIg was add-=1 tn
a final concentration of 200 ug/ml. After a 1" min incaba-
tion at 37°C, «cells were fixed wi+» buffered glvtaraldehyle

and processed for electron microscopy.

.

The antisera used *to induce capping contained WNa¥N3 as a
preservative, The NaN3 was removed by dialvysing *he antis-
era against PBS befcre use so tha* cellular me*abolism wonld

not be affected.

LUORESCERT MICROTUBULE STAINING

The antisera -¢ tubulin were a gift ‘rom Ir., V. I, Kal-~-
nins, Dr. J., Connolly and K, Fogers, of “te Departmen= of

rnatomy, University of Toronto. Tkey were prepared by in-
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jecting elec*rophoretically pure porcinme brain -ubulin into

rabbits as described by Connolly et al. (1¢78).

—

Tre secondary antibody was fluorescein conjugated goa*
anti-rabbi*+ Ig (FITC-GaFIqg) from Cappel. The secondary an-
tiserum was abhsorbed with mouse liver and spleen powders to

reduce nonspecific binding to cellular de+erminants,

The powders were prepared by precipitating and washing
hcmogenized mouse liver and spleen wi+t 100% acetcne, The
precipitates were freeze dried, and the powders s+torel at
~200cC, Before being used to abscrb *he antisernm the pow~
ders were wasled with PBS, wuntil *the high speed supernatent
was clear. The antiserum was absorbed firs+ wi*t liver pow-
der, themn with spleen powder, by overnigh+t incubatiocon at #9°C
with 250 mg/mL of washed powder, "he an*iserum was recoy-
ered by cen~rifugation ¢of +his wmixture and aspirating off

+tre high speed supernatent.

2.8,2 Microtubule staining

To observe microtubules, cy-oskeletons were prepared, and
+he microtuhbules were s+*ained by indirect immvnofluores-
cence, Samples of res*ing and s=-imula+ed pcpulations, »rT
cells induced to cap surface Tg were ze-tled onto poly=-l-
lysiné coated coverslips, washed for 15 sec in FB3, fixed
for 30 sec in 3% paraformaldehyde in PBS and washed +wice

mere for 30 sec in PBS. The cells were made vpermeable by a
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€0 min incubatiom in 1% Triton X-10C in a micro+tubnle stabi-
lizing buffer (SB: 50 nM imidazol, 5C mM KC1l, 0.5 mM¥ MgCla,
1:0 mM ethyleneglycol-bis {B-amino~ethyle+her)
N,N'-tetraacetic acid (EG™A), 7.1 mM discdium ethylene-diam-
inotetraace*ic acid (ED72), 1.0 mM 2-mercaptoettanol, U4 M
glycerol pH ¢,7) described by Bershadsky et al., (1978). The
resulting cytoskeletons were wasted *wice for 30 sec in $B,
and fixed for 10 min in 1% glntaraldehyde in SD. Free aldeh=-
yde groups were reduced by washirg *wice for 4 wmin in 1 mg/
mL ¥aBH4 in PBS. Tle cytoskeletons were wasted *wice for 3
min in PBS, *len incubated with anti+ubulin antiserum Ailut~-
ed 1:30 in PBS for 45 min a* rocm *emperature in a humid
chamber, The cytoskeletons were washed three *imes for 3,5
and 4 @min in PBRS, and incubated wi+t a 1:197 dilution of
FITC~GaRIg for 45 min a* room <emperature, washed three
~imes for 3,5 and 4 min in PBS and monted on a glide in 50%
glycercl in PBS pH 7.8. Cells vwere examined usiny a Zeiss
Universal Microscope equipped with epifluorescen* and phase
contrast optics, ard protograplted on Tri=¥ Pan film devel-
oped in Micredol ¥, or with Tlford XP1400 Ffilm osrocessed

with the the appropriate develrper.,
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2.5  ELECTRON MICROSCOPY

Cells were «collected by gen+le centrifuga*ion and fixed
for 90 win in 4% glutaraldehyde in 0.1 M sodiup ohospha<e
buffer pH 7.0 at room +temperature, Tle cells were washed
*three times in a 0.C5 M sodium ptosphate buffer ard postfix-
el in 1% OsO4 in 0.05 M scdium phspta*te buffer pH 7.0 a*+ 4°C
for 90 min, The cells were then washed *+hree +imes in phos-
phate buffer, dehydrated in a graded acetone series and in-
fil*rated wirth Spurr's hard resin mixture (Tpurr, 19€69)
which was polymerized at €0°C for 18 h, Thin rsecticns cu*
with a Dupon* diamond knife cn a Sorval Por+cr Blum M7=2B
ulrramicro*ome were stained for 7 min with nuranyl acetate
and 5 min with lead citrate. Specimens were examined on a
Philips 201C electreon microscope. The rela*ive numbers »f%
microtubules in résting and s*timula*ed popuvla*i~rs, and in
control and capped cells, were determined as €cllows. ™he
centriolar regions of all cells cortaining a s*ructure re-
ceognizable as part of tte MTOC were vte*ograpted a* 15,7200%,
and printed at a f!nal magnification of 60,000Y. The number-
of microtubules in a square {correspending +o 84 vam? a-ea in

+he cell), centering on the MTOC, were cecnrnted,
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2.6
PROTEIN DETERMINATIONS

Acetcne powders of cell samples were prepared for the
protein determinations. Cells were collected by centrifuga-
tion, The cells were precipitated by tte addi+ion of 15
volumes of ice cold acetone. The precipitates were washed

twice with 170% acetone, and lyophilized.

2.6.1 Total cell protein determinations

Total <cell protein contents of resting and stimulazed
cell pecpulation=s were determined af*er tydrolysis in 6 N HC1
at 10€6°C for 1€ h, c¢f kn>wn numbers {106 - 5 x 106y of 1live
cells, to which porleucine {¥RL) Frad been added as an inter-
nal standard, After removal of HCl1l vnder vacuum, arino acid
analysis was carried out on a Technicon "SM 2mine Acid inpa-
lyser. ™he protein content was dJeterpined by comparison »f
of the ratios of GLX:NFL, 2ALA:NRL and IFU:¥RL in *the hydro~
lysates with +ke ratics produced when known amnunts of bo-

vine serum albumnin were similarly treazed.

2.6.2 ubulin and actin determina*ioms

Acetcne powders of total cell protein were dissolved in 8
M urea containing 100 mM Tris=HC1, pH 8,0, and 2 a¥ 4di~
+hiothrei+ol +o a concentratiosn of 10 mg/ml. Chemical mHdi-

fica+ion was then carried out at room tempera*ure Z5r 45 min
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in the dark a‘fter the addi+tion of iodo[ 2~3Hlacetic acid
{Amersham=Searle) to a final concentraticn of 10 nM and a
specific activity of 8¢ mCi/mmol. Under these conditions
thiol groups are modified quantita+ively. Peactions were
stopped by the addition of excess 2-mercaptoethanol, Af-~ar

purification by dialysis against wa+*er, the cremically m>di-

fied material was freeze dried and stored prior *c use.

Samples of purified calf brain *ubulin {Shelanski e+ al.,
1973), and rabbit skeletal muscle ac*in (Spudict and Wa*ts,
1971), vwere modified :identically for nse as %nown protein
standards, Todo[ 2-3HJacetic acid was used in s~me of the
chemical modifica*ions, and iodo[ 2-14Claceric acid at a spe-

cific activity of 1 mCi/mmol was used in others.

Knoewn amounts (measured by aminn acid analysis) of
3H-carboxymethyla*ed lynmphocyte total cell prctein were nix-
ed with known amounts of wmodified tubulip and ac<in stan-
Jdards, These mix*ures were run or SD® polyacrylamide gels
{Weber and Osborn, 19€9). 2pproxira*ely 100 ug »f protein
was applied to each gel +ube (4x90 mm) and elec-rzophoresis
was carried cut for 1€ h a+ a currert of U ma/*ube, The gels
were stained with Coomassie Brillian* Blve T and the pro*ein
bapds with tre mobilities of tubulin and actin were cu* out
5»f pach gel., Tubulin bands and ac*in bands were each peoclel,

and extracted with three washes In 709 fermic acidg.
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After removal of formic acid under vacnum, +the dried ex-
*racts were washed cnce in 1 ml of ice cold *riclloroacetic
acid and twice in 1 nl ¢f ice cold ace*tone “c¢ remove protein
bound SDS, The protein was dried under vacuum, and resus-

pended in 250 ul of 0.5Y ammonium bicarbonate,

Peptides were dJgenerated from +*he extracted vproteins by
digestion of tubulin with elastase and ¢f ac+in with alpha~
chymotrypsin. 2 ug of elastase and 1 ug of chymotrypsin
wvere used per 100 ug of protein applied *o *he gels. Diges-
tion was carried out ir 0,5% amroniuvm bicarbona“*e buffer a%
370C for 1€ h, Peptides were then separa*ted by paper elec-
trorhoresis at pE €.5 and a* pH 2.1. i4C-cor*aining pep~-
tides were 1located by au*oradiograpty.,. “ubrlin and actin
specific pep*ides were cu* out and extracted from -he chro-
matographic paper with 150 ul of 70% “ormic acid, and 100 ul
of the extract was added *o 9.9 nrl af Rgquascl 2, and the
3g:14C ratio was measured is a scin<illa+*ion counter wizh a
double isotope program. 7o allow calculaticn of *he tubnlin
and actin contents from 3H/1'4C ra*lcs, Xknown amcunts of 34
and 1'3%C modified +ubulin, and 3H and 14%C mcdified actin were
mixed together and electrophoresed. After genera*icn and
isclaticn of peptides ,3H/!'4C ratics were determined and
used as standards to calculate %te amount ~f *nvbrlin in lym~-

phocy+e samples,
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™0 identify +the 14C=containing peptides, per-ides were
produced from 40 mg of 14C-carboxymethyla*ed calf brain tu-
bulin by digestion witl elastase under the iden“ical condi~
tions. After isolation the peptides ob+tained in high yield

wvere identified.

Three tubulin specific carboxymethylcysteine (cmc) con-
taining peptides which nmapped away from *Fe otrer peptides
were used in determining the amoun* of tubulin in lymphocy*e
populations, Their pecsitions in tte protein were assigned
frcm *he sequence for alpha porcine brair +ubulin (Ponstingl
et al., 1981). Peptide A has *he sequence cmc-cnc-leu. Pep-=-
tide 2 acceounts for «cys 315 and cys 316 in +re alpha chain
\and was 1sola*ed as the most acidic cmc containing peptiie
at pH 6.5, ©Peptide E was in the second most acidic group of
cmc containing peptides a+ pH 6.5, t+ pE 2.1 peptide ¥ was
+he most acidic peptide., Peptide T ras the segvence glu~hisze
ser-asp=cmc~ala and accoun-s for the cys 200 in alpha tubi~-
lin, Peptide B has basic¢ mobili+y at ©pH 6,5 ard a* ph 2.1,
reptide B has the sequence lys-cmc-asp=pro=-arg-bis- gly and
accounts for cys 305 ir <he alpha crain, 7In some of the ex~-
perimen-s a peptide derived from be*a tubulin was isola-ed.
T+ was present in equal amounts +c¢ *he alpta +nbwulin pep-
+ides., This peptide was designa*ed pep*tide ¥, and has *he
sequence val-cmc-asp-ile-pro-pro-arg-leu=-gly and accoun*s
for cys 354 of the beta *ubulin chair (Kraunhs e+ al., 1981),
Peptide N was neutral at pH 6.5, and was fsolated as *he

most basic oF +hese at pH 2.1,
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The peptide used for actin determina+icrs was *he only
cmc containing actin specific pep*ide wi*t basic mobili+y a*
pH 6.5, This peptide was +he carboxyl terminus, which had a
sequence of arg-lys-cmc=-phe, and accoun*ted for cys 373 of

muscle ac*in (Collins and Flzinga, 1°975).
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RESULTS

To look for changes in the assembly of microtubules in
lymphocytes which Lave been induced *o cap svrrface Ig,
splenic lymphocy+tes from nude mice were used because a large
provortion (between 75% and 95%) are B lymphocytes., Capping
0f surface Ig on B cells is induced by incvbating cells wi<h
goat anti-mouse Ig (GaMIqg) an+ibodv. Trodamine labelled
{*Ph=), and ferritir labelled (F=-) antibond’es are used for

light, and electron nicroscopic studies respectively,

Cells fixed with parafonrmaldehyde before incubation with
anti-TIg, to prevent surface Ig redistribu+icn, tave a dif-
fuse distribution of surface Ig (fig. 11). Fcllowing bind-
ing of Rh=GaMTg *o the cell surface Ig, *te Tg anti-Iqg com-

plexes aggregate into patches (fiq. 1B8), wtict* migrate =0

6]

4

one pole of +he cell to form a cap (fig. 1°~-T). The cap

vh

+hen internalized (fia. 1) and appears as a ¢group o

fluorescent spotes in *te cytoplasm.
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Figure 1. Immunofluorescent s*aining cof nude mruse splenic
B lymohocytes a+t different stages of the capping process.
Cells fixed in paraformaldehyde befecre incubaticn wizth Ph-
GaMIg show a diffuse staining pat*ern (A). Cells fixed £fol-
lowing incubation at 37°C with 200 ug/mL Ph=GaMIg cells
patch (B,C and D), cap (B), and internalize (F) +h2 Ig

anti=-Iqg complexes. 211 figures X2,000,
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Figure 2. Time course of surface Tg redistribu*ion on nuile
mouse B cells. 2After incubation for specific *imes at 37°C
with 290 ug/mL Fh-GaMIg cells were fixed , washed and mount-
ed for observaticn. The 0 time sample was fixed before sur-
face labeling. 95% of all cells were Ig pnsitive. A* each
+ime point the staining pattern of at least 100 Tg positive
cells was scored as being either diffuse (=), vpatched (o),

capped (»), or internalized. The sum of capped and internal-

ized cells is shown as (o).
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The time course of Ig redistribu+ion was de*termined (fig.

2) in order to choose the best +ime tc lcok at microtubule
networks in capped cells, Cells are incubated at 37°C with
Rh=-GalMIg to induce capping, while set+ling on poly~l=-lysine
coated coverslips, Samples fixed at +ime points during incu-
bation are scored for the percent of labelled cells with
diffuse, pa*ched , capped or internalized Ig anti-Ig distri-
bution, Patching of surface Ig is a fast pEocess. Only 30%
of labelled cells have not papched +te surface Ig after 3
min of incuba*tion at 37°9C. After 5 min of incuba+ion, more
than half of the labelled cells have capped +*heir surface
Tg., The maximum number of capped cells was seen at 10 min of
incubation at 37°C., The caps continue to be in*ernalized af-~-

ter *hLis *+inme.

3.1.2 Microtubule networks im resting anpd capped B cells

The microt+ubule rnetvorks of capped and control cells were
exanined by indirect ipmunofluorescence stainring and elec-
+ron microscopy to determine if +tere is a ctanage in micro-

rubule assembly during capping of surface Tgq.

The immunofluor-escent staining pa*tern of microtubule
networks in control cells reveals stained fibers which con-
verge on tre single, brightly staining MINC (fig. 34). By
focusing through thte cell, the s*ained fibers can be seen *o

run from the MTOC to *he other end of *he cell.
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Figqure 3. Micro~ubule networks of nude mouse B lymphocy+tes
at different stages of capping suv-face Ig. Pesting cells
{r) were fixed before incubation with Rh=GaMTg, Cells fixed
following incubation at 379C withk 200 ug/ml Rh=GaMIg had
patched {(B) or capped (C) surface Iqg. Tre microtubules in
these cells are stained with rabbit an*i-tubulin primary an-
tibody, and FITC-GaRIg secondary antibody. Cells are Sseen
by phase contrast and epifluorescence optics. ?11 figures

X2,030.
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There is a change in the micro*ubule staining pa+tern in
cells whkicl have patched (fig. 3B) or capped (fig. 3C) suz-~
face Ig during incubation with Rh-GaMIg. There apvear *“o be
more fibers in these cells, and +the staining pattern nf the

fibers is more delicate.

Electron microscopy was used to determine if +the change
in immuncfluorescent staining pattern represen+s an increase
in the number of microtubules during the «capping process.
Control cells, incubating in RPMT 1€40 a+ 37°C, were fixed
wi*h buffered glutaraldel yde at 37°C. Capped cells were Fix-
ed af*er incubation in solution at 37°C wit+h P=GaPlPIj, Cells
were fixed after incubation for 10 min since +his “ime pirin*
had the highest percentage of capped cells (fin. 2}. This

population was 95% Ig pesitive when stained wi+h Fh~GaMIg.

Figure 42 is an electron micrograph of a «c¢ell which has
capped the surface Ig over the MTCC regicn of +he cell, The
microtubules can be seen in a high mnmagnification electron

micrograph of tre MTOC region of a capped B cell (fig. 4B).

Althougtr i+ appeared from *he zmmuncfluorescent staining
+ha+ more stained fibers (presunably microtubnles) were
present there is no significant difference in +*%e micro*u-
bule conten* of <capped cells, The number of micro-ubules
counted in sections through the centriclar regiocrs are 14,6
+ 5.1 (n=30) in resﬁing\cells, and 13.8 2 4,5 (n=28) in *he

capped cell populaticn,
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Figure 4. Electron micrographs of capped B cells, The cap
was induced Dby incubating cells at 37°C witt 200 ug/mL of
F=-GaMZg for 10 min. In a whole cell view (1) +he P=GaMlg
cap 1s seen at one pele of the cell (between arrows), di-
rectly over the MTOC region (X21,000)., 2%t higbler magnifica~
+ion (B) microtubules are seen in the NTOC reqgion of the
cell (¥60,000). The ferritim labelled GaMTg is seen coating

the outer surface of the plasma membrane.
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3.2 INCREASE IN THE MICROTUBULE AND TUBULIN CONTENTS OF T
CELLS DURING ACTIVATION

Several precauticns were taken +0 ensure comparable re=-
sults between experiments and Dbetween the micrescopic and
biochemical studies, 7T enricted lymphocy*e ropulations were
prepared so *hat the s*udies of micro*ubule and tubulin con-
tents could be done on a more homogenenus popula*inn than is
found in a total splenic lymphocyte population, For bio-
chkemical studies, live cell populations were prepared 30
“hat the pro*ein content of dead cells would no* contribute
o protein determinations made »n restirg and stimulated
pcpulations, Con 2 mediated ac*iva*ion ¢f T cell popula-~
+ions was maoni+ored by measuring the increase in cell size
and *he incorpora*icn cf 3H--~hymidine in 48 h stimulated

/

pepulations.

3.2.1 Preparation of T lymphocyte populatiocns

In a total splenic lymphocyte population, about U45% of
+he lymphocytes are Iq bearing (B) cells (fig, 52). 7T en=
riched popula*ions of lymphocytes, prepared by preferential
agglutination of B cells with whea* gernm agglu**nin, have

fewer than 5% Ig bearing cells (fig. 5B).

Dead cells are rresent immediately followine isdlaticn,

and cell dea=h occurs during long term culiures, Tn 48 h

5

populations more *han ralf the cells are dead, Tive cell
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Figure 5. Inmunofluorescent staining of cell surface Ig,
Mixed cell (2), and T cell enricted (C) popula*inns were in~-
cubated with Rh~GaMIg to label surface Ig (B and D), The
same populations (A and B; € and D) are seen by phase con~
*rast and epifluorescent optics. In a mixed cell populaticn
45% of +the cells were Ig positive. Ina T cell enriched

populaticn 4% of the cells were TIqg positiwe, U400 cells were

scored as Ig positive or negative. 2ll figqures X700,

Figure €. Trypan blue staining of unfractionated and live
cell populatioms. To prepare live cell populations cultured
lymphocytes are suspended in a 1low ionic s*rength buffer,
Dead cells stain darkly with trypan blue. "he dead cells
clump (2), and are filtered out ~ver a nylon wecol c¢d>lumn *o
yield a 1live cell population (B) witt “ewer *ran 5% dead

cells, 57C cells were counted, X5n0C,
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populations prepared by preferentially clumpirg >ut dead
cells have 5% or fewer dead cells, Unfractiona*ed, and live
cell populations are shown in figure 6.

3.2.2 T cell activation

In =all of +he populations vsed the incorperaticn of
3g-+hymidine into 48 t stipulated popula+ions was 100=-150
fold higher +thar in 48 h resting populaticne. ~ell size
changes were routinely determined by measuring *te diameter
of at least 70 cells with an ocular nmicrcmeter. The mean
cell diameter increased from €.6 *+ 0.8 um in a resting popu-
la*ion +o 8,0 + 2,4 um af“er 24 h of s+imulation, and to 8.6
+ 2,1 um af“er 48 L of stimula+ion. One +hird of the cells
in a 48 h stimunlated population have a diameter of 10 um »r

more and are considered to be blas* cells.

Cell size profiles were obtained by measuring cell v51-
umes with a Coulter counter channelizer, The cell! size pro-~
files obtained for 0. 24, and 48 h s+imula“ed 7 cell pipula=-
+ions are shown in figure 7. The majori+y ~f cells 4in a
rtesting population fall within a narrow size range, AZter 24
h of stimula+-ion, some of the cells have increased in size,
as indicated by a shift of *he curve *~ +he rigb*, In a 48 h
stimula*ed population a large por*tion of *le cells have in-
creased *n size. Apprcximately one third of +he cells in a

48 b stimulated population have a volume grea*er +han 500

um3.
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Figqure 7. Cell size distribu*ion of T 1lymphocyte popula-
tions stimulated for 0, 24, and 48 h, Tte cell size pro>files
were obtained by measuring the vclumes ~f cells in live cell
populations with a Coul+er counter channelizer model Z£. The
number of cells nmeasured is propor*ional *o *he area under
the curve, The area under each »of *‘e curves is the sane,
The mean cell diameters are calcula*ed from measurements of
at least 70 cells, made using an cocular micromeéér, fo- each
time point. The pcrtion of +the populaticn whict increased
in size during stimulation is indica*ed by hatched lines for
“he 24 h stimulated population, and by s*irple for +he 48 h

population.
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3.2.3 The microtubule network

e e o Y e i b S, o e i s e e M2 Mo

3.2.3.1 Inmmunofluorescent staining

Indirect immunofluorescent staining was used to examine
microtubule networks ir T lymphocytes at various stages of
stimulation (fiq. &), S*taining stows a sparse microtubule
network in resting cells which <consists of fibers extending
around tre cell and converging on the single, brightly
staining MTOC (fig. 8A4). The micro*ubule network of a cell
representative of tre larges+ cells seen in a 284 + stimulat=-
ed population is seen in figure 8B, Blast cells in a 48 h
stimulated population rave an ex*ensive microtubrle ne*work
(fig. 8C). Many stained fibers are seen *o converge on the
M™0C, The microtubules in both res*ing cells and tlast cells
can be seen to run froem *he MTOC vo +he otrer end of the
cell by focusing up and down through *he cell, Populaticns

\
stimula-ed for 48 t contain cells at all e*ages 2f ac<iva~-
+ion., Fxamnination ©of the microtubrle ne*works of cells in a
48 h s-imula*ed population shows +ra* the small cells have a

microttbules network identical *o *tat seen in © h resting

cells.

3.2.3.2 Electron microscopy

The major morphological differences betweer Tres=-ing and
stimulated cells are readily seen by ®lectreon microascopy.

Pesting cells (fig. 9A) have a scant layer »° cy*oplasn,



57
Fiqure 8. Indirec* immuns>fluorescence staining 2f the mi=
crotubule netwoerks c¢f 7T cells a+ variovs s*ages of activa-
tion. Micro*ubules are stained wi+h rabbit anti-tubulin
primary antibody and FITC~GaRIg secondazy antibedy. The
small res*ing lymphccytes have a sparse microtubule network
which becomes more extensive during activation. The micro-
tubule netwvorks are seen in cells from resting (3), 24 h
stimulated (B) and 48 h stimulated (¢) T cell popula*ions.

Cells at all stages of activation are found in a 48 h popu-

lation.,






59
Figure 9. Electron micrographs of T lymphocytes, In res+t~
ing cells (&, X25,000) there are few organelles ir the scant
layer of cy=zoplasm vwhich surrounds the densly s+aining nu=-
cleus., The large Aincrease in size of blast cells (B,
¥8,830) 4is due *to increases in in both rnuclear and cyto-

plasmic volumes, The MTOC regicons are marked witl arrows.
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Figure 10. Electren micrographks of tre centriolar regions
or cells in a resting (A), 24 h stipula*ed (B) and 48 h
s+*imulated (C) populations. X&0,000. To determine the in-
crease in pumber of microtubules, a random %sample of M™3C
regions from each of the populations were photographed , and
t+he number of nmicrotubules in a 4 um2 area centered around

the MTOC were counted, The numbers are summarized in *able

1,
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Table |I. Microtubule numbers in resting and
stimulated populations of T lymphocytes.

Hours after stimulation
of T lymphocytes.
Microtubule numbers 0 24 48
Mean 157 26.3 35.1
S.D. 172 9.2 146
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con~aining few organelles, surrounding +te densly s+taining
nucleus. Fully stinulated cells (fig. 9B) rave unilergone a
large increase in size, due mostly to an increased cyto~
plasmic volume which contains many organelles. ™he chroma-
tin in the nucleus is decondensed. The microtubules 4in
these cells are most easily observed in “»igh macnificatisn
views of “he centriclar region, where the density »f nicro-
tubules is the tighes*t (fig. 10).

To determine the increase in micrntubule con+ent during
stimulation, the numbers of microtubules in thin secticns
through the centriclar regions of cells in populations s+tim~
ulated for 0, 24, and 48 h were counted {table 1. These
counts show over a 2 fold increase in the mean numwber »>f mi~
crotubules in a 48 h stimulated population,

3.2.4 Tubulin content

mhe double isotope labelling technique was used =zo Ai-
rectly measure the tubulin conten*, as a pe-cent of total
cell pretein, in resting and s+ipula*ted T lymprocyvie popnla-
tions. 2ctin determinations were alsc made s» *hat changes
:n the tubulin content could be cempared “*o <clanges in an~-
o+tter cy*cckeletal protein. The samples of 0, 24 and 48 h
con P stimula-ed populations used “or tte ~ubulin and actin
deerminations consisted of live cells populations fron

+hree separate stimula=ion series which were pocled. Pool~
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ing the stimulatior series reduces +he variabili+ty betwe2n
stimulaticn runs, and by increasing the amcun+ ©0Ff protein
improves the accuracy of the me*hod. The *ubnlin and actin

contents are an average of +he three stimulation series.

The *ubulin and actin contents of T 1lymrhocytes during
stimulation are summarized in table 2, The de*erminations
show tha* +he *ubulin con*en* increases from 0.8% in resting
cells to 1,2% in a 24 h stimulated populaticn, ani to 1.3%
in 48 h stimulated cells., ke tubulin content per cell can
be calcula*ed from the tubulin as a percent of %otal cell
protein, and the total cell proteir values. "te total cell
protein, deternined by amino acid analysis, increased fron
25 ug/10% res+ing cells, tc 29 ug/10% cells in a 24 h s+ipu-
lated popula=ion, and to 39 ug/106 48 h stimvlated cells,
These values are the averages of *wo determina*icns, made on
separate s:imulation series, whick differ from the average
by less than 4%, There ig a 2.5 f2l1ld4 increase of the *o-
+a3l tubullin con“ent, “rcm 0.20 ugq/106 resting cells =-o 0,51

uq/10% cells in a 48 h stimula*ted popula*ion,

The actin content did not increase 3in *he same manner as
+he *=ubulin content during s=<imula*ionn, 2c a percent oF <»H=-
+al cell protein, =le actir increased frem 2,3% *o 3,1% dur-
ing the first 24 h of stimulation, bnt +hen drooped -o 2.5%
in 48 ! s+timulated cells. The teotal actin per cell, how-

ever, did increase throughou- stimula*ion (%able 2).
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Table 2. Tubulin and actin contents in resting and
stimulated populations of T lymphocytes.

Hours after stimulation
of T lymphocytes

Protein determinations 0 24 48

TUbU"n as o, totg' 08 |.2 |.3

Actin  cell protein 2.3 3. 25

Toioc!l ug/108 cells 25 29 39

Tubulin 6 0.20 0.35 0.5l
pug/10°® cells

Actin 0.58 0.90 10




3.3  IUBULIN CONTENTS OF MIXED AND B LYMPHOCYTE POPULATIONS

Preliminary evidence showed highter tubulin contents, as a
percent of total cell protein, in unfrac*ionated, mixed lym~
ohocyte populations than were found in 7™ lymptccyte popula-
tions., The difference is presumably due “c a rigker tubulin
content in the B cells present in *he mixed population. The
major differential increase in tuabulin con*ten+t is seen in
*+he first 2% h of stimulation. m™he tubulin con%tents of
resting and 24 h stimulated, mixed cell and nude mouse B

cell populations were examined to determire if B cells un~

dergoe the same type of change,

Cell size profiles of resting and 24 h s*imwla*ted 3 lym~
phocyte and mixed lymptocy*te popula+ions are seen in figures
11 and 12 respectively. The res-ing 3 lymphkocyte populaticn
has a wider cell size distribution, and a hig*er mean cell
diameter, than resting mixed cell populations or resting ™
cell populations (fig., 7). 2Aan increase in cell siz= is seen
during stimulation of bo+h tke B cell and *hke nixed cell

populations,

Tamuncflnorescence staining of “ke picro*ubnle ne*wdorks
in resting and stimulated B cells is seen in figure 13. The
microtubule networks become more extensive as tte cells in-
crease in size. Cells at all s+%ages of stimrlation are

found in *the 24 h stimulated population.
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Figure 11. Cell size profiles of res*ing and 284 } LP3 s+tim-
ulated B cell populations (see Materials and Methods), maile
with a Coulter counter channelizer, ™hea number 9»f cells
measured is proportional *o *+he area under +the curve and the
area under each of the curves is the same. The mean cell
diameters are calculated from measurements of at leas+ 70

cells, made using an ocular micrometer, for each time point,

Figure 12. Cell size profiles of resting and con A s<inu-
lated mixed cell pcpula*ions., The «cell size profiles and
mean cell diameters calculaticns were made as described Inr

figure 11.
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Figure 13. Immnnofluorescent s<aining of the microtubule
networks cf B cells. 2 res*ing cell (i) .Cells a* all s-ag-
es of s*imulation are seen in the 24 h stimulated populaticn
{B} . More extensive micro+tubule ne*works are seen 1in *he

larger cells.
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The zubulir and actin contents of unfrac*inna<ed (live
and dead), and live B cell populaticns were measvred to de~
termine if dead cell in +he lymphocy*e populaticn siqnifi-
cantly altered the results, The vnfractiona*ed pdopula*ion
had tubulin and actin contents of 4.4% and 3.97 respective-
ly, as opposed to 2.9% and 2.4% in the live cell popula-
*ions, The *ubulin and actir con*ents of a second, indeven~
dently prepared, live B cell preparation were lower, being

2.1% and 2.0% respectively,

"he tubulin and actin de*erminati~ns made cn resting and
stimulazed B lymphocyte and mixed lymnhocy+e porulations are
shown in table 3. There s an increase in fubulin con=ent
during stimula*ion of both B cell and mixed cell popula=~
+ions, As a percent of total cell protein, “trere is a large
difference in +he tubulin conten+s of resting peopulations of
nixed lympbocytes (3.6%) and T lymprocy*es (0.8%, <=able 2).,
The higher tubulin con*en*: expec*ed to be seen ir a B cell
popula+*ion was no* found in the nude mouse splenic lympho-
cytes, although the zubulin content of 2.97 was tigher than

+he *+ubulin con+ent of 7 cells.

The actin content increased during s*imula*‘on of the
mixzd cell population (table 3) as was seen ‘r the T cell
popula+ions (rable 2). 1In t+he B cell pecpula*icon *here was a

decrease in the actin conten* durinao stimula*ion (table 2).
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Table 3. Tubulin and actin contents in resting

and stimulated B lymphocyte and mixed
lymphocyte populations.

Tubulin and actin contents as
percent of total cell protein.

Cell sample Tubulin Actin
B lymphocytes
Oh 29 24
24 h stimulated 3.2 1.9
O h live and dead 4.4 3.0
*Oh 2.1 2.0
Mixed lymphocytes
Oh 3.6. 2.7
24 h stimulated 5.1 3.5

* q separate cell preparation was used for
this second determination on O h B cells.



section IV

DISCUSSION

It was proposed that pa<ching and capping of surface Ig
on'lymphocytes resulted in disorganization of the microtu~-
bule network ({Yahara and Kakimoto=-<amishima, 1978). They
could detect organized microtubules in resting lymphocy*es
by immunocfluorescent staining, bu* not in cells which had
patched or capped surface Ig. It was subsequen+ly shown, by
immunofluorescent staining and electron microscopy , <ha+
microtubule networks are presen* at+ all =+ages o¢f “he cap~
ring process (Pogers e+ al., 1981). These au“hors reported
a change in tte microtubule distribu*ion, =2en by imamunofl-
porescent staining, in cells wtich had capped surface “g and
sugges*s tha* this could represent an inc~ease in microtu-
bule assembly in response ¢o redis<ributicn of cell surface
Tq., Tlectron microscopy showed a fcocur *o five fold increase
in the number cof microtubules in *he M7TOC regicn ¢f polymor-
phonuclear leukocytes following expcsure to con B (Dliver e+

al., 1978).

T found no significan+ difference »f the microtubule num=-
bers in resting and capped cells using electrcn microscopv.
The altered microtubule staining pa**ern seen in patched and

capped cells (fig. 3B and C) might be due *n a change in
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spatial organization of the microtubules. Since +his change
occurs within minutes in a large percent of B lymphocy*es
induced to cap Iq, this would be ar excellen* model system
*o examine +*he regqulation of rTapid changes in micro“ubule
networks in response tc an external signal. TIf microtubules
in control cells are in bundles, +*ten 4individual micro:u-
bules witbin a bundle would not be resolved by immunso®l-
uorescence microscopy. A bundle would appear as a single
staining fiber, This seems likely since only a few staining
fibers are seen in resting cells and these are fewer than
the numbers of micrctubules derermined by elec+ron microsco-
py, and they appear tticker than +*te mOre numerols fibers

seen 1n capped cells,

Movement of patcled receptors into caps depends on micro=-
jlament con*rac<ion (Braun et al., 1978). Tn*eraction of
con+rac+ing microfilaments with micro*ubules in a bundle may
result in +the bundie being separated in+c individual +1:1-
bules. ™his would cause *~he microtubule s*aining pattern +%»n
appear more delica*e, as seen in figures 3B and C. Numerons
interconnections of microfilaments inserting on+*o micro-u-
bules rave been seen by electron microscopy (see for eqg,
Schliwa et al.,, 1981). Alterna*ively, *+}te micro*ubules nmay
redis-ribu+e first and then dinteract with micrcfilaments *o
direct the movemen- of patches to *he pole of -he cell whece

‘nternalization occurs.
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Changes in the spatial organization of the microtubule
network during redistribu+ion of surface 3Ig could be con-
firmed by making three dimensional nmodels of the HdTOC re=
gions of resting and capped B cells, from serial sections.
This type of analysis to determine the segquence of events
during Ig redis<tributicn, in combina“ion witt drug treaze-
ments which interfere with +the microfilament or micro+tnubule
systems can be used to determine which of these models is

correct,

7

Increases in <he micro*ubule content during s<imulation
of mixed 1lymphocyte populations have been stown before by
immunofluorescent staining (Rudd e+ al., 1979y and electron
microscopy (Biberfeld, 1971; Pudd e* al., 1979) 0% tke mi~-
crotubule networks., In selected lymphocyte populations, im-
munofluorescent staining showed increased microtubule ne*-
works in stimulated T cells (fig., B, C} and B cells (fig,

13B). The most extensive networks were seen in tlast cells,

Microtabule numbers have been counted in the micro*ubule
networks seen by immunofluorescent staining of well spread
+izssue culture cells., Averages of 135 and 178 microtubules
per cell were reported for 373 cells (Hiller and Weber,
1¢78) and human fibroblast cells {Spiegelman e al., 19793)
respectively. The microtubules are easy to count in these
£lat, well spread cells. A correspondence cf one staining

fiber to one nmicrotubule in the margins of fibreblas*s was
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demonstrated by immunofluorescent s*aining and electron mi-
croscepy of *he same cell (Weber and Osborn, 1976). This
technique of counting microtubules cannot be used with accu-~
racy for the smaller round 1lymphocy*es, +*trerefore, 1i* was

necessary tc use electron microscopy.

The mean number of micro<ubules per sec*ion through the
MTOC of T cells increased from 15.7 “n resting cells to 35,1
in a 48 h con 2 stimulated popula*ion {*able 1). In faully
stipulated cells, which are recnqgnized by increased cyto~-
plasmic and nuclear volumes and a decondensed nucleus, up to
“ive times as many nicrotubules were seen in sections
+hrouglr the MTOCs, The mean o0f 15.7 in restinag cells is
similiar to the mean of 1¢.2 microtubules seen in sections
through the MTOC regions of human peripheral blanod ™ lympho-

cyzes (Oliver et al., 1980).

The total number of microtubules in a resting cell and in
a fully s*imulated cell can be es*imated. The estimates are
made by multiplying tie mean number of micro*vbules which
+erminate on the MTCC ir a sec*ion, by *t*e number »f cerial
sections required to pass completelv through +tre MTOC. My -
crotubule counts for tris estimate are of micro*ubules which
are s>en +to terminate on +he MTOC in tbta+ particular sec~
~ion, Microtubules passing close by the WMTCC, and termina*-
ing on the V7™0C in ancther sec*ion, are nct counted as they

were for the determinations in table 1. Tre average number
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>f microtubules per sec+ion which termina*ed on *“ke “TOC was
4 in resting cells and 11 in stimulated cells. The nnmber
of sections reguired +o pass through the ¥T0C are 12 f»r a
resting cell and 18 for a stimulated cell. The M7OC has the
shape of an elongated sphere, These numbers are averages of
the numbers of serial sections required *o pass through +he
leng dimension, and the short dimension of the MTCC. Esci~
mates of the number of microtubules per cell are 48 microta-
bules in a resting T lymphocyte and 198 ricrotubules in a

stimulated T lymphocyte.

198 microtubules in a fully stimulated T cell 1is a much
higher microtubule «content +han 135 micrc*tubules reported
for a 3T3 cell (Hiller and Weber, 1978). ™hese authors 1ised
a high tritcn concentration, and rapid permeablization, *o
produce cyvtoskeletons of 373 cells for immunofluorescent
staining., This rapid procedure may not adeqguately preserve
+he micro*ubules., Fore extensive microtubule networks could
be seen in 373 cells stained by *he immuncfluorescence pro-
cedure T used than were shown by these authors {(results nnt

shewn) .

The tubulin ccnzents, as a percent of *ctal cell protein,
increased during stimulation of each of tte lymphncyte popu-
lations (tables 2 and 3). The increased +unbul‘n contents
coincided with the increased microtubule networks seen in

s+imulated cells ({(fig. 8C, 10C and 13B; *able 1),
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Differences in the “1bulin con*ents of mixed, B cell, and

T c¢ell populations, and be+tween cul+ured and purified 1live
populations, emphasize the need tc use selec+ed populations
to examine the microtubule and tubulin contents. T enriched
populations were wused for a careful comparison nf +he in-
creases 1in microtubule and +tubulin ccn*en*s seen during
stimula*ion. - In <he T enriched populaticn, there was a 2.5
fold increase,in the +total tubulin content and a 2 £214 in-

crease in the number of microtubules during s+*imvlaticn (+a-

bles 1 and 2).

The increase in tubulin and ac*in, as a percent of total
cell protein, during activation may be a reflection of the
increased ratioc of c¢ytoplasmic / nuclear protein mass seen
during activation (Soren, 1977). All cytoplasmic proteins
may increase in approximately t*he same rproportions during
stimula-ion, Tubulin and actin con*ents did no+ increase in
+he same manner throughou+t ac+tivation in 7 cell populations.
Both stowed large increases during *he first 24 h, Between
24 and 48 h of activaticn the ac*in content dropped while

the *tubulin continued <o increase,

2 transient burst c¢f actin syntlesis was seen in guies-
cent 373 cells induced to proliferate by +he additicn of se-
rum, but not in cyciing 3m3 cells (Riddle and Pardee, 1979),
3™3 cells in GO0 progress *owards S when stimula<ed with

grcwth factors, a response which is similiar -o reszing lym-

phocytes s+imula*ed witl a mizogen snch as ccn 2,
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Increased tibulin contents were seen during PHA stimula-
tion of mixed populaticns of human peripteral blood lympho-
cytes, although the values obtained were low (Pipeleers et
al., 1977; Sterline and Mundy, 1977). The +ubulin contents,
determined by a 3H-colchicine binding assay, were 17 fold
lower than +tubulip determina*ions made on frest human pe~
ripheral blocd lymphocytes by “le double isc*+ope labelling
procedure (Anderson, personal communication)., The double
isotope labelling procedure found +that the <ubulin conten+
of lymphocy*tes from dindividual donecrs ranged frem 3% *» 6%

of total cell protein, with a mean valve of 4.7 + 1,8%.

The double isctope labelling procedure directly measures
tubulin specific peptides. The 3H~colcticine binding assay
measures the ability of tubulin +¢ bind colchicine. Tubulin
determinations of 373 cells made using 3F=cclchicine binding
assay (Bictorn and rFeterkofsky, 1979 were more than 10 fold
lower than +he determinations of 3.5% and 3,.3% of =n%tal cell

protein made by double isotope labelling (Anderson, 19379)

and radioimmuncassay (Hiller and Weber, 1978) respectively,

Tt could be that not all of the +tubulin in *hese cells is
competent +to bind colchicine, or *hat tubulin is beinqg de=
graded when cell tomogenates are Incnubated a* ?7°C with la-
belled colchicine. These problems’may be particular +o the
cell type being used. "Borisy's grcup found a *ubulin ccn=-

tent of 4,67 of total cell prozelin, using a 3H-colchicine
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binding assay, which was comparable *o determinations made

using other techniques (Bulinski et al., 1980M).

The -ubulin cortent of 2,51 pg/cell ir +the 48 } stimulat-
ed T cell popula*icn (table 2) was an average of all *he
cells in the population, The increased *ubulin conten+ 3u--
ing stimulation was due to a mrct larger increase 4in the
fully s*timulated cells. An estimate of the tubulin ccntent
in fully stimulated cells can be nmade. From the cell size
profiles, U40% of tle cells in the 28 ! population increased
in size (ha*cted area in fig. 7). If tle increased tubulin
content is due to the cells whict ircreased in size, zhen
+he par+ially s-imulated cells in the 24 ' popula+icn have a
tubulin content of 0.43 pg/cell. Tn the 48 I+ s+timulated
population, nonstimulated cells represent 40% of +the area
under +re curve in figure 7 {(the non stippl=ad area). 32% of
*he cells are partially s+<imula*ted (s*tippled and ha+*ched
area), and 30% of the cells are fully s*imulated {(stippled
and no+ hatched area). If nons=imulated and partially stim-
ulated cells tave +ubulin con*ents o¢f 0.20 pg/cell and .43
pg/cell respectively, *hen the <£unlly s*imnla*ted cells mast
have a +ubulin content of 1.00 pg/cell to make +he avercage

of 0.51 pg/cell in tke populatior.

Tte amoun+t of +ubulin ir polymer form in res=zing and
stimula+ted cells car be calculated in order tc deteraine if

“here is a change in the polymer / scluble *vbulin ratin,
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The mass of *ubulin per unit length of *ubule is 0.27 fg/unm,
based on a MW of 100,000 for a +ubrlin dimer (Valenzuela e+t
al., 1981) and 1625 dimers per nmicrometer of *ubule (Amos,
1977y, The 48 micrctubules in a resting cell (average dianm-
eter €,€& um, circumference of 20.7 um), runninc under the
cell surface from the MTOC to *he o*her end of the cell,
have a total 1leng*l of 494 um of microtubule and a tubulin
content of 0.13 pg. 2 blast cell wi+h a diamerter of 11 unm
and 198 microtubules, each 17.23 um long, has 3426 um 5f t1~
bule whicl contains 0.93 pg of tnbulinp, Using *hese esti-
mates, the percent of +tubulin in polymer <form is ¥€5% in
resting cells and 93% in a blast cell, Tre percen* of +ubu-
lin in polymer form in human peripheral blcod lymphocytes,
estimated by 3H=cclchicine binding assay of to*al and sedi-
mentable tubulin conten*s, was 577 in res=ing cells and in-
creased to 75% after 72 h of "PH2 s*imvla*icn (Pipeleers e+
al.,, 1877y, The +ubulin ccnten* in polymer form was es+i-~
mated +o5 be 40% in 373 cells (Hiller and Weber, 1978) and
£D0% in human fihroblas+s (Spiegelmanr e+ al.., 1°79B). The
respec*ive authors considered *hese +*o be nunderestimates,
because of t+he me+hcds used +o determine -he ©pnlyaer cen-
tent, During differentia-ion of neuroblastoma *he percent
of tubulin in polymer form increased from 11% to 55% »% +he

+oral tubulin content {(Clmstead, 1987).

The microtubules in a 373 cell were estima*ed =2 contain

2 pg of *ubulin {(Hiller and Weber, 1978); much more than *he
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polymer con*ent of a stimulated T cell. 2 373 cell was es-
timated to have fewer micro*ubules than a stimulated T cell
but they are much lcnger, having an average length of 50 um
and extending from the MTOC to tlte cell margins. The s21la~
ble tubulin concentration in a 373 cell was estimated to> be
1.2 mg/nl (Hiller and Weber, 1978), During differentiation
cf neuroblastoma, the concen*ra+iocn of =nluble -ubulin de-
creased from 1.6 mg/mlL to 0.8 mg/ml (Nlmstead, 1981). These
concentratiions are much higher +%an t+he cri+ical concenzra-
tion for ip vitro assembly of 0.3 mg/ml (Bergan and Borisy,

J

1980). ™his sugges*s that in these cells no- all 0% the 30-

luble tubulin is available for assembly,

A resting T lymphocyte with 77 fg of unpclymerized tubu~
1lin and a cell volume of 95 fL (fig. 7) would have a soluble
+tubulin concentraticn of 0,74 mg/ml. r blas* «c¢ell with a
snluble tubulin content of 7 fg and a vclume of 600 £f1L
would have a soluble tubulin con*en* of 0,12 mg/mL. This
low concen+tration of scluble *ubulir suggests *hat ~<he *tubu=-
1in con+en- may be limiting micro*ubule assembly in blast

cells.,

211 of these estimates of scluble +tubulin assume *hat
+here is no partitioning »f scluble cytoplasmic pro*eins
across the nuclear membrane. Golds*ein and Ko (1981, using

Amoeba proteus,
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showed that 35s=labelled cytoplasmic prc-eins readily 4if-
fused into wunlabelled nuclei which were +*ransplanted into
*+he labelled cytoplasr, If soluble *ubulin were excluded
from the nuclevs then the tubulin concentra+ion in +he cy*o-
plasm would be higher *han the es-imates, par+ricularly in

resting cells which have a large nucleus / cy*oplasm -ation,

In neuroblastoma *here was a large increase in the micro-
tubule content, but no increase in the total +ubulin content
during differentiation (Olmstead, 1981) . Tte increased mi~
crotubule assembly and concommitan+ drop in concentra+ion >f
soluble tubulin may have been due to the synthesis of a new
MAP which promotes microtubule asremrbly (0lms+tead and Lyon,
1981) . MAP synthesis could also play a role In regulaton of
microtubule assembly during lyumphocv*e activatiocon. Synthe-
sis of more, or new species o0F M)Ps may contribrtz <o more
efficient microtubule assembly resulting in *he lcwered con-
centration ¢f scluble tubulin, Yo one has looked a+t MAPs in

res~ing or stimulated lymphccytes.

Unlike ttre ckange in micro*ubule assembly seen ducing
Aifferentiation of neuroblas+toma, the Increase in microtu-~-
bule con+tent during lymphocy*e activation was accompaniel by
a large increase in tubulin contert, due <o de nivo tubilin
synthesis. Fates of tubulin synthesis and dearada*ion could

regulate microtubule assembly by de*ermining *re availabili~-

+y of assembly competen® <unbulin.,
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Microzubule assembly could be altered by *he synthesis »f
different *ubulins during activation. ™he appearance of
isotubulins with differen* assembly properties could account
for the increase in polymer / scoluble *ubulin ratio and the

drop in concentration cf soluble tubulin during activation.

Isotubulins may have differen+ functional vroper<ies,
‘nalysis of +tubulin isolated from flagellar or cy:oplasmic
microtubules from Pgolytomella showed +hat different isotubu-
lins were assenbled preferentially intc one or the other
class of microtubule {(McKei+han and Rosenbaum, 1981). I+
wasn's shown if +hese functionally different is»nzubulins
were coded for by different mRWAs, ot resul+ted from post

+ransla=-ional modification.

Changes in the pa*tern »f isctubvlin syntlesis were seen
during early brain development (Pahl and Weilbel, 1979y .
Changes were also seen in Isotubulirs translated in viiro
from mENAs :isolated from the brain (Gozes et al., 1980).
Recently, eigh+t isctubulins were isolated frcm a single 3if-
feren+ia+ted neuroblastoma cell (Gozes et al., 1987). These
authors suggested tlat in neuroblas*oma, different isozubu-
lins may be incorpecrated preferentlally into ei+*her axonal

or neuri-e nicrotubules.

Multiple alpha and beta tubulin genes were found in sev-
eral species (see for examnle Cleveland e= al,, 198)). Dif~

ferent restriction maps were shown for +he mnl+iole alpha
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{kKalfayan and Weirsink, 1981) and +he nul*iple be<a (Cnwan
et al., 1981) tubulin genes, sugges*ing *hat *he appearance
of isotubulins is requlated, a+ leas* in part, a* the level

»f gene expression,

The increased microtubule network seen dvring lymphocyte
stimula-ion appears to be due to a coordinated increase »f
the MTOC initiation capaci*y (Sctweitzer and Brewn, 1981),
the *ubulin con*en*, and probably also of *te MI?P con“en:.
The increased efficiency of micro*ubule assembly during ac-
tivation, seen as a drop in *te soluble +ubulin concentra=-
+ion, may alsoc invelve the syntlesis ¢ iso+ubulins with
different assembly properties, and/or +*%e synttesis of new
species of MAPs., Analysis of +he assembly proper-ies of tu-
bulin and MAPs frcm res<ing and stimulat+ed lymphocyies
should reveal the ccecntribution of each to *te increased ef-~

ficiency of microtubule assembly during activation.

mhe +time course cf tubnlin and PP syn*tesis rhould also
be carefully examined, using selected lymphocy*e popula-

tions, These stundies must be acccmpanied by an ul-rastruc-~

i“h

tural and biocremical examinatinn ~f <tle MTOCs »f resting
and stimulated cells tc determine tecw clesely changes in *u=-
bnlin and MAPs are coordinated witk charges whicl zZesult in

+he increased initiation capacity of *he MTOC,.

Previons studies (Ben-Ze'ev e* al,, 1979; Cleveland =t

al.,, 1981) of -he charges in *ubulin synthesls In response



87
to a change in thke polymerization state of the microtnbule
system have relied on the use of drugs which disrupt *he mi-
crotubule network, but may also have a number of secondary
effects on cellular metabolism, T rave established +hat
during lymphocyte ac+tivation, there is bo+h a cranqge in the
polymerization state of the micre+tubnle sys*em, and a large
increacse in tre +tubulin ccntent due +o de novo tubilin
synthesis, These co~ordina*ed increases in microtubule and
tubulin contents are not seen in tte otrer well studied %is-
sue culture systems discussed in this tltesis, This sucges-s
that +he activating lymphocy*e may be ar excellen= model
system to study the regulation of *nbulin syn*hesis ir re-
sponse t0o a change in tte polymerization s*tate of the micro-
tubule system, without +he use of drngs, If tubnalin synthe-~
sis in lymphncytes is respensive *o the soluble <ubulin pool
size as ras been suggested in 3T¢ cells (RBen=-Ze'ev e* al.,
1979; Cleveland e* al., 1981), *hen ope could propose *ha*
+he increase in +tubulin synthesis during ac*ivaticn might be
preceded by an increase in “he NTOC activity, The Tesultant
increase in polymer would deplete *he peol of soluble *ubu-

1in and could induce thre increase in *ubulin syn*tesis.,

The inhibitcry effect of antimicro*nbule drugs on several
aspects of 1lymphocyte ac*ivaticn have indica*ed rhe poten=
+ial importance cof the microtubule ne*work in lymphdicyte ac-
+ivaticn., Tre work described in ttis thesis tas clearly es-

tablished +hat +here 1is a prodressive Increase in *he
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microtubule network and tubulir ccntent of lymphocytes dur-
ing thke activation process, * With *his basis, studies can be
designed +o determine which ¢f the events of lymphocyte ac-

tivation coincide with, and which are dependent upon, +the

increase in microtubule assembly.
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