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4 llfflil Î JStlOTHlQUES * 
u Ottawa 

Supervisor 
0 LIBRARIES » 

Ottawa, On ta r io , 1982 

v £ / Paul D. Waterhouse, 1982 



UMI Number: EC56183 

INFORMATION TO USERS 

The quality of this reproduction is dependent upon the quality of the copy 

submitted. Broken or indistinct print, colored or poor quality illustrations 

and photographs, print bleed-through, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

® 

UMI 
UMI Microform EC56183 

Copyright 2011 by ProQuest LLC 
All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



ABSTBACT 

Chanqes in the microtubule system of lymphocytes were ex­

amined during manipulat ion of two lymphocyte f u n c t i o n s . 

Splenic lymphocytes frcm nude mouse, which were 95% B c e l l s , 

were induced t o cap su r face I g by i ncuba ' i on with a n t i - I g 

an t ibody . C e l l s which patched or capped sur face Ig showed 

an a l t e r e d microtubule d i s t r i b u t i o n by immunofluorescent 

s t a i n i n g . To detemine i f t h e r e was a change in microtubule 

assembly during capp ing , r e s t i n g and capped c e l l s were exam­

ined by e l e c t r o n microscopy. No s i g n i f i c a n t d i f fe rence was 

found in the number of microtubules in s e c t i o n s through t h e 

n^OCs of r e s t i n g c e l l s and of capped c e l l s . Th? s s u g g s s t s 

t h a t t h e change in immunof luorescen t s t a i n i n a p a t t e r n r e ­

s u l t s from a change in the s p a t i a l o rgan iza t i on of t h e mi­

c r o t u b u l e s . 

Immunof l uo re scen t s t a i n i n g showed increased microtubule 

networks in s+imulated mixed c e l l and nude mouse B c e l l pop­

u l a t i o n s . The t u b u l i n c o n t e n t s in r e s t i n o popu la t ions of 

mixed c e l l s and of nude mouse B c e l l s were 3.6^ and 2.9% r e ­

s p e c t i v e l y . These i nc rea sd •'•o 5.13= and 3.2T- a f t e r 24 h of 

s t i m u l a t i o n . The d i f f e r e n c e in tubu l in contends of 2.9? and 

4.4% in l i v e and u n f r a c t i o n a t e d ( l i v e and dead) r e s t i n q B 

c e l l p o p u l a t i o n s , and the d i f f e r e n c e between r<ixed, B c e l l . 



and T c e l l popu la t ions emphasizes •'•he need to i:?e s e l e c t e d 

popu la t i ons for these d e t e r m i n a t i o n s . 

The microtubule networks of T c e l l popu l a t i ons s t imula ted 

for 0, 24 and 48 h were examined by immunofluorescent s t a i n ­

ing and e l e c t r o n microscopy. Increased microtubule networks 

were seen in c e l l s which had increased in s i z e during s t imu­

l a t i o n . The most ex t ens ive networks were seen in 48 h s t im­

u la t ed b l a s t c e l l s . The i n c r e a s e in microtubule number dur-

ing s t imu la t ion was determined by e l e c t r o n microscopy of the 

WTOC reg ions of c e l l s in r e s t i n g ar d s t imula ted popu la t i on? . 

The mean number of microtubules per s e c t i o n through the 17QC 
i 

inc reased from 15.7 ± 7.2 in r e s t i n g c e l l s to 26.1 ± 9 . 2 and 

35.1 ± 14.6 in 24 h and 48 h s t imula ted popu la t ions r e s p e c ­

t i v e l y . 

D i rec t measurements cf t ubu l in and a c t i n c o n t e n t s , as a 

oercen* of t o t a l c e l l p r o t e i n , and of t o t a l c e l l p r o t e i n 

(TCP) con*en rs were made on r e s t i n g and s t imula ted T c e l l 

popu la t ions ^rom which contaminat ing dead c e l l s had been r e ­

moved. As a percen t of TCP, t u b u l i n increased from 0.8% i n 

r e s t i n g c e l l s t o 1.2% in a 24 h s t imula ted popu la t ion , and 

to 1.3% in a 48 h s t imula ted popu la t i on . The T P c o n t s r s 

were 25 , 29 and 39 ug/10* c e l l s in r e s t i n g , 24 h ani 48 h 

s t imula ted popu la t ions r e s p e c t i v e l y . The t o^a l tubu l in con­

sent inc reased 2.5 f o l d , from 0.2C ug/T?6 r e n t i n g c e l l s t o 

0.51 ug /10 6 c e l l s i n a 48 h s t imu la t ed popu la t ion . As per™ 

i i i 



cent of total cell protein, the actin content increased from 

2.3% to 3.1% in the first 24 h of stimulation, but dropped 

to 2.5% in 48 h stimulated cells. The total ac+in content 

ner cell, however, increased over 48 h of stimulation from 

0.58 to 1.0 ua/10* cells. 

I have used these numbers to estimate the total and poly­

merized tubulin contents. During stimulation the total tu­

bulin content increases from 0.20 pg in a resting T cell to 

1.0 pg in a blast cell. The percent of tubulin in polymer 

form increased from 6 5% in a resting cell to 9 3% in a blast 

cell, and the concentration of soluble tubulin dropped from 

0.74 mg/mL in resting cells to 0.12 mg/mL in stimulated 

cells. The large increases in tubulin and microtubule con­

tents during stimulation make lymphocytes a m<~del system to 

study the regulation of tubulin synthesis and of its assem­

bly into microtubules. 

- iv -



HESUHE 

Lors de l a m a n i p u l a t i o n de deux f o n c t i o n s l y m p h o c y t e s , en 

a pu r emargue r des m o d i f i c a t i o n s au n iveau de l e u r sys t eme 

m i c r o t u b u l a i r e . Des s p l e n o c y t e s , don-1- 95% son* des c e l l u l e s 

B p r o v e n a n t d ' u n e s o u r i s n u e , o n t e + e' i n d u i * s a l a f o r m a t i o n 

de capuchons Ig s u p e r f i c i e l s p a r i n c u b a t i o n avec 1 ' an- '- icoros 

a n t i - i g . Au raoyen de ^ i m m u n o f l u o r e s c e n c e , on a o b s e r v e gue 

l a d i s t r i b u t i o n d e s m i c r o t u b u l e s a e t g modi*"iee chez l e s 

c e l l u l e s ou i l y a eu f o r m a t i o n de p l a g u e s OT de capuchons 

Ig s u p e r f i c i e l s . Afin de d e t e r m i n e r s ' i l y a eu r n e m o d i f i ­

c a t i o n dans 1 ' a s s e m b l a g e d e s m i c r o t u b u l e s l o r s de l a forma-

- i o n d e s c a p u c h o n s , on a o b s e r v e des c e l l u l e s capuchonnees 

e t au r e p o s , au mic roscope e l e c t r o n i q u e . "u ce qu i c o n c e r n e 

l e floibre de m i c r o t u b u l e s , aucune d i f f e r e n c e i m p ^ r t a n t e n1 a 

e t e n o t e e e n t r e i e s c e l l u l e s au r e c o s cu capuchonnees dans 

l e s s e c t i o n s c o m p o r t a n t des c e n t r e d ' o rgan iza* - 5 on m i c r o t u b u ­

l a i r e (MT°C). Ceci l a i s s e c r o i r e que l e s m o d i f i c a t i o n ^ o b -

s e r v e e s par I 1 i m m u n o f l u o r e s c e n c e dans l a d i s t r i b u t i o n des 

m i c r o t u b u l e s p rov i ennen* d ' u n changement dans l e u r o r g a n i z a ­

t i o n s p a t i a l e . Par 1 ' i m m u n o f l u o r e s c e n c e r r a o b s e r v e une 

a u g m e n t a t i o n marquee d e s r e s e a u x w i c r o t u b ^ l a i r e s dans l e s 

p o p u l a t i o n s s t i m u l e e s d e s c e l l u l e s mix -es e<- de*= c e l l u l e s P 

de s o u r i s n o e s . Dans l e s c e l l u l e s ntix^e^ e f dan^ l e ^ c e l -

— v — 



lu les B de souris nue, au repos, la +eneur en tubuline e t a i t 

respectivement 3,6% e t 2,9%, pour ensuite augmenter a 5,1% 

et 3,2% apres 24 h de s t imulat ion. Cos differences de 2,9% 

et de 4,4% dans la teneur en tubuline de ce l lu le s B n)n-

st imulees vivantes e t l es ce l lu l e s P non-fracticnnees {vi­

vantes e t non vivantes) , et la difference entre les c e l l u l e s 

mixtes, l e s c e l l u l e s B e+ les ce l lu l e s T demontrent g u ' i l 

est important de se servi r des populations selectionees 

e t a b i i r la teneur en tubuline des different c e l l u l e s . 

A 1'aide de la technigue de 1'immunoflucrescence et du 

microscope e lec t ronique, on a precede 3. 1* observation des 

reseaux microtubulaires des populations de ce l lu les ^ qui 

ont e te stimulees pendant 0, 24 et 48 h. On a note une aug­

mentation des reseaux de microtubules dans les ce l lu l e s qu" 

avaient augmente de volume l c r s do la s t imulat ion. Les 

reseaux les plus vastes ont e- e observes clrez les c e l l u l e s 

b las t iques stimulees pendant 48 h. L'augmen+a4-ion iu nonbre 

de microtubules l o r s de la stimulation a £~e de^erminee par 

un examen au microscope Electronique de? regions Î OC i e 

populations c e l l u l a i r e s au repos et st imulees. Le nombre 

mcyen de microtubules par section dans la region "Toe a aug­

mente de 15,*7 ± 7,2 chez l e s ce l lu l e s au repos a 26,3 ± 9,2 

et 35,1 ± 14,6 chez les populations stimulees respectivement 

pendant 24 et 48 h. 

- v i -



On a e f f e c t s , chez des popula t ions de c e l l u l e s T au r e ­

pos e t s t imulees dont on a v a i t re t i re 1 l e s c e l l u l e s mortes 

contaminants , des mesures d i r e c t e s de l a teneur en t u b u l i n e 

e*- en a c t i n e , en t a n t que pourcen-age du cont enu oro te iq ' i e 

t o t a l de l a c e l l u l e , e t du ccntenue p ro te :gue de l a c e l l u l e 

(TCP). La t ubu l i ne e s t pass£e de 0,8% du TCP c\ ez l e s c e l ­

l u l e s au repos , a 1,2% chez l e s c e l l u l e s s t imuloes Dendant 

24 h, e t a 1,3% chez l e s c e l l u l e s s t imulees pendant 48 h. 

Chez l e s popu la t i ons c e l l u l a i r e s qui ont e t e s t imulees pen­

dant 0, 24 e t 48 h, la teneur en TCP e t a i t respec^ivement de 

25, 29 e t 39 ug/106 c e l l u l e s . Le ccntenue - c t a l de t u b u l i n e 

s ' e s t mul t ip le par 2 , 5 , passant de C,20 ug/1."* c e l l l i e s chez 

une popula t ion au repos , a 0,51 uq/10 6 c e l l u l e s apres une 

s t i m u l a t i o n de 48 h. 

L ' a c - i n e a augmente de 2,3% du TCP a 3,1% apres l e s 24 

premieres heures de s t i m u l a t i o n , mais a diminue a 2,5% apres 

48 h de s t i m u l a t i o n , T o u t f o i s , l e contenu t 0 + a i d ' a c t i n e 

par c e l l u l e a augmente de 0,58 a 1,0 u g / 1 n & c e l l u l e s au 

cours d 'une periode de s t imula t ion de 4 8 h . 

On a u t i l i s e ces r e s u l t a t s pour evaluer la ouantitfe l e 

t u b u l i n e t o t a l e t de tubul in polymer isee . Lors de la s t imu­

l a t i o n , la t eneur t o t a l de t u b u l i n e a augmente de 0,21 pg 

chez une c e l l u l e T au repos a 1.0 pg chez une c e l l u l e ?n 

b l a s t o g e n e s e . La propor t ion de t u b u l i n e sous f o r a e l e p:>-

lymere e s t passee de 6 5% chez une c e l l u l e au repo-3 8. 91% 

v i i -



chez une ce l l u l e en blastogenese, e- la concentration de tu­

buline soluble a diminue de 0,74 mo/mL dans l e s ce l lu le s au 

repos a 0.12 mg/ral, dans les ce l l u l e s st imulees. La for te 

augmentation de la teneur en tubuline e-1- en microtubules, 

l o r s de la stimulation des lymphocytes, nous permet de nous 

se rv i r des lymphocytes comme systeme modele pour I ' e tude de 

la regulat ion de la tubuline et de son assemblage en micro­

tubules . 
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section I 

INTRODUCTION 

The components cf the cytoskeleton interact with each 

other and with cellular membranes to participate in main­

taining cell shape and in other cellular functions. In order 

to understand hew the cytoskeletal components work together, 

i+ is important to understand how t>ey are organized indi­

vidually. 

The microtubule network is thought +c have a structural 

role, rather than a contractile role like the microfila­

ments. The organized yet dynamic nature of the microtubule 

network is illustrated by the changes it undergoes luring 

mitosis. Disassembly of the interphase microtubule network, 

assembly and disassembly of the spindle apparatus, and then 

assembly of interphase microtubule networks - n the daughter 

cells suggests a highly regulated system. 

The introduction will be concerned with microtubule or­

ganization and mecharisms of regulating assembly of microtu­

bules in vivo, particularly in several tissue culture cells 

that have been used tc study the roles of tye microtubule 

organizing center, tubulin and microtubule associate 1 prote­

ins in regulating microtubule asseirbly. 

- -J -



1.1 MICROTUBULES 

2 

Microtubules are found in a l l eukaryo t i c c e l l s . The oar -

t i c i p a t i o n of microtubules in a wide v a r i e t y of c e l l u l a r 

func t ions has been r e a l i z e d for some time {Porter , 1966) . 

Microtubules a re a s t r u c t u r a l component of t he locomotory 

o r g a n e l l e s c i l i a and f l a g e l l a (Tilney e t a l . , 1973) . ^he 

l o s s of c e l l shape was c o r r e l a t e d with the disappearance of 

cytoplasmic microtubules induced by microtubule d i s r u p t i n g 

t rea tments {Tilney and Gibbons, 1969; Brown and Bouck, 

1973). Cel l shape was r egenera ted and *• he micro tubules r e ­

appeared during subseguent recovery from ^he t r ea tmen t . Mi­

c ro tubu l e i n t e g r i t y was shown t 0 be necessary for metaphase 

chromosome movement {Brinkley and Car twr igh t , 1971), and 

p r o t e i n t r a n S p 0 r t in nerve axoplasm (Fernandez e t a l . , 

1971). Movement of pigment granules in melanop^o-es {Byers 

and P o r t e r , 1977) and of cytoplasmic granules in nerve c e l l s 

( S t e a m s , 1980) appeared to be d i r e c t e d by micro tubules , 
* 

while the motive fo rce could have been provided by the o ther 

c y t o s k e l e t a l e lements . Mot i l i t y of c e l l su r face p r o t e i n s can 

be d i r e c t e d by (Pogers e t a l . , 1Q81) or r e s t r i c t e d by (Oli­

ver e t a l . , 1980) the microtubule system. 

The major 'microtubule p r o t e i n s , a lpha and beta t u b u l i n s , 

have MWs of 50,000 and 48,000 r e s p e c t i v e l y . ^he primary 

s t r u c t u r e of the t u b u l i n s has r e c e n t l y been de tarminel by 

p r o t e i n seguence a n a l y s i s of porc ine b ra in alpha (Pons t inq l 
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et al. , 1^81) and beta (Krauhs et al.,1981) tubulins, and by 

nucleotide sequencing of cloned cPFA copies of embryonic 

chick brain mFNA for alpha and beta tubulins (Valenzuela et 

al. , 1981) . 

Alpha and beta tubulin associate to form heterodimers, 

the basic subunir of microtubules. Microtubules are cylin­

drical structures 24 n« in diameter. Pach tubule is composed 

of 13 protofilaments arranged in a parallel fashion to make 

the tubule wall. Protofilaments consist of heterodimers 

stacked end to end. 

Microtubule elongation is a result of the net addition of 

tubulin subunits to the polymer, but + he exact mechanism is 

not clear (for a review see Kirschner, 1978). Preferential 

growth of brain microtubule subunits onto the distal end of 

isolated flagellar axonemes demonstrated polarity of in vi­

tro microtubule assembly (Allen and Borisy, 1974). There is 

net assembly at one (plus) end and net disassembly at the 

other (minus) end of steady s^ate microtubules in vi.tro. 

""his results in a flux of subunits through steady state mi­

crotubules which is refered •'-o as treadmilling (Marqolis and 

Wilson ^"'S) . The property of treadmilling in vitro impLies 

that microtubules with the minus end anchored +
c a microtu­

bule organizing cen + er (MTOC) would be more stable, and as­

semble at lower tubulin' concentrations tvan
 £zee microtu­

bules (Kirschner, 1980). 
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1.1.1 gpatial and Temporal Organization 

MTOCs are s t ructures which can i n i t i a t e the growth of mi­

crotubules (for one recent review see Faff, 1979). The dis­

t r ibu t ion of microtubule i n i t i a t i o n s i t e s on the MTOC can 

determine *c a large extent , the s p a t i a l organization of the 

microtubule network (reviewed in ^ucker, 1979). One example 

where the M"OC determines the precise pat terning of cyto­

plasmic microtubules i s found in the guadrif lagel la te alga 

Poly tome11a a g i l i s . Para l le l arrays of cytoplasmic microtu­

bules are i n i t i a t ed from the roo + l e t s which act as organiz­

ing centers in vivo. Isolated basal-body root le t complexes 

i n i t i a t ed the in v i t ro assembly of microtubules from exoge­

nous tubulin in the in vivo pattern (Stearns and Brown, 

1981) . 

The extent to which the precise pattern of cytoplasmic 

microtubules i s determined by the MTOC in other c e l l types 

i s less c l ea r . i e l l spread t i s sue cul ture c e l l s , such as 

f ibroblast ce l l l i n e s , have a rad ia l pattern of microtubules 

which extend between the centra l M̂CC and *-he ce l l periphery 

(Weber et a l . , 1975). The MTOC in these c e l l s , also refer­

red to as the centrosorae, consis ts of a cent r io le nair and 

per icen t r io la r material (for a review see Peterson and 

Berns, 198^) . During recovery from a microtubule disrupting 

colcemid treatment, microtubules were f i r s t F e e p around the 

cenfrosome. At l a t e r times of recovery, t v e microtubules had 
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extended to the cell periphery (Weber et al. , 1975). The 

radial pattern of microtubules which extends from the cell 

center to the periphery, is determined at least in part by 

the MTOC. 

Microtubules have been shown at +he electron microscopic 
/ 

level to interact with other filaments. Fumerous connections 

were seen between the microtubules and the microtrabecular 

lattice in the cell margins of fish erythrophores (Byers and 

Porter, 1977). Tn cultured chick embryo fibroblasts, micro­

tubules were seen to be inserted onto by bc+h actin fila­

ments and the microtrabecular lattice. Stereo images re­

vealed that the microtubules freguen+ly changed direction at 

sites where the actin filaments made contact, and that the 

microtubule pattern was greatly altered if + he microfilament 

system was disrupted with cytochalasin B {Schliwa and van-

Elerkom, 1981). These observations sugges4- that other cy­

toskeletal elements influence the rpatial organization of 

microtubules. 

Temporal organization of microtubules is well illustrated 

by changes in the microtubule networks o^ dividing cells. 

In mitotic cells the cytoplasmic microtubule network disap­

pears before the spindle apparatus begins to fT3i (Weber, 

1976). Microtubules can then be seen in + t e spindle appara­

tus but are not found throughout the rest of the ceil (Mcin­

tosh, 1979) . Following cytokinesis the cytoplasmic aticrotu-
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bules are reassembled in the daughter cells (Osborn and 

Weber, 1977) . 

1.2 COMPONENTS OF MICROTUBULE ASSEMBLY 

Among the possible components of regulation of microti-

bule assembly are the MTOC, the availability of assembly 

competent tubulin, microtubule associated proteins (MAPs), 

and calmodulin-Ca2+ mediated microtubule disassembly. 

1. MTOCs are organelles which, by definition, organize 

microtubules. The existence of MTOCs was proposed to 

account for the initiation and directional control of 

precise arrays of microtubules seen in cells (Pick-

ett-Heaps, 1 969) . MTOCs have been shown to initiate 

microtubule assembly in vivo (Osborn and Weber, 1976) 

and in vitro (Brinkley et al., 198C). Kinetic (Bergen 

et al., 1980) and morphological (Heideman and Mcin­

tosh , 1980) analyses showed tha*- the growing, or 

plus end of the microtubule was distal tc the MTOC. 

Hence *he minus, or disassembly end was attachel to 

the MTOC. The MTGC could conceivably regulate micro­

tubule assembly by determining *~he number of initia­

tion sites and, keeping in mind the in vitro property 

of treadmilling, by controlling the disassembly end 

of the microtubule. 

2. The assembly of microtubules is ultimately dependent 

on the availability of assembly competent tubulin. 
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Association and disassocaticn rate constants were de­

termined for the addition of dimers ^o -""he plus and 

minus ends of microtubules during ,in v^ro assembly 

(Bergen and Borisy, 1980). Microtubules will assemble 

is ikiLQ when the tubulin concentration is higher 

than the critical concentration (0.3 mg/ml in Bergen 

and Borisy, 1980), such that the rate of assembly at 

the plus end is higher than the rate of disassembly 

at the minus end. ^he concentration cf unpolymerized 

tubulin in 373 cells has been estimated to be 1.2 

mg/mL (Hiller and Weber, 1978), which is considerably 

higher than the critical concentration for in vit.rq 

assembly. The soluble tubulin, however, is not all 

necessarily available for assembly into microtubules. 

Both the synthesis and the post transla*ional mod­

ification of tubulin may requlate + he availability of 

tubulin for assembly. In 3T6 cells, when the intra­

cellular level of unpolymerized tubulin is increased 

by disrupting the microtubule network wî -h colchicine 

or nocodazole, there was a rapid decrease in the lev-

el of tubulin mSNA synthesis (Cleveland et al. , 

1981) . Due to the short half life of tubulin m^NA in 

these cells, the rate of tubulin syrthesis dropped 

soon after (Een-Ze'ev et al,, ^979; Cleveland et al., 

1981). A decrease in the unpolymerized tubulin levels 

was induced by stabilizing microtubules with taxoi or 
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by seguestering free tubulin into paracrystals with 

vinblastine. This resulted in a slight increase in 

tubulin mPNA production, and tubulin synthesis. 
Jr.1-

These studies indicate that, in these cells, the rate 

of tubulin synthesis may be dependent on the level of 

unpolymerized tubulin. 

Post translational modification of tubulin may po­

tentially influence its assembly properties. Tyrosy-

lation of the alpha tubulin carboxyl terminus, by 

tyrosyltubulin ligase, did no- influence the in vitro 

assembly properties (Rabin and Flavin, 1977). How­

ever, the activity of tyrosyltubulin ligase in syn­

chronized CHC cells has been shown to change through 

the cell cycle, with a peak activity defected during 

mid S (Forrest and Klevecz, 1978). This suggests 

that tyrosylation may play a role in in vivo assem­

bly. 

Another example of post +ranslational modification 

of tubulin is phosphorylation. Tubulin isolated from 

the S and M stages of +he HeLa cell cycle contained 

2-3 times more covalently bound phospla^e than tubu­

lin isolated during G1 or C,2 (Piras and Piras, 1975). 

The role of phosphorylation in regulating tubulin as­

sembly has not been concretely established. 
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3. ""he ro le of microtubule a s soc ia t ed p r o t e i n s (BAPs) in 

microtubule assembly has been ex t ens ive ly s t ud i ed 

with i n v i t r o assembly systems, using microtubule 

p r o t e i n s i s o l a t e d from bra in (for a review see Kir­

schner , 1978), Two c l a s s e s of bra in MfPs thought t o 

be r e s p o n s i b l e for "-he observed s t imu la t i on of micro™ 

tubule assembly are the high molecular weight (HMW) 

p r o t e i n s of MW 286,^00 and 271,000 on SDS g e l s (Mur­

phy and Borisy, 1975) and the tau p r o t e i n s MW 58,000 

t o 65,000 (Weingarten et a l . , 1975). The tau p r o t e ­

i n s a r e un re l a t ed to HMW p r o t e i n s as determined by by 

pept ide mapping (Cleveland e t a l . , 1977) . 

\ 

MATs were incorpora ted i n to microtubules in s t o i ­

ch iometr ic r a t h e r than c a t a l y t i c a w n + s (Sloboda e t 

a l . , 1976) . The ĤW p r o t e i n s were seen d i s t r i b u t e d 

along the l eng th of i.r v i t r o assembled mic ro tub i l e s 

by e l e c t r o n microscopy (Murphy and Borisy, 1975). The 

mechanism by which MAPs promote in v i t r o assembly i s 

not c l e a r , but i^ i s suggested tj-ar they Sanction by 

adding onto the tubu les and s t a b i l i z i n g *-\em a g a i n s t 

disassembly (Murphy et a l . , 19"'7). If the same mech­

anism works in vivo tVen microtubule disassembly 

could be c o n t r o l l e d by c o n t r o l l i n g d i s s o c i a t i o n of 

the M?Ps. 
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MAPs have been localized to microtubules in tissue 

culture cells using immunofluorescent staining tech-

ni gues. Both interphase and spindle microtubules of 

several tissue culture cells stained with primary an­

tibodies made against brain + au (Connolly et al. , 

1977) and brain HMW proteins (Fherline and Schiavone, 

1977; Connolly et. al. , 1978). ^he staining patterns 

suggested that the in vivo distribution of MAPs was 

continuous along the lengths of the microtubules in 

these cells. 

Immunofluorescent staining and biochemical techniques 

have shown that a particular MAP can be wide spread 

through a species (Bulinski and Borisy, 1980; Puerr 

et al. , 1981) or can be cell type specific (Duerr et 

al., 1981; Olmstead and Lyon, 1981). 

4, Calmodulin mediates Ca2+ regulation of several cell 

enzyme systems (reviewed in Means and Dedman, 1930). 

The in vitro assembly of microtubules depends on the 

ability of the assembly buffer to chelate Ca2+ (Weis-

enberg, 1972). Calmodulin or Ca2 + alone, in uM, 

amounts, only slightly reduced in vitro assembly of 

microtubules. v However, 1n UM Ca2+ and 0.& uM calmo­

dulin together totally inhibi-ed microtubule assembly 

(Marcum et al. , 1978). The interphase microtubules 

of permeablized BSC-1 monkey cells were sensitive to 

Ca2 + levels above 4 uM. If drugs such as stelazine 
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which inhibit calmodulin were used then millimolar 

levels of Ca2+ were needed to disassemble the micro­

tubules (Schliwa et al., 1981). 

Imuran of luorescent staining of calmodulin showed 

that it was evenly distributed throughout the cyto­

plasm of interphase cells and not specifically asso­

ciated with the microtubules (Welsh et al. , 1978). 

In mitotic cells, however, the tubulin and calmodulin 

staining patterns coincided. Calmodulin was concen­

trated at the poles of the spindle apparatus, and 

fluorescence extended towards the chromosomes (Welsh 

et al., 1979). Immunolocalization at + be electron 

microscopic level showed calmodulin to be concentrat­

ed where the microtubules showed extensive lateral 

interaction, and no* around single tubules or the 

MTOC (DeMey et al. , 1980) . This does not support the 

idea that calmodulin plays a role in microtubule di-

sassembly since bundles cf microtubules are thought 

to be more stable than single microtubules. 

Three cf +he best studied systems which illustrate the 

potential of these four components in the regulation of mi­

crotubule assembly, are interphase and mitotic HeLa cells, 

normal and SV40 transformed 3~3 cells, and differentiating 

neuroblastoma cells. 



12 

1.2.1 HeLa cells 

The M^CCs of synchronized HeLa cells were tested for 

their ability to initiate in vitro microtubule assembly, Af­

ter cold disassembly of intrinsic microtubules, cells were 

lysed into a solution containing brain microtubule proteins. 

Following incubation at 37°r t 0 promote microtubule assem­

bly, centriolar complexes were isolated and examined by 

electron microscopy. Assembly of microtubules was only seen 

on the centriolar complexes isolated from mitotic cells 

("elzer and Fosenbaum, 1979) suggesting a cell cycle depen­

dent change in iniation capacity of the MTOC. 

An increase in tubulin content, determined by 

"5H-colchicine binding activity, during G2 was found in HeLa 

cells released frcm hydroxyurea block (Lawrence and Wheat-

ley, 1975). They interpret this to mean that tye increase 

in tubulin content could play a role in regulat-ng spindle 

formation. tubulin in the S and M stages of -"-he cell cycle 

contained 2-3 times more covalentlv bound phosphate than tu­

bulin from cells in G1 or G2. This seemed to result from an 

increased protein kinase activity associated with the micro­

tubules (Piras and Piras, 1975). The role of phosphoryla­

tion in the regula-ion of microtubule assembly is not known. 

A more recent analysis has found that +]-e tubulin C C Q~ 

tent, as a percent of total cell protein, was •'-he same in 

both exponentially growing and mitotic enriched HeLa cul-
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) 
tures (Bulinski e t a l . , 1980B). If was also found tha t the 

tubulin from each population was the same in i t s ab i l i t y to 

assemble in v i t ro and t o co-assemble with ca r r i e r bra"in mi­

crotubule proteins, and in the a b i l i t y -of alpha tubulin to 

act as a substrate for tyrosyltubulin l igase (^ulinski e t 

a l . , 1980). In addi t ion, the amount and type of MAPs were 

the same in ex t rac t s from both, c e l l f y p e s . This suggests 

that microtubule assembly i s being regulated at the "4T0C 

leve l . 

1.2.2 3T3 c e l l s 

Mouse 3T3 cells display a radial pattern of microtubules 

which grow from a central MTOC to the cell perip>ery. ^he 

cells display an altered microtubule network following 

transformation with 5740 (Brinkley et al., 1Q75; Weber et 

al., 1975), To determine if there is a change in the initia­

tion capacity of the MTOC following *;ransforma^ion, Brinkley 

and coworkers tested the ability of M^OCs in lysed 3T3 and 

^V40 transformed (SV3T3) cells to initiate the growth of mi­

crotubules in vitro, using exogenous microtubule proteins. 

They reported a decrease in the in vitro ini*ia + i.->n capacity 

of the MTOCs following transformation which was comparable 

to *he decrease in microtubule number seen in vivo following 

transformation. In addition, the average lengths of in vitro 

assembled microtubules initiated by MTQCs from 3T3 cells 

were twice as long as the microtubules initiated by MTOCs 
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from SV3T3 cells (Brinkley et al., 1980), suggesting that 

MTOCs exert some control over microtubule length. This 

group has more recently reported no differences in microtu­

bule numbers, as determined by electron microscopy, in '•he 

centriolar regions of 3T3 and SV3T3 cells but that there 

were fewer microtubules in the cell periphery o^ SV3T3 cells 

(Zimmer et al., 1981), They sugges^ +hat the microtubules in 

3T3 cells are longer, extending to the cell periphery, and 

possibly doubling back. They do not explain the apparent 

contradiction between these and the earlier results. 

Peports of changes in total and polymerized tubulin con­

tents in 3T3 and SV3T3 cells have not been consistent. De­

terminations using 3H-colchicine binding indicated a 50% in­

crease in total and polymerized tubulin contents following 

transformaton by several viruses including SV40 (^ichorn and 

Peterkofsky, 1979). A 50% decrease in total and polymerized 

tubulin contents following SV40 transformation has also been 

reported (Fine and Taylor, 1976). mhey determined tubulin 

content by measuring the percent of radioactivi-y incorpo­

rated in vivo into tubulin subseguently isolated from 1D 

gels. 

Others, using more sensitive methods, have shown no 

change in tubulin content following transformation. The to­

tal tubulin content was determiner' to be 3.3% of total coll 

protein in both 3T3 and SV3T3 cells by radioimmunoassay 
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(HiHer and Weber, 1978) , and by the percent of label incor­

porated in vivo into tubulin subseguently isolated by immu-

noprecipitation (Chafouleas et al., 1981). These tubulin 

values are an order of magnitude higher than the values ob­

tained by 3H-colchicine binding assay. 

Tau like MAP proteins have been isolated from the micro­

tubules in 3T3 cells and shown to participate in in vitro 

microtubule assembly (Duerr et al., 1981). ^mmunofluores­

cent staining using antibody prepared against brain HMW pro­

teins stained microtubules in 3T3 cells continuously along 

their length (Sherline and Schiavone, 1977). Vo one has 

looked at the MAP content of SV3T3 cells. 

Radioimmunoassay determinations showed a doubling in the 

calmodulin content of 3T3 cells following SV40 transforma­

tion. The increase was due to a t w o fold higher level of 

synthesis relative to the rate of degradation in traiisformed 

cells {Chafouleas et al., 1981). They interpret this to mean 

that an increase in the calmodulin-Ca 2+ mediated disassembly 

is, at least in part, responsible for the decreased microti-

bule content in transformed cells. 

1.2.3 Neuroblastoma eelIs 

Neuroblastoma cells, when induced to differentiate by se-

) 

rum deprivation, grow long neurites. risrupfion of the mi­

crotubules with colchicine prevented nenri^e formation, and 
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resulted in neurite retraction (Daniels, 1 ̂ 72) . Electron 

microscopy revealed that the number and density of microtu­

bules in neuroblastoma increased during differentiation, due 

to bundles of microtubules found in the neurites (Morgan and 

Seeds, 1975). Multiple MTOCs in undifferentiated cells were 

the initiation sites for cytoplasmic microtubules. During 

differentiation the MTCCs aggregated at +he site of neurite 

formation, before outgrowth of the neuri+e (Spiegelman et 

al., 1979A). 

Radioimmunoassay determinations showed that the total tu­

bulin content was 4 pg per cell in both undifferentiated and 

differentiated neuroblastoma cells. The percent tubulin in 

polymer form, however, increased from 14% t0 55% during dif­

ferentiation (Olmstead, 1981) corresponding tc the increased 

microtubule content seen by electron microscopy. 

A 215K MW MAP can be isolated from differentiate! neurob­

lastoma, which is not detectable in undifferentiated cells 

(Olmstead and Lyon, 1981). This suggests tha* the appearance 

of the MAP regulates the microtubule assembly and could play 

a role in microtubule dependent neurite differentiation. 

The results of these three well studied systems indicate 

that the regulation of microtubule assembly may be accom­

plished in a different manner in the different c e n types. 
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In t he se t h r e e systems the MTOC exh ib i t ed a change in i n i t i ­

a t i on capac i ty which was c o r r e l a t e d with a change in micro­

tubu le o r g a n i z a t i o n . The t u b u l i n content remained the same. 

"here could be as yet undetected changes in t ubu l in , such 

as the phosphorylat ion seen in HeLa c e l l s , wyich a l t e r i h e 

assembly c h a r a c t e r i s t i c s of the t u b u l i n . MAPs play an im­

por t an t r o l e in microtubule assembly during d i ^ e r e n f i a t o n 

of neuroblastoma c e l l s . Any r o l e they play in the changes in 

microtubule assembly seen during the c e l l cyc le of HeLa 

c e l l s cr fol lowing SV4G t ransformat ion of 3^3 c e l l s i s not 

e v i d e n t . Calmodulin, whose involvement in microtubule 

(dis)assembly i s not a t a l l c l e a r , i s impl ica ted by a s s o c i a ­

t ion in c o n t r i b u t i n g to the decrease in microtubule assembly 

i n 3T3 c e l l s fol lowing t r ans fo rma t ion . 

1-3 IIMPHOCYfE ACTIVA1I0I 

Lymphocytes funct ion in immune responses in higher v e r t e ­

b r a t e s . B lymphocytes provide humoral, or antibody mediated 

immunity, and T lymphocytes funct ion in c e l l u l a r immunity. 

Act ivat ion of r e s t i n g lymphocytes i s necessary for immune 

response . Lymphocyte a c t i v a t i o n i s '•he process whereby lym­

phocytes in GO are induced to en t e r and complete c e l l d i v i ­

s ion . 

Po lyc lona l mitogens such as the p lan t l e c t i n s phytohaema-

g l u t i n i n (PHA) and concanaval in ? (c^n A) can be used to ac» 
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tivate a large portion of a resting lymphocyte population in 

vif£2 (Oppenheim and Fosenstreich, 1976). con ?• is a T cell 

mitogen; that is, it only activates T lymphocytes although 

it binds to +he surface of both T and B Lymphocytes (Greaves 

and Bauminger, 1972). B lymphocytes are subsequently acti­

vated by stimulated T lymphocytes (Po+ash, 198^). Seconlary 

stimulation, along with different responses of individual 

lymphocytes, result in a very heterogenous response to in 

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

Many morphological and biochemical changes occur luring 

activation. Increases in Ca++ uptake (Allwood e+ al. , 1971) 

and Na+ and K+ transport across the plasma membrane (Kaplan, 

1^78) are detectable early in activation. Increases in cAMP 

and cGMP levels early in activation, and at the onset of S 

phase have been reported, but the results are by no means 

consistent (for a review see Hume and Weideman, 1980) . In­

creased membrane fluidity resulting from changes in phospho­

lipid metabolism (Pesch et al. , 1977), and increased uptake 

of metabolites such as sugars, amino acids and nucleosides 

during activation have also been reported (Wedner and Par­

ker, 19 76) . 

Protein synthesis increases early and continues to in­

crease throughout activation (Hausen et al., 196 9), -n̂ N* 

synthesis increases after about 10 h. Appearance of new 

mPNA in the cytoplasm before this time is d^e to processing 
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and t r a n s p o r t of preformed m?NA (Mitchel l e t a l . , 1978). 

Increased DNA s y n t h e s i s , which can be de tec ted by 30 h , 

peaks between 48 h and 60 h and i s followed by c e l l d i v i ­

s ion . Incorpora t ion of 3H-fhymidine i n t o DNA at 48 h , by 

v i r t u e of i t s s i m p l i c i t y , i s used as a general measure of 

s t i m u l a t i o n in the popula t ion (Wedner and Parker , 1976) . 

In a c t i v a t e d lymphocytes, both the cytoplasmic and n u c l e ­

ar volumes have inc reased but the nucleus / cytoplasm r a t i o 

has gone down. The chromatin has become decondensed (see for 

example B ibe r fe ld , 1971). In the cytoplasm of a c t i v a t e d lym­

phocytes , ribosomes and mitochondria have increased in num­

be r , t he Golgi appara tus i s highly developed, and the -nicro-

tubule system i s more ex t ens ive (for one example see 

Biber fe ld , 1971). 

1.3.1 The microti ibale network in lyjBp.hpc.Ytgs 

Ant i - Ig induced Ig capping i s i n h i b i t e d by high concen­

t r a t i o n s of con A. Colchic ine r e l eased the i n h i b i t i o n op Ig 

capping , presumably by depolymerizing the m-'crot lbu les 

(Edelman e t a l . , 1973). These workers suggest t ha t the 

f reez ing of r e c e p t o r s by con A i s due to a d i r ec t a s s o c i a ­

t i o n of the con A r e c e p t o r s with the micro tubules , and t h a t 

the mobil i ty a n ^ d i s t r i b u t i o n of c e l l sur face r e c e p t o r s I s 

modulated by the micro tubules . 

http://lyjBp.hpc.Ytgs
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The inhibitory effect of an+ imicrctubule drugs on several 

aspects of lymphocyte mitogenesis such as increases seen in 

amino acid transport (Greene et al., 1976), FN* synthesis 

(Hausser et al. , 1976), and DNA synthesis (Gun+er et al, , 

1976; and many others) , led to the suggestion that the mi­

crotubule system plays a key role in the regulation of lym­

phocyte mitogenesis. Other studies however, have found that 

colchicine levels which inhibit PNA synthesis had little ef­

fect on other aspects of stimulation such as lymphokine pro­

duction (Sherline and Mundy, 1977) or phospholipid metabo­

lism (Resch et al. , 1977). 

Edelman and coworkers have determined the time course of 

inhibition of activation produced when colchicine was added 

at varying times of culture (Wang et al. , 1975; Gunther et 

al. , 1976). From their results they proposed a model in 

which microtubules are necessary for the initiation o ̂  D̂ IA 

synthesis brought on by the binding cf mitogen t0 the cell 

surface. More recent studies have found that colchicine 

will inhibit DNA synthesis if added after + he initiation and 

committment period of activation (Pudd et al. , 1979; ^esch 

et al., 1981). These authors suggest tha+ inhibition of DNA 

synthesis is par+ of the general disruption cf cellular me­

tabolism resulting from colchicine mediated microtubule di­

sassembly. 



21 

Despite the potential importance of the microtubule sys­

tem in lymphocyte responses, very few studies have specifi­

cally examined +he microtubule system of lymphocytes or the 

changes in microtubule assembly which accompany these re­

sponses. 

The microtubule network has been suggested to play a role 

in the redistribution of lymphocyte cell surface receptors. 

Using electron microscopy to directly lock at + he microtu­

bules, it was shown that the mobility of con a receptors was 

restricted in cells with intact microtubule networks (Oliver 

et al., 1980). The restriction of mobility is released, and 

the con A receptors cap, when the microtubules are disassem­

bled. Intact microtubule networks have been s^own, by immu­

nof luorescent staining and electron microscopy, in lympho­

cytes which have capped surface Ig (Pogers et al. , 1981) . 

"These authors also suggested that there was a change in the 

microtubule networks, seen by immunofluorescent staining, in 

capped cells. 

Increased microtubule networks have been detected by im­

munof luorescent staining and electron microscopy in con A 

stimulated mouse splenic lymphocytes (Rudd et al., 1979) and 

by electron microscopy of PHA stimulated human peripheral 

lymphocytes (Biberfeld, 1971). 

The MTOCs of stimulated mouse splenic T lymphocytes were 

shown to initiate the in vitro assembly of more microtubules 
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from exogenous tubu l in in a lysed c e l l system than the MTOCs 

from r e s t i n g T c e l l s (Schweitzer and Brown, 198-1) , demon­

s t r a t i n g an inc rease in the i n i t i a t i o n capac i ty of the M"OC 

during a c t i v a t i o n . No one has looked a t the amount or tyoe 

of MAPs in r e s t i n g cr s t imu la t ed c e l l s . 

Tubulin de te rmina t ions made using a 3 H-co lch ic ine binding 

assay showed an i n c r e a s e in t h e t o t a l and polymerized tubu­

l in c o n t e n t s following PHA s t imula t ion of mixed popu la t ions 

of human p e r i p h e r a l blood lymphocytes ( " ipe l ee r s e t a l . , 

1977; Sher l ine and Kundy, 1977). Determinat ions made a f t e r 

3 6 h of PHA s t imula t ion showed not only an inc rease in tubu­

l i n content per c e l l but a lso t h a t t u b u l i n increased from 

0.43% to 0.97% of the so lub le c e l l p ro te in H h e r l i n e and 

Mundy, 1977). Tubulin de terminat ions made by d i r e c t l y meas­

uring t u b u l i n s p e c i f i c p e p r i d e s , showed t h a t tubu l in r e p r e ­

s e n t s 4.1% of t o t a l c e l l p r o t e i n in normal human p e r i p h e r a l 

blood lymphocytes (Anderson, pe rsona l communication). The 

t u b u l i n content var ied widely between donors , poss ib ly due 

t o the s t a t e of t h e i r immune system. comparison of t u b u l i n s 

from human normal and chronic lymphocytic leukemia lympho­

c y t e s found no d i f f e r ences between the t u b u l i n s as a percent 

of s o l u b l e c e l l p r o t e i n (1.2'f by 3 H-colch ic ine binding a s ­

say) , in a b i l i t y to polymerize in v i t r o or in c r o s s r e a c t i v ­

i t y with a n t i - t u b u l i n ant ibody following t rans^ormat ion 

(Liebes e t a l . , 1980) . 
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l*1* .5I1P0SE OF THESIS 

Microtubules have been implicated in lymphocyte immune 

function. However, very little is known about microtubule 

organization in these cells. The activating lymphocyte is a 

potential model system to study the regulation of tubulin 

synthesis, and of its assembly into microtubules. 

Problems with past studies of the tubulin and microtubule 

contents in lymphocytes are due in part t0 +\-e use of poorly 

defined systems. Mixed populations were used, and the ex­

tent of response during stimulation was no+ monitored. Dif­

ficulties arise in comparing the reported values for tubulin 

content in mixed lymphocyte populations, determined by 

3H-colchicine binding assay, to values reported for other 

studies on lymphocytes, or studies on other tissue culture 

cell types. 

As an initial step in a lcnq term study I have defined a 

system which can be used to examine the regulation of tubu­

lin synthesis, and of microtubule assembly in lymphocytes. 

In this thesis I have used selected cell populations to min­

imize heterogeneity cf the populations, and I have used *-vo 

manipulations which induce changes in microtubule organiza­

tion. 

Capping of cell surface Ig is induced by incubating colls 

with anti-Ig antibody. Immunofluorescent staining showed an 
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altered microtubule network in cells which had patched or 

capped surface Ig, No difference in microtubule number was 

detected by electron microscopy of resting and capped cells. 

The rapid change in microtubule organization seen during 

capping does not seem to be useful for looking a* changes in 

microtubule assembly, but may be useful for looking at rapid 

changes in spatial organization. 

T lymphocytes were induced to activate by con A. Direct 

tubulin determinations showed a large increase in tubulin 

content during activation. A corresponding increase in mi­

crotubule number was seen by electron microscopy of resting 

and stimulated T cell populations. The coordinated increase 

in tubulin and microtubule contents suggests a role for tu­

bulin synthesis in the regulation of microtubule assembly 

during activation of lymphocytes. 



section II 

MATERIALS AND METHODS 

2 .1 
SUESlllXIQV OF CELLS 

2 .1 .1 Mixed lymphocyte populations 

To i s o l a t e mixed c e l l popu la t ions the sp leens from Balb /c 

mice were removed and d i s rup ted on a wire screen in to 4 aL 

of medium (FPMI 16 40 and 10% f e t a l bovine serum). Large 

clumps were s e t t l e d throuqh a ca l f serum g r a d i e n t . Ce l l s 

were spun down and resuspended in 0.17 « NH4C1 f o r 7 min t o 

lyse the red c e l l s . Fed c e l l membranes were removed by 

sp inn ing the c e l l s through ca l f serum. All opera t ions were 

c a r r i e d out on i c e , Lymphocytes were resuspended and c u l ­

tured in medium a t 37°c . 

2 .1 .2 B lj:j£hocy.te EOjsulatioms 

B c e l l popu la t ions were i s o l a t e d from the spleens of SMC 

nu/nu mice, as descr ibed above for Balb/c mice. The percent 

of B lymphocytes in the popula t ion was determined by s t a i n ­

ing c e l l sur face I g . 50 ul of c e l l s a t m^/mL -*> 3PMI 1640 

were incubated at 37°C with 200 ug/ml rhodamine conjugated 

gca t -an t i -mouse Ig (Rh-GaMIg) for 7 min. Turing t h i s time 

- 25 -
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the c e l l s were s e t t l e d onto p o l y - 1 - l y s i n e coated c o v e r s l i p s . 

Following incuba t ion with antibody +he c e l l s , on c o v e r s l i p s , 

were washed for 15 sec in phosphate buffered s a l i n e (PB3: 

7.65 g NaCl, 0.725 g NaH2P04, 0.212 g KH2P04 per l i t e r , pH 

7 . 0 ) , f ixed for 30 sec in 3% paraformaldehyde in PBS a t pH 

7 . 0 . Ce l l s were then washed twice for 1 min in PBS and 

mounted on a s l i d e in 50% glycerol(V/V) in PBS a t pH 7 . 8 . 

Samples were examined with e p i f l u o r e s c e n t and phase c o n t r a s t 

o p t i c s and 400 c e l l s were examined t o determine the percent 

of Ig bear ing c e l l s i n the popu la t ion . 

Po ly -1 - ly s ine coated c o v e r s l i p s were prepared immediately 

before use . Clean c o v e r s l i p s were flooded with n.1% p o l y - 1 -

l y s i n e in water for 1 min. Covers l ips were r insed twice 

with deionized water , then a i r d r i e d . 

Ce l l s on p o l y - 1 - l y s i n e coated c o v e r s l i p s were processed 

by c a r e f u l l y t r a n s f e r i n g the c o v e r s l i p s to weighboats con­

t a i n i n g the wash and f i x s o l u t i o n s . 

2 .1 .3 T enriched £0£ulatipns 

Balb/c mice were k i l l e d by c e r v i c a l d i s l o c a t i o n . The 

sp leens were removed and d i s rup ted on a wire screen i n t o 4 

mL of medium. T enr iched popu la t i ons were i s o l a t e d by the 

method of Bourguignon e t a l . (1979). Tota l sp lenocytes were 

suspended a t 3-4 x 108/mL i n 100 ug/mL whea+ germ a g g l u t i n i n 

and layered on top of a cushion of 50% c a l f serum. The B 
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lymphocytes and red cells clumped and settled throUgh the 

gradient. After 30 min the top layer of cells, consisting 

o* T lymphocytes and contaminating red cells, was removed 

and washed in 0.2 M N-Acetyl D-glucosamine to bind free 

wheat germ agglutinin. Any contaminating red cells were 

lysed by incubation in 0.17 M NH4C1 for 7 min. ^he lympho­

cytes were spun through a calf serum gradient to isolate 

them from red cell membranes, then suspended in medium for 

culturing. All operations were carried out on ice. 

The percent of contaminating B cells in the ^ lymphocyte 

population was determined by staining cell surface Ig, as 

described above. At least 400 cells were examined to deter­

mine the percent of Ig positive (B) cells. Only populations 

containing less than 5% Ig bearing cells were used in the 

subsequent experiments. 

2.1.4 Live cell populations 

Live c e l l popu la t ions were prepared (method of vonPoehmer 

and Shortman, 1973) for the p r o t e i n de t e rmina t ions , and the 

c e l l s i z e p r o f i l e s measured on a Coul ter counter channe l i ze r 

model Zf. Tc remove dead c e l l s , cu l tu red c e l l popu la t ions 

were c o l l e c t e d by g e n t l e c e n t r i f u g a t i o n . The p e l l e t s were 

resuspended i n t o a low i o n i c s t r eng th buffer (L^SB) to a 

dens i ty of 5 x 10VmL. -he LISP was NaCl, KC1, MgS04 , 

KH2P04 each a t 4.2 mM; 2.8 raM CaC12; 25,2 mM Hepes; 38.5 mM 

glucose and 246 mM s o r b i t o l at pH 7 ,0 . in IT^-R, the lead 
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cells clumped together, and were separated out wv e n the cell 

suspension was passed over a nylon wool filter in a pastear 

pipet. All operations were done on ice. The filtrate con­

tained the live cell population. Cell viability was deter­

mined by exclusion of the vital dye trypan blue. 

2.2 LYMPHOCYTE ACTIIATI01 

2.2.1 Cel1 cuIture 

Lymphocytes were cu l tu r ed at a dens i ty of 1.8 X 10*/mL in 

media supplemented with 2 mM L-glutamine, p e n i c i l l i n - s t r e p ­

tomycin (100 units/mL-100 ug/mL) (Difco) buffered to pH 6.9 

with Hepes. Ce l l s were c u l t u r e d in sea led t i s s u e c u l t u r e 

f l a s k s a t 37<>c, Cu l tu res were supplemented every 24 h with 

10% volume of complete medium t o improve c e l l v i a b i l i t y aver 

long c u l t u r e t imes. Cel l numbers were counted on a haemocy-

tomete r , and c e l l v i a b i l i t y was determined by exclus ion of 

the v i t a l dye t rypan b lue . 

2.2.2 Lymphocyte activation 

Mixed and T lymphocyte popula t ions were s t imula ted by t h e 

a d d i t i o n of Concanavalin A (Con A, ralbiochem) to the o p t i ­

mal dose of 3 ug/mL. The a c t i v a t i o n of Con A s t imula ted pop­

u l a t i o n s was assayed by an i n c r e a s e in c e l l s i z e dur ing 

s t i m u l a t i o n , and by 3H-thymidine inco rpora t ion a t 48 h of 

s t i m u l a t i o n . 
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To s t i m u l a t e B c e l l s , nude mouse s p l e n i c lymphocyte popu­

l a t i o n s were supplemented with 20% " enriched lymphocytes t o 

improve the response of the B c e l l s (Owens, 1981), and t h i s 

popula t ion was s t imula ted with 3 ug/mL con A and 25 ug/mL 

l i popo lysaccha r ide from I c h e r i c h i a c o l i . Act iva t ion was 

measured by i n c r e a s e in c e l l s i z e during s t imu la t ion and by 
3H-thymidine i nco rpo ra t ion a t 48 h. 

Inc rea se in c e l l s i z e during s t imu la t ion was monitored by 

measuring c e l l d iameters with an ocu la r micrometer. Ce l l 

s i z e p r o f i l e s of r e s t i n g and s t imula ted l i v e c e l l popula­

t i o n s were measured using a Coulter counter channel izer mod­

e l Zf. 

To assay mitogen induced DNA s y n t h e s i s , a f t e r 48 h of 

c u l t u r e , r e s t i n g and s t imula ted c e l l popu la t ions were pulsed 

for 1 h with 2 uCi/mL of 3H-thymidine (New Pngland Nuclear) , 

harves ted onto g l a s s f i l t e r s , washed with 5% TCA, then e tha -

n o l , and d r i e d . TCA i n s o l u b l e r a d i o a c t i v i t y was counted in 

a s c i n t i l l a t i o n c o u r t e r . 

2.3 CAPPING 

Following isolation, cells were cultured a+ 370C in medi­

um for 60 min. This allows the microtubules to recover from 

cold induced disassembly before capping ("ogers et al,, 

1981). Cells were collected and resuspended to a density of 

107/mL in FPMI 1640. 
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For immunofluorescence s t u d i e s , 45 uL a l i q u o t ? of c e l l s , 

at 37°C, were induced to cap by t v e add i t ion of 5 ul of Bh -

GaMIq in PBS t o a f i n a l concen t ra t ion cf 200 uo/mL. "he 

c e l l s were immediately s e t t l e d onto po ly -1- lys^ne coated 

c o v e r s l i p s , in a humidity chamber a t 37°c. ? f t e r incuba t ion 

for s p e c i f i e d t imes the c e l l s , on the c o v e r s l i p s , were 

washed in PBS for 15 s e c , f ixed in 3% paraformaldehyde in 

PBS for 30 s ec , given two 1 rain PBS washes and iV,ea mounted 

en s l i d e s in 50% g l y c e r o l (V/V) in PBS a t pH 7 . 8 . 

For e l e c t r o n microscopic s t u d i e s , f e r r i t i n l abe l l ed GaMIg 

(F-GaMTg) was used to induce capping. Ce l l s were at a den­

s i t y of 107/mL in FPMI 1640, at 37oo. F-Gaflg was added t o 

a f i n a l concen t r a t i on of 2C 0 ug/mL. After a 11 min incuba­

t i o n a t 37°C, c e l l s were fixed wi+h buffered g l u t a r a l d e h y l e 

and processed for e l e c t r o n microscopy. 

The a n t i s e r a used to induce capping conta ined NaN3 as a 

p r e s e r v a t i v e . The NaN3 was removed by d i a l v s i n g the a n t i s ­

era aga ins t PBS before use so t h a t c e l l u l a r metabolism would 

not be a f f e c t e d . 

2.% IIM2IOFLUORESCEN.T. MICROTUBULE STAINING 

2 . 4 . 1 Ant ibod ie s 

The a n t i s e r a to t u b u l i n were a g i f t from r r . V. I , Kal-

n i n s , Dr. J. Connolly and K. Rogers, of the Department of 

Anatomy, Un ive r s i t y of Toronto. They were prepared by i n -
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1'ecting elec+rophoretically pure porcine brain -ubulin into 

rabbits as described by Connolly et al. (1978). 

The secondary antibody was fluorescein conjugated goaf 

anti-rabbit iq (FlTC-GaFIg) from Cappel. The secondary an­

tiserum was absorbed with mouse liver and spleen powders to 

reduce nonspecific binding to cellular determinants. 

The powders were prepared by precipitating and washing 

homogenized mouse liver and spleen with 100% acetone. The 

precipitates were freeze dried, and the powders stored at 

-20°C. Before being used to absorb the antiserum the pow­

ders were washed with PBS, until the high speed supernatent 

was clear. The antiserum was absorbed first with liver pow­

der, then with spleen powder, by overnight incubation at 4°C 

with 250 mg/mL of washed powder, mhe antiserum was recov­

ered by centrifugation of this mixture and aspirating off 

the high speed supernatent. 

2.4.2 Microtubule staining 

To observe microtubules, cytoskeletons were prepared, and 

the microtubules were stained by indirect immunofluores­

cence. Samples of resting and stimulated populations, or 

cells induced to cap surface Ig were settled onto poly-1-

lysine coated coverslips, washed *or 15 sec in FB3, fixed 

for 30 sec in 3% paraformaldehyde in PBS and washed twice 

more for 30 sec in PBS. The cells were made permeable by a 
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60 min incubation in 1% Triton X-100 in a microtubule s tab i ­

lizing buffer (SB: 50 mM imidazol, 5C mM KCl, 0.5 mM MgC14, 

1.0 mM ethyleneglycol-bis (B-aroino-ethylether) 

N,N«-tetraacetic acid (EĜ A) , 0.1 mM disodium ethylene-diam-

inotetraacetic acid (ED^A), 1.0 mM 2-mercaptoe+hanol, 4 M 

glycerol pH 6.7) described by Bershadsky et a l . (1978) . The 

resulting cytoskeletons were washed fwice for 30 sec in SB, 

and fixed for 10 min in 1% glutaraldehyde in SB. Free aldeh­

yde groups were reduced by washing twice for 4 min in 1 rag/ 

mL NaBH4 in PBS. The cytoskeletons were washed twi c e for 3 

min in PBS, then incubated with antitubulin antiserum d i lu t ­

ed 1:30 in PBS for 45 min at room temperature in a humid 

chamber. The cytoskeletons'were washed three times for 3,5 

and 4 min in PES, and incubated with a 1:10 dilution of 

FTTC-GaRIg for 45 min at room temperature, washed three 

times for 3,5 and 4 min in PBS and mounted on a slide in 50% 

glycerol in PBS pH 7.8. Cells were examined us;ng a Zeiss 

Universal Microscope equipped with epifluorescent and phase 

contrast optics, and photographed en Tri-X Pan film devel­

oped in Microdol X, or with Ilford XP1403 film processed 

with the the appropriate developer. 
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2 . 5 ELECTION MICROSCOPY 

C e l l s were c o l l e c t e d by g e n t l e c e n t r i f u g a t i o n and f i x e d 

for 90 min i n 4% g l u t a r a l d e h y d e i n 0 .1 M sodium Phospha t e 

b u f f e r pH 7 . 0 a t room t e m p e r a t u r e . The c e l l s were washed 

t h r e e t i m e s i n a 0.C5 M sodium p h o s p h a t e b u f f e r and p o s t f i x -

e l i n 1% 0s04 i n 0 .05 M sodium p h s p h a t e b u f f e r pH 7 . 0 a t 4°C 

for 90 min. The c e l l s were t h e n washed t h r e e t i f f l e s i n p h o s ­

p h a t e b u f f e r , d e h y d r a t e d i n a graded a c e t o n e s e r i e s and i n ­

f i l t r a t e d wi th S p u r r ' s hard r e s i n m i x t u r e ( P p u r r , ''969) 

which was po lymer ized a t 6 0°C fo r 18 h . Thin s e c t i o n s c u t 

wi th a Dupont diamond k n i f e en a So rva l P o r t e r Blum MT-2B 

ul-^ramicrotome were s t a i n e d fo r 7 min w i t h u r a n y l a c e t a t e 

and 5 min with lead c i t r a t e . Specimens were examined on a 

P h i l i p s 201C e l e c t r o n m i c r o s c o p e , ^he r e l a + i v e numbers of 

m i c r o t u b u l e s i n r e s t i n g and s t i m u l a t e d p o p u l a t i o n s , and i n 

c o n t r o l and capped c e l l s , were de t e rmined a s f o l l o w s . '"he 

c e n t r i o l a r r e g i o n s of a l l c e l l s c o n t a i n i n g a s t r u c t u r e r e ­

c o g n i z a b l e a s p a r t of t h e MTOC were pho tog raphed at 15,0OOX, 

and p r i n t e d a t a f i n a l m a g n i f i c a t i o n of 6 0 , 0 0 0 x . The number 

of m i c r o t u b u l e s i n a sgua re ( c o r r e s p o n d i n g t 0 u , imz a r e a i n 

t h e c e l l ) , c e n t e r i n g on t h e MTOC, were c o u n t e d . 



2.6 
PBOTEIN DETEBMINATIONS 

3 4 

Acetone powders of cell samples were prepared for the 

protein determinations. Cells were collected by centrifuga-

tion. The cells were precipitated by the addition of 15 

volumes of ice cold acetone. The precipitates were washed 

twice with 100% acetone, and lyophilized. 

2.6.1 Total cell protein determinations 

Total cell protein contents of resting and stimulated 

cell populations were determined after hydrolysis in 6 N HCl 

at 106°C for 16 h, of known numbers (106 - 5 x 106) of live 

cells, to which norleucine (NRL) had been added as an inter­

nal standard. After re-moval of HCl under vacuum, amino acid 

analysis was carried out on a Technicon "'SM Amino Acid Ana­

lyser. The protein content was determined by comparison of 

of the ratios of GLX:NFL, ALA:NRL and LFU:FRL in the hydro-

lysates with +he ratios produced when known amounts of bo­

vine serum albumin were similarly treated. 

2.6.2 tubulin and actin §eterminations 

Acetone powders of total cell protein were dissolved in 8 

M urea containing 100 mM Tris-HCl, pH 8.0, and 2 BM di-

thiothreitol t0 a concentration of 10 mg/mL. Chemical modi­

fication was then carried 'out at room temperature for 45 min 
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in the dark a f t e r the add i t i on of iodo[2-3H ]ace t i c ac id 

(Amersham-Searle) to a f i n a l concen t ra t ion oF 1^ mM and a 

s p e c i f i c a c t i v i t y of 86 mCi/mmol. Under these c o n d i t i o n s 

t h i o l groups a r e modified q u a n t i t a t i v e l y . Reactions were 

stopped by the add i t ion of excess 2-mercaptoethanol . After 

p u r i f i c a t i o n by d i a l y s i s aga ins t wa+er, t he chemically modi­

fied m a t e r i a l was f r eeze dr ied and s tored p r i o r to use . 

Samples of p u r i f i e d ca l f bra in t u b u l i n (Sholanski e t a l . , 

1973), and r abb i t s k e l e t a l muscle a c t i n (Spudich and Wafts, 

1971), were modified i d e n t i c a l l y for use as known p r o t e i n 

s t a n d a r d s . I odo [2 - 3 Hlace t i c ac id was used in s^me of the 

chemical modi f i ca t ions , and iodof2- 1 4C ] a c e t i c ac id a t a spe­

c i f i c a c t i v i t y of 1 mCi/mmol was used in o t h e r s . 

Known amounts (measured by amino acid analys is ) of 
3H-carboxymethylated lymphocyte t o t a l c e l l p r o t e i n were mix­

ed with known amounts of modified tubu l in and ac t in s t a n ­

dards . These mixtures were run or. ^D^ polyacrylaid.de g e l s 

(Weber and Osborn, 1969). Jpproximately 100 ug of p r o t e i n 

was appl ied to each gel tube (4x90 mm) and e l e c t r o p h o r e s i s 

was c a r r i e d out for 16 h at a cur ren t of 4 ma/tube. The geLs. 

were s t a ined with Coomassie B r i l l i a n t Blue F and the p r o t e i n 

bands with t>~e m o b i l i t i e s of t u b u l i n and ac t in were cut OUA. 

of each g e l . Tubulin bands and a c t i n bands were each p o o l e l , 

and e x t r a c t e d with t h r e e washes in 70"̂  formic ac id . 

http://polyacrylaid.de
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After removal of formic acid under vacuum, the dried ex­

tracts were washed cnce in 1 mL of ice cold trichloroacetic 

acid and twice in 1 mL of ice cold acetone tc remove protein 

bound SDS. The protein was dried under vacuum, and resus­

pended in 250 uL of 0.5% ammonium bicarbonate. 

Peptides were generated from "• he extracted proteins by 

digestion of tubulin with elastase and of ac+in with alpha-

chymotrypsin. 2 ug of elastase and 1 ug of chymotrypsin 

were used per 100 ug of protein applied to Ahe gels. Diges­

tion was carried out in 0.5% ammonium bicarbonate buffer at 

37«c for 16 h. Peptides were then separated by paper elec­

trophoresis at pH 6.5 and at pH 2.1. * *C-cor.taining pep­

tides were located by autoradiography. Tubulin and actin 

specific peptides were cut out and extracted from the chro­

matographic paper with 150 uL of 70% rcriic acid, and 100 uL 

of the extract was added to 9.9 mL af Aguascl 2, and the 

3H:14C ratio was measured in a scintillation counter with a 

double isotope program. To allow calculation of the tubulin 

and actin contents from 3H/14C ratios, known amounts of 3H 

and 14C modified tubulin, and 3H and 14C modified actin were 

mixed together and electrophoresed. After generation and 

isolation of peptides ,3H/1*C ratios were determined and 

used as standards to calculate the amount of t^hulm in lym­

phocyte samples. 
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To i d e n t i f y the 14C-containirg p e p t i d e s , pept ides were 

produced from 40 mg of i*C-carboxymethylated ca l f brain t u ­

bul in by d i g e s t i o n with e l a s t a s e under the i d e n t i c a l cond i ­

t i o n s . After i s o l a t i o n the pep t ides obtained in high y i e ld 

were i d e n t i f i e d . 

Three t u b u l i n s p e c i f i c carboxymethylcyste ine (cmc) con­

t a i n i n g pep t ides which mapped away from the other pep t ides 

were used i n determining the amount of tubu l in in lymphocyte 

p o p u l a t i o n s . Their p o s i t i o n s in the p ro t e in were ass igned 

from t h e seguence for alpha porc ine bra in t u b u l i n {Ponstingl 

e t a l . , 1981). Pept ide A has the seguence cmc-cmc-leu. Pep­

t i d e A accounts for cys 315 and cys 316 i n the alpha chain 

and was i s o l a t e d as t h e most a c i d i c cmc conta in ing pep f i l e 

a t pH 6 . 5 . Pept ide E was in the second most a c i d i c group of 

cmc con ta in ing pept ides at pH 6 . 5 . At pH 2.1 pept ide v was 

the most a c i d i c p e p t i d e . Pept ide T has the seauence g l u - h i s -

se r -asp-cmc-a la and accounts for the cys 200 in alpha t u b i -

l i n . Pept ide B has bas i c mobi l i ty at pH 6.5 and a t ph 2 . 1 . 

Pept ide B has the seguence l y s - c m c - a s p - p r o - a r g - h i s - gly and 

accounts for cys 305 in the alpha cha in . In some of t h e ex­

per iments a pept ide derived from beta tubu l in was i s o l a t e d . 

I t was present i n egual amounts +
c ->-he alpha t ubu l in pep­

t i d e s . This pept ide was designated pep t ide F, and has t h e 

sequence v a l - c m c - a s p - i l e - p r o - p r o - a r g - I e u - g l y and accounts 

for cys 354 of the beta tubu l in chain (Krauhs e+ a l . , 1931). 

Pep t ide N was n e u t r a l a t pH 6 . 5 , and was i s o l a t e d as t h e 

most b a s i c of t h e s e a t pH 2 . 1 . 
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The p e p t i d e used f o r a c t i n d e t e r m i n a t i o n s was t h e o n l y 

cmc c o n t a i n i n g a c t i n s p e c i f i c p e p t i d e with b a s i c m o b i l i t y a t 

pH 6 . 5 . T h i s p e p t i d e was t h e c a r b o x y l t e r m i n u s , which had a 

s eguence of a r g - l y s - c m c - p h e , and accoun t ed fo r cys 373 of 

muscle a c + i n ( C o l l i n s and E l z i n g a , 1 ° 7 5 ) . 



section III 

RESULTS 

3 . 1 THE MICROTUBBLE NETWGIK OF B LYMPHOCY^IS BUFING 
CAPPING 

3 . 1 . 1 Capping on nude mouse B l l » J 5 h O £ l t e s 

To look f o r changes in t h e assembly of m i c r o t u b u l e s i n 

lymphocy tes which have been induced ^o cap s u r f a c e I g , 

s p l e n i c lymphocytes from nude mice were used because a l a r g e 

p r o p o r t i o n (between 75% and 95%) a r e B lymphocy tes . Capping 

of s u r f a c e I g on B c e l l s i s induced by i n c u b a t i n g c e l l s w i t h 

g o a t a n t i - m o u s e Ig (GaMIg) a n t i b o d v . Phodamine l a b e l l e d 

(Ph-) , and f e r r i t i n l a b e l l e d (F-) a n t i b o d i e s a r e used fo r 

l i g h t , and e l e c t r o n m i c r o s c o p i c s t u d i e s r e s p e c t i v e l y . 

C e l l s f i x e d with p a r a f o r m a l d e h y d e b e f o r e i n c u b a t i o n with 

a n t i - I g , t o p r e v e n t s u r f a c e Ig r e d i s t r i b u t i o n , have a d i f ­

fuse d i s t r i b u t i o n of s u r f a c e Ig ( f i g . 1A). Fo l lowing b i n d ­

ing of Rh-GaMIg t o t h e c e l l s u r f a c e I g , t i e I g a n t i - I g com­

p l e x e s a g g r e g a t e i n t o p a t c h e s ( f i g . 1B) , whic> m i g r a t e t o 

one p o l e of t he c e l l t o form a cap ( f i g . 1C-P) . "he cap i s 

t h e n i n t e r n a l i z e d ( f i g . 1F) and a p p e a r s as a group of 

f l u o r e s c e n r s p o t s i n t h e c y t o p l a s m . 

- 39 -
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Fiaar.e. ! • Immunof l uo re scen t s t a i n i n g of nude mnuse s p l e n i c 

B lymphocytes at d i f f e r e n t s t ages of the capping p r o c e s s . 

Ce l l s f ixed in paraformaldehyde before incubat ion with Ph-

GaMIg show a d i f fuse s t a i n i n g p a t t e r n (A). Cel ls f ixed f o l ­

lowing incuba t ion a t 37°C with 200 ug/mL Ph-GaMIg c e l l s 

patch (B,C and D) , cap (E) , and i n t e r n a l i z e (F) the Ig 

a n t i - I g complexes. All f i g u r e s X2,000. 
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li.a.Ur.g 2. Time course of surface Ig redistribution on nude 

mouse B cells. After incubation for specific times at 37°c 

with 200 ug/mL Fh-GaMIg cells were fixed , washed and mount­

ed for observation. The 0 time sample was fixed before sur­

face labeling. 95% of all cells were Ig positive. At each 

time point the staining pattern of at least 100 Tg positive 

cells was scored as being either diffuse {*) , patched (o) , 

capped {•) , or internalized. The sum- of capped and internal­

ized cells is shown as (n) . 
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The time course of Ig redistribution was determined (fig. 

2) in order to choose the best time to look at microtubule 

networks in capped cells. Cells are incubated at 37°C with 

Ph-GaMIg to induce capping, while settling on poly»l-lysine 

coated coverslips. Samples fixed at time points during incu­

bation are scored for the percent of labelled cells with 

diffuse, patched , capped or internalized Ig anti-Ig distri­

bution. Patching of surface Ig is a fast process. Only 30% 

of labelled cells have not patched the surface Tg after 3 

min of incubation at 37°C. After 5 min of incubation, more 

than half of the labelled cells have capped their surfaoe 

Tg. The maximum number of capped cells was seen at 10 min of 

incubation at 37°C. The caps continue to be internalized af­

ter this time. 

3.1.2 Microtubule networks ±u resting and cashed B cells 

The microtubule networks of capped and control cells were 

examined by indirect immunofluorescence staining and elec­

tron microscopy to determine if there is a change in micro­

tubule assembly during capping of surface Tg. 

The immunof luorescent staini.ng pattern c* microtubule 

networks in control cells reveals stained fibers which con­

verge on the single, brightly staining MT^C (fig. 3A) . By 

focusing through the cell, the stained fibers can be seen to 

run from the MTOC to the other end of the cell. 
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Figure 3. Microtubule networks of nude mouse B lymphocytes 

a t d i f f e r e n t s tages of capping sur face I g . Resting c e l l s 

(A) were f ixed before incuba t ion with Rh-GaMIg. Ce l l s f ixed 

following incuba t ion a t 37°C with 200 ug/mL Ph-GaMIg had 

patched (B) or capped (C) sur face I g . 'The microtubules in 

these c e l l s are s t a i n e d with r a b b i t a n t i - t u b u l i n primary an­

t i body , and FITC-GaRIg secondary ant ibody. Ce l l s a re seen 

by phase c o n t r a s t and ep i f luorescenee o p t i c s . ?11 f i g u r e s 

X2,C00. 
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There is a change in the microtubule staining pattern in 

cells which have patched (fig. 3B) or capped (fig. 3C) sur­

face Ig during incubation with Bh-GaMIg. There appear to be 

more fibers in these cells, and the staining pattern of the 

fibers is more delicate. 

Electron microscopy was used to determine if the change 

in immunofluorescent staining pattern represents an increase 

in the number of microtubules during the capping process. 

Control cells, incubating in PPMI 1640 a+ 37°C, were fixed 

with buffered glutaraldehyde at 37°C. Capped cells were ^ix™ 

ed after incubation in solution at 37°C with F-GaMIg. Cells 

were fixed after incubation for 10 min since +his time point 

had the highest percentage of capped cells (fig. 2). This 

population was 95% Ig positive when stained wi+h Ph-GaMIg. 

Figure 4A is an electron micrograph of a cell which has 

capped the surface Ig over the MTCC region of +v,e cell. The 

microtubules can be seen in a high magnification electron 

micrograph of the MTOC region of a capped B cell (figj 4B). 

Although it appeared from the immunofluorescent staining 

that more stained fibers (presumably microtubules) were 

present there is no significant difference in t>e microtu­

bule content of capped cells. ~he number of microtubules 

counted in sections through the centriolar regions are 14.6 
i, 

± 5.1 (n = 30) in resting cells, and 13,8 ±4,5 (n=28) in the 

capped cell population. 
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Zi2Jl£§ i« Elec t ron micrographs of capped B c e l l s . The cap 

was induced by incuba t ing c e l l s at 37°C with 200 ug/mL of 

F-GaMTg for 10 min. In a whole c e l l view (A) fh e p-GaMIg 

cap i s seen at one po le of the c e l l (between arrows) , d i ­

r e c t l y over the MTOC region (X21,000) . At higher magnifica­

t i o n (B) microtubules are seen in the MTOC region of t h e 

c e l l (X60,000). The f e r r i t i n l abe l l ed GaMIg i s seen coa t ing 

the o u t e r sur face of the plasma membrane. 
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3 . 2 INCREASE I I THE HICROTUBULE AND TUBULIN CONTENTS OF T 
CELLS DIEING ACTIVATIOf" 

Several precautions were taken to ensure comparable r e ­

su l t s between experiments and between the microscopic and 

biochemical s tud ies , T enriched lymphocyte populations were 

prepared so that the s tudies of microtubule and tubulin con­

ten t s could be done on a more homogeneous population than i s 

found in a t o t a l splenic lymphocyte population. For bio­

chemical s tudies , l ive c e l l populations were prepared so 

that the pro*ein content of dead ce l l s would not contr ibute 

to protein determinations made on res t ing and stimulated 

populations. Con A mediated act ivat ion of T ce l l popula­

t ions was monitored by measuring the increase in ce l l s i ze 

and the incorporation of 3H-thymidine in v48 h stimulated 

populations. 

3 . 2 . 1 Preparat ion of T ly_mphocj: t e EOfiSlations 

In a t o t a l splenic lymphocyte population, about 45'£ of 

the lymphocytes are Ig bearing (B) ce l l s (fig. 5A) . T en­

riched populations of lymphocytes, prepared by preferent ia l 

agglut inat ion of B c e l l s with wheat germ agglut inin, have 

fewer than 5% Ig bearing c e l l s (fig. 5B) . 

Dead c e l l s are present immediately follow'no i so l a t i on , 

and c e l l death occurs during long term cu l tu res . In 48 h 

populations more than half the c e l l s are dead. l ive c e l l 
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fi3HE£ 5. Immunofluorescent s t a i n i n g of c e l l sur face Ig . 

Mixed c e l l (A) , and T c e l l enriched (C) popu la t ions were i n ­

cubated with Rh-GaMIg to l a b e l sur face Ig (B and D) . The 

same p o p u l a t i o n s (A and B; C and D) a re seen by phase con­

t r a s t and e p i f l u o r e s c e n t o p t i c s . In a mixed c e l l popu la t ion 

45% of the c e l l s were Ig p o s i t i v e . In a T c e l l enr iched 

popula t ion U% of the c e l l s were Ig p o s i t i v e . 400 c e l l s were 

scored as Ig p o s i t i v e or nega t ive . All f i g u r e s X700. 

Figure 6. Trypan blue s t a i n i n g of unf rac t iona ted and l i v e 

c e l l popu la t i ons . To prepare l i v e c e l l popula t ions c u l t u r e d 

lymphocytes are suspended in a low i o n i c s t r eng th buffer . 

Dead c e l l s s t a i n dark ly with t rypan b lue . '"he dead c e l l s 

clump (A), and are f i l t e r e d out over a nylon wool column t o 

y i e ld a l i v e c e l l populat ion (B) with -"fewer than 5% lead 

c e l l s . 50C c e l l s were counted. X5^C. 





53 

populations prepared by preferentially clumping out dead 

cells have 5% or fewer dead cells. Unfractionafed, and live 

cell populations are shown in figure 6. 

3.2.2 T cell activation 

In all of the populations used the incorporation of 

3H-thymidine into 48 h stimulated populations was 100-150 

fold higher than in 48 h resting populations. Cell size 

changes were routinely determined by measuring lhe diameter 

of at least 70 cells with an ocular micrometer. The mean 

cell diameter increased from 6.6 ± 0.8 um in a resting popu­

lation to 8.0 ± 2.4 um after 24 h of stimulation, and to 8.6 

± 2.1 um after 48 h of stimulation. One third of the cells 

in a 48 h stimulated population have a diameter of 10 um or 

more and are considered to be blast cells. 

Cell size profiles were obtained by measuring cell vol­

umes with a Coulter counter channelizer. The cell size pro­

files obtained for 0. 24, and 48 h s-imulated T cell popula­

tions are shown in figure 7. The majority of cells in a 

resting population fall within a narrow size range. After 24 

h of stimulation, some of the cells have increased in size, 

as indicated by a shift of the curve xc the right. In a 48 h 

stimulated population a large portion of the cells have in­

creased in size. Approximately one third of +he cells in a 

48 h stimulated population have a volume greater than qnQ 

um3. 
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Figure 7. Cell size distribution of T lymphocyte popula­

tions stimulated for 0, 24, and 48 h. The cell size profiles 

were obtained by measuring the volumes of cells in live cell 

populations with a Coul+er counter channelizer model Zf. The 

number of cells measured is proportional to the area under 

the curve. The area under each of *he curves is the same. 

The mean cell diameters are calculated from measurements of 

at least 70 cells, made using an ocular micrometer, for each 

time point. The portion of the population which increased 

in size during stimulation is indicated by hatched lines for 

the 24 h stimulated population, and by supple for the 48 h 

population. 
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3 . 2 . 3 The microtubule network 

3 . 2 . 3 . 1 Immunofluorescent s t a i n i n g 

I n d i r e c t immunof luo rescen t s + a i n m g was used t o examine 

m i c r o t u b u l e ne tworks in T lymphocytes a t v a r i o u s s t a g e s of 

s t i m u l a t i o n ( f i g . 8 ) . S t a i n i n g s^ows a s p a r s e m i c r o t u b u l e 

network i n r e s t i n g c e l l s which c o n s i s t s of f i b e r s e x t e n d i n g 

around t h e c e l l and c o n v e r g i n g on t h e s i n g l e , b r i g h t l y 

s t a i n i n g MTOC ( f i g . 8A) . The m i c r o t u b u l e network of a c e l l 

r e p r e s e n t a t i v e of t h e l a r g e s t c e l l s s e e n i n a 24 h s t i m u l a t ­

ed p o p u l a t i o n i s seen i n f i g u r e 8B. B l a s t c e l l s i n a 48 h 

s t i m u l a t e d p o p u l a t i o n have an e x t e n s i v e m i c r o t u b u l e ne twork 

( f i g . 8C) . Many s t a i n e d f i b e r s a r e s een t c converge on t h e 

MT>C, The m i c r o t u b u l e s in both r e s t i n g c e l l s and b l a s t c e l l s 

can be seen t o run from + he MTOC TO t h e o t h e r end o f t h e 

c e l l by f o c u s i n g up and down t h r o u g h t h e c e l l . P o p u l a t i o n s 

s t i m u l a t e d f o r 48 h c o n t a i n c e l l s a t a l l s*ages of a c t i v a ­

t i o n . Pxamina t ion of t h e m i c r o t u b u l e ne tworks of c e l l s in a 

48 h s t i m u l a x e d p o p u l a t i o n shows t ] - a t t h e smal l c e l l s have a 

m i c r o t u b u l e s network i d e n t i c a l ^o t h a t seen in r h resting 

cells. 

3 . 2 . 3 . 2 E l e c t r o n microscopy 

The major morphological differences betweer resting and 

stimulated cells are readily seen by electron microscopy. 

Besting cells (fig. 9A) have a scant layer o£ cytoplasm. 
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Figure 8, Indirect immunofluorescence staining of the mi­

crotubule networks cf T cells at various stages of activa­

tion. Microtubules are stained with rabbit anti-tubulin 

primary antibody and FITC-GaBIg secondary antibody. The 

small resting lymphocytes have a sparse microtubule network 

which becomes more extensive during activation. The micro­

tubule networks are seen in cells from resting (A), 24 h 

stimulated (B) and 48 h stimulated (C) T cell populations. 

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

lation. 
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Figure 9. Electron micrographs of T lymphocytes. In rest­

ing cells (A, X25,000) there are few organelles in the scant 

layer of cytoplasm which surrounds the densly staining nu­

cleus. The large increase in size of blast cells (B, 

X8,8 50) is due to increases in in both nuclear and cyto­

plasmic volumes. The MTOC regions are marked with arrows. 
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Figure j_o. Electron micrographs of the centriolar regions 

or cells in a resting (A) , 24 h stimulated (B) and 48 h 

stimulated (C) populations. X60,000. To determine the in-
. . . *» 

crease m number of microtubules, a random sample of M""OC 

regions from each of the populations were photographed , and 

the number of microtubules in a 4 urn* area centered around 

the MTOC were counted. The numbers are summarized in table 

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 

Mean 
S. D. 

0 

157 
i « 9mm 

24 
26.3 

48 
35.1 
14.6 
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containing few organelles, surrounding the densly staining 

nucleus. Fully stimulated cells (fig. 9B) have undergone 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 in 

these cells are most easily observed in ^igh maonification 

views of the centriolar region, where the density of micro­
ti 

tubules is the highest (fig. 10). 

To determine the increase in microtubule content during 

stimulation, the numbers of microtubules in thin sections 

through the centriolar regions of cells in populations stim­

ulated for 0, 24, and 48 h were counted (table 1) . These 

counts show over a 2 fold increase in the mean number of mi­

crotubules in a 48 h stimulated population. 

3.2.4 Tubulin content 

The double isotope labelling technique was used to di­

rectly measure the tubulin content, a s a percent of total 

cell protein, in resting and stimulated T lymphocyte popula­

tions. Actin determinations were also made so that changes 

in the tubulin content could be compared *o changes in an­

other cytoskeletal protein. The samples of 0, 24 and 48 h 

con A stimulated populations used for the tubulin and actin 

determinations consisted of live cells populations from 

three separate stimulation series which were pooled. Pool-
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ing the stimulation series reduces +h e variability between 

stimulation runs, and by increasing the amount 0f protein 

improves the accuracy of the method. The tubulin and actin 

contents are an average of the three stimulation series. 

The tubulin and actin contents of T lymphocytes during 

stimulation are summarized in table 2. The determinations 

show that the tubulin content increases from 0.8% in resting 

ceils to 1.2$ in a 24 h stimulated population, and to 1.3% 

in 48 h stimulated cells. "he tubulin content per cell can 

be calculated from the tubulin as a percent of total cell 

protein, and the total cell protein values. *"he total cell 

protein, determined by amino acid analysis, increased from 

25 ug/106 resting cells, to 29 ug/106 cells .1 n a 24 h stimu­

lated population, and to 39 ug/106 48 h stimulated cells. 

These values are the averages of two determinations, made on 

separate stimulation series, which differ from the average 

by less than 4%. There is a 2,5 ^old increase of the to­

tal tubullin content, from 0.20 ug/106 resting cells to 0.51 

ug/106 cells in a 48 h stimulated population. 

The actin content did not increase in the same manner as 

the tubulin content during stimulation. As a percent of to­

tal cell protein, the actin increased from 2.3% ^o 3.1^ dur­

ing the first 24 h of stimulation, but then drooped to 2.5% 

in 48 h stimulated cells. The total actin per cell, how­

ever, did increase throughout stimulation (fable 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 
Tubu,in as % total 
Actin cel1 Proteln 

Total cell tut/tne ^n« 
protein M/l° ce, ls 

Tubulin c 
ug/106 cells 

Actin 

0 
0.8 

2.3 

25 

0.20 

0.58 

24 
1.2 

3.1 

29 

0.35 

0.90 

48 
1.3 

2.5 

39 

0.51 

1.0 
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3«3 TUBULIN CONTENTS OF MIXED AND B LYHPHOCY'gE POPULATIONS 

Preliminary evidence showed higher tubulin contents, as a 

percent of total cell protein, in unfractionated, mixed lym­

phocyte populations than were found in T lymphocyte popula­

tions. The difference is presumably due to a higher tubulin 

content in the B cells present in the mixed population. The 

major differential increase in tubulin content is seen in 

the first 24 h of stimulation. The tubulin contents of 

resting and 24 h stimulated, mixed cell and nude mouse B 

cell populations were examined to determine if B cells un­

dergo the same type of change. 

Cell size profiles of resting and 24 h stimulated 3 lym­

phocyte and mixed lymphocyte populations are seen in figures 

11 and 12 respectively. The res~ino B lymphocyte population 

has a wider cell size distribution, and a higher mean cell 

diameter, than resting mixed cell populations or resting ^ 

cell populations (fig. 7) . An increase in cell size is seen 

during stimulation of both the B cell and the mixed cell 

populations. 

Immunofluorescence staining of the microtubule networks 

in resting and stimulated B cells is seen in figure 13. "he 

microtubule networks become more extensive as the cells in­

crease in size. Cells at all stages of stimulation are 

found in the 24 h stimulated population. 
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Zi£fi£§. 11. Cell size profiles of resting and 24 h LPS stim­

ulated B cell populations (see Materials and Methods) , male 

with a Coulter counter channelizer, ""he number of cells 

measured is proportional to +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 least 70 

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

Figure 12. Cell size profiles of resting and con A stimu­

lated mixed ceil populations. The cell size profiles and 

mean cell diameters calculations were made as described for 

figure 11. 
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IiaS£^ 12> Immunofluorescent staining of the microtubule 

networks of B cells. A resting cell (A) .Cells a+ all stag­

es of stimulation are seen in the 24 h stimulated population 

(B) . More extensive microtubule networks are seen in the 

larger cells. 
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The tubulin and actin contents o^ unfractionated (live 

and dead) , and live B cell populations were measured to de­

termine if dead cell in the lymphocyte population signifi­

cantly altered the results. The unfractionated population 

had tubulin and actin contents of 4.4% and 3.0^ respective­

ly, as opposed to 2.9% and 2.4"% in the live cell popula­

tions. The tubulin and actin contents of a second, indeoen-

dently prepared, live B cell preparation were lower, being 

2.1% and 2.0% respectively. 

The tubulin and actin determinations made en resting and 

stimulated B lymphocyte and mixed lymphocyte populations are 

shown in table 3. There is an increase in tubulin content 

during stimulation of both B cell and mixed cell popula­

tions. As a percent of total cell protein, '•here is a large 

difference in the tubulin contents of resting populations of 

mixed lymphocytes (3.6%) and T lymphocytes (0.8?, table 2). 

The higher tubulin content expected to be seen ir a B cell 

population was not found in the nude mouse splenic lympho­

cytes, although the tubulin content of 2. °7- was higher than 

xhe tubulin content of T cells. 

The actin content increased during stimulation of the 

mixed cell population (table 3) as was seen m the T cell 

populations (table 2) . In the B cell population *here was a 

decrease in the actin content durina stimulation (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 
B lymphocytes 

Oh 
24 h stimulated 
0 h live and dead 

*Oh 

Tubulin 

2.9 
3.2 
4.4 
2.1 

Actin 

2.4 
1.9 
3.0 
2.0 

Mixed lymphocytes 
Oh 
24 h stimulated 

3.6 
5.1 

2.7 
3.5 

* a separate cell preparation was used for 
this second determination on 0 h B cells. 



section IV 

DISCUSSION 

It was proposed that patching and capping of surface Ig 

on1lymphocytes resulted in disorganization of the microtu­

bule network (Yahara and Kakimoto-camishima, 1978). They 

could detect organized microtubules in resting lymphocytes 

by immunofluorescent staining, but no+. ±n cells which had 

patched or capped surface Ig. It was subseguently shown, by 

immunofluorescent staining and electron microscopy , that 

microtubule networks are present at all phages cf the cap­

ping process (Pogers et al. , 1981). These authors reported 

a change in the microtubule distribution, saen by immunofl­

uorescent staining, in cells which had capped surface Tg and 

suggests that this could represent an increase in microtu­

bule assembly in response to redistribution of cell surface 

Ig. Electron microscopy showed a four + 0 five fold increase 

in the number of microtubules in the MTOC region of polymor­

phonuclear leukocytes following exposure to con ft (Oliver et 

al. , 1978) . 

I found no significant difference of the microtubule num­

bers in resting and capped cells using electron microscopv. 

The altered microtubule staining pattern seen in patched and 

capped cells (fig. 3B and C) might be due +o a change In 

- 74 -
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spatial organization of the microtubules. ?ince this change 

occurs within minutes in a large percent of B lymphocytes 

induced to cap Ig, this would be an excellent model system 

to examine +h e regulation of rapid changes in microtubule 

networks in response to an external signal. If microtubules 

in control cells are in bundles, then individual microtu­

bules within a bundle would not be resolved by immunofl­

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 an^ these are fewer than 

the numbers of microtubules determined by electron microsco­

py, and they appear thicker than +he more numerois fibers 

seen in capped cells. 

Movement of patched receptors into caps depends on micro­

filament contraction (Braun et al. , 1978) . Interaction of 

contracting microfilaments with microtubules in a bundle may 

result in the bundle being separated into individual ti-

bules. mhis would cause the microtubule staining pattern to 

appear more delicate, as seen in figures 3B and C. Numerous 

interconnections of microfilaments inserting cn+o microtu­

bules have been seen by electron microscopy (see for eg. 

Schliwa et al., 1981). Alternatively, the microtubules may 

redistribute first and then interact with microfilaments t0 

direct the movemen* of patches to xhe pole of -he cell where 

internalization occurs. 



76 

Changes in the spatial organization of the microtubule 

network during redistribution of surface Ig could be con­

firmed by making three dimensional models of the MTOC re­

gions of resting and capped B cells, from serial sections. 

This type of analysis to determine the seguence of events 

during Ig redistribution, in combination with drug treate-

ments which interfere with the microfilament or microtubule 

systems can be used to determine which of these models is 

correct. 

Increases in the microtubule content during stimulation 

of mixed lymphocyte populations have been shown before by 

immunofluorescent staining (Budd et al. , 1979) and electron 

microscopy (Biberfeld, 1971; Pudd e+ al., 1979) of the mi­

crotubule networks. In selected lymphocyte populations, im­

munofluorescent staining showed increased microtubule net­

works in stimulated T cells (fig. PB, C) and B cells (fig. 

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

Microtubule numbers have been counted in the microtubule 

networks seen by immunofluorescent staining of well spread 

tissue culture cells. Averages of 135 and 178 microtubules 

per cell were reported for 3T3 cells (Hiller and Weber, 

1978) and human fibroblast cells (?piegelman et al. , 19^93) 

respectively. The microtubules are easy to count in these 

flat, well spread cells. A correspondence of one staining 

fiber to one microtubule in the margins of -fibroblasts was 
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demonstrated by immunofluorescent staining and electron mi­

croscopy of the same cell (Weber and Osborn, 19^6). This 

technigue of counting microtubules cannot be used with accu­

racy for the smaller round lymphocytes, therefore, if was 

necessary to use electron microscopy. 

The mean number of microtubules per section through the 

NtOC of T cells increased from 15.7 - n resting cells to 35.1 

in a 48 h con A stimulated population (table 1). In fully 

stimulated cells, which are recognized by increased cyto­

plasmic and nuclear volumes and a decondensed nucleus, up to 

five times as many microtubules were seen in sections 

through the MTOCs. ^he mean of 15.7 in resting cells is 

similiar to the mean of 16.2 microtubules seen in sections 

through the MTOC regions of human peripheral blood T lympho­

cytes (Oliver et al. , 1980) . 

The total number of microtubules in a resting cell and in 

a fully stimulated cell can be estimated. The estimates are 

made by multiplying the mean number of microtubules which 

terminate on the MTOC in a section, by t^e number of serial 

sections reguired to pass completely through the MT3C. "Mi­

crotubule counts for this estimate are of microtubules which 

are s^en to terminate on the MTOC in that particular sec­

tion. Microtubules passing close by the MTrc, and terminat­

ing on the r^OC in another section, are not counted as they 

were for the determinations in table 1. The average number 
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of microtubules per section which, terminated on *he ^°C w a s 

4 in resting cells and 11 in stimulated cells. The number 

of sections required to pass through the FTCC are 12 for a 

resting cell and 18 for a stimulated cell. The MmOC has the 

shape of an elongated sphere. These numbers are averages of 

the numbers of serial sections reguired to pass through the 

long dimension, and the short dimension of the MTCC. Esti­

mates of the number of microtubules per cell are 48 microtu­

bules in a resting T lymphocyte and 198 microtubules in a 

stimulated T lymphocyte. 

198 microtubules in a fully stimulated T cell is a much 

higher microtubule content than 135 microtubules reported 

for a 3T3 cell (Hiller and Weber, 1978) . These authors used 

a high triton concentration, and rapid permeablization, to 

produce cytoskeletons of 3T3 cells for immunofluorescent 

staining. This rapid procedure may not adeguately preserve 

the microtubules, fore extensive microtubule networks could 

be seen in 3T3 cells stained by the immunofluorescence pro­

cedure I used than were shown by these authors (results not 

shown) . 

The tubulin contents, as a percent of total cell protein, 

increased during stimulation of each of the lymphocyte popu­

lations (tables 2 and 3). The increased tubul-n contents 

coincided with the increased microtubule networks seen in 

stimulated cells (fig. 8C, 10C and 13B; table 1). 



->9 

Differences in the tubulin contents of mixed, B cell, and 

T cell populations, and between cultured and purified live 

populations, emphasize the need tc use selec+ed populations 

to examine the microtubule and tubulin contents. T enriched 

populations were used for a careful comparison of the in­

creases in microtubule and tubulin contents seen during 

stimulation. • In the T enriched population, there was a 2. 5 

fold increase in the total tubulin content and a 2 fold in­

crease in the number of microtubules during stimulation (fa­

bles 1 and 2) . 

The increase in tubulin and actin, as a percent of total 

cell protein, during activation may be a reflection of the 

increased ratio of cytoplasmic / nuclear protein mass seen 

during activation (Soren, 1970). All cytoplasmic proteins 

may increase in approximately the same proportions during 

stimula-ion, Tubulin and actin contents did not increase in 

the same manner throughout activation in T cell populations. 

Both showed large increases during the first 24 h. Between 

24 and 48 h of activation the actin content dropped while 

the tubulin continued to increase. 

A transient, burst cf actin synthesis was seen in quies­

cent 3T3 cells induced to proliferate by the addition of se­

rum, but not in cycling 3T3 cells (Middle and Pardee, 1979). 

3̂ 3 cells in GO progress towards s when stimulated with 

growth factors, a response which is similiar -o resting lym­

phocytes stimulated with a mitogen such as c m A. 
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Increased tubu l in contents were seen during PHA s t imula ­

t i o n of mixed popu la t ions of human p e r i p h e r a l blood lympho­

c y t e s , al though the values obtained were low (Pipeleers e t 

a l . , 1977; Sher l ine and Mundy. 1977). The t u b u l i n c o n t e n t s , 

determined by a 3 H-colch ic ine binding assay, were 10 fold 

lower than tubul in de te rmina t ions made on fresh human pe­

r i p h e r a l blood lymphocytes by the double i so tope l a b e l l i n g 

procedure (Anderson, personal communication). The double 

i so tope l a b e l l i n g procedure found tha t t he tubul in con ten t 

of lymphocytes from i n d i v i d u a l doners ranged from 3% *o 61 

cf t o t a l c e l l p r o t e i n , with a mean value of I . 1 + 1.8%. 

The double i so tope l a b e l l i n g procedure d i r e c t l y measures 

t u b u l i n s p e c i f i c p e p t i d e s . The 3H~colchicine binding assay 

measures the a b i l i t y of tubul in to bind c o l c h i c i n e . Tubulin 

de te rmina t ions of 3T3 c e l l s made using 3 F - c c l c h i c i n e binding 

assay (Eichorn and Eeterkofsky, 1979) were more than 10 fo ld 

lower than the de te rmina t ions of 3,5% and 3.3?? of t o t a l c e l l 

p ro t e in made by double i so tope l a b e l l i n g (Anderson, 1979) 

and radioimmunoassay (Hi l le r and Weber, 1978) r e s p e c t i v e l y . 

I t could be t h a t not a l l of the tubu l in in these c e l l s i s 

competent to bind c o l c h i c i n e , or tha t t ubu l in i s being de­

graded when c e l l homogenates are incubated at ^7°C with l a ­

bel led c o l c h i c i n e . These problems may be p a r t i c u l a r to the 

c e l l type being used. "Bor i sy 1 s group found a tubul in con­

t e n t of 4,6* of t o t a l c e l l p r o t e i n , using a 3 H-colchic ine 



81 

binding assay, which was comparable to determinations made 

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

The tubulin content of 0.51 pg/cell in the 48 r stimulat­

ed T cell population {table 2) was an average rf all the 

cells in the population. The increased tubulin content dur­

ing stimulation was due to a Birch larger increase in the 

fully stimulated cells. An estimate of the tubulin content 

in fully stimulated cells can be made. From the cell size 

profiles, 40% of the cells in the 24 h population increased 

in size (hatched area in fig. 7) . If the increased tubulin 

content is due to the cells which increased in size, then 

the partially stimulated cells in the 24 h population have a 

tubulin content of 0.43 pg/cell. In the 48 h stimulated 

population, nonstimulated cells represent 40^ of the area 

under + he curve in figure n (the non stippled area). 30£ of 

the cells are partially stimulated (stippled and hatched 

area), and 30% of the cells are fully stimulated (stippled 

and not hatched area). If nonstimulated and partially stim­

ulated cells have tubulin contents cf 0.20 pg/cell and 0.43 

pg/cell respectively, then the fully stimulated cells must 

have a tubulin content of 1.00 pg/cell to make +he average 

of 0.51 pg/cell in the population. 

The amount of tubulin in polymer form in resting and 

stimulated cells can be calculated in order to determine if 

there is a change in the polymer / soluble tubulin ratio. 
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The mass of tubul in per un i t length of tubule i s 0.27 fg/um, 

based on a MW of 100,000 for a tubul in dimer (Valenzuela e t 

a l . , 1981) and 1625 dimers per micrometer of tubule (Amos, 

1977). The 48 microtubules in a r e s t i n g c e l l (average diam­

e t e r 6.6 um, circumference of 20.7 um), runnino under the 

c e l l sur face from the MTOC to +he other end of the c e l l , 

have a t o t a l leng*h of 494 um of microtubule and a t u b u l i n 

content of 0.13 pg. A b l a s t c e l l with a diameter of 11 um 

and 198 micro tubules , each 17.3 um long, has 3426 um of t u ­

bule which con ta ins 0.93 pg of t u b u l i n . Using these e s t i ­

mates, the percent of tubul in in polymer form i s (5% in 

r e s t i n g c e l l s and 93% in a b l a s t c e l l . The percent of tubu­

l i n in polymer form in human p e r i p h e r a l blood lymphocytes, 

es t imated by 3 H-colchic ine binding assay of t o t a l and s e d i ­

mentable tubu l in c o n t e n t s , was 5°7 in r e s t i n g c e l l s and i n ­

creased to 75"% a f t e r 72 h of "HA s t imu la t i on (P ipe leers e t 

a l . , 1577) . The t ubu l in content in polymer form was e s t i ­

mated t o be 40% in 3T3 c e l l s (Hi l l e r and Weber, 1978) and 

60« in human f i b r o b l a s t s (Spiegelman e t a l . , 1q 79B). The 

r e s p e c t i v e au thors considered these t o be underes t ima tes , 

because of the methods used t o determine the polymer con­

t e n t . During d i f f e r e n t i a - i o n of neuroblastoma the percent 

of t u b u l i n in polymer form increased from 11^ to 55"? of the 

t o t a l t u b u l i n con ten t ( f lmstead, 19 81) . 

The microtubules in a 3T3 c e l l were es t imated to conta in 

2 pg of t ubu l in {Hil ler and Weber, 1978); much more than the 
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polymer content of a stimulated T cell. A 3T3 cell was es­

timated to have fewer microtubules than a stimulated T cell 

but they are much longer, having an average length of 50 um 

and extending from the MTOC to the cell margins. The solu­

ble tubulin concentration in a 3̂ 3 cell was estimated to be 

1.2 mg/mL (Hiller and Weber, 1978). During differentiation 

cf neuroblastoma, the concentration of soluble "ubulin de­

creased from 1.6 mg/mL to 0.8 mg/ml (olmstead, 1981). These 

concentrations are much higher t^an the critical concentra­

tion for in vitro assembly of 0.3 mg/mL (Bergan and Borisy, 

j 

1980). mhis suggests that in these cells not au_ 0* the so­

luble tubulin is available for assembly. 

A resting T lymphocyte with nr" fg of unpolymerized tubu­

lin and a cell volume of 95 fL (fig. 7) would have a soluble 

tubulin concentration of 0.74 mg/mL. A blast cell with a 

soluble tubulin content of "7,n fg and a volume of 600 fL 

would have a soluble tubulin content of 0.12 mg/mL. This 

low concentration of soluble tubulin, suggests that the tubu­

lin con+ent may be limiting microtubule assembly in blast 

cells. 

All of these estimates of soluble tubulin assume that 

there is no partitioning of soluble cytoplasmic proteins 

across the nuclear membrane. Goldstein and Ko (1981), using 

Amoeba prpteus. 
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showed that 3SS-labelled cytoplasmic proteins readily dif­

fused into unlabel led nuclei which were transplanted into 

the labelled cytoplasm. If soluble tubulin were excluded 

from the nucleus then the tubulin concentration in the cyto­

plasm would be higher than the estimates, particularly in 

resting cells which have a large nucleus / cytoplasm ratio. 

In neuroblastoma there was a large increase in the micro­

tubule content, but no increase in the total tubulin content 

during differentiation (Olmstead, 1981) . The increased mi­

crotubule assembly and concoramitant drop in concentration of 

soluble tubulin may have been due to the synthesis of a now 

MAP which promotes microtubule assembly (Olmstead and Lyon, 

1981) . MAP synthesis could also play a role in regulaton of 

microtubule assembly during lymphocyte activation. Synthe­

sis of more, or new species of M*Ps may contribute to more 

efficient microtubule assembly resulting in the lcwerel con­

centration of soluble tubulin. Wo one has looked at MAPs in 

resting or stimulated lymphocytes. 

Unlike the change in microtubule assembly seen during 

differentiation of neuroblastoma, the increase in microtu­

bule content during lymphocyte activation was accompaniel by 

a large increase in tubulin content, due t0 £e novo tubulin 

synthesis. Fates of tubulin synthesis and degradation could 

regulate microtubule assembly by determining the availabili­

ty of assembly competent tubulin. 
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Microtubule assembly could be al tered by the synthesis of 

different tubulins during act ivat ion. mhe appearance of 

isotubul ins with different assembly propert ies could account 

for the increase in polymer / soluble tubulin ra t io and the 

drop in concentration cf soluble tubulin during act ivat ion. 

Isotubul ins may have different functional proper t ies . 

Analysis of tubulin isolated from -Flagellar or cytoplasmic 

microtubules from Polytomella showed that different isotubu­

l ins were assembled preferent ia l ly into one or the other 

c lass of microtubule (McKeithan and Bosenbaum, 1981). I t 

wasn't shown i f f h e s e functionally different isotubulins 

were coded for by different mPNAs, or resulted from post 

t rans la r ional modification. 

Changes in the pattern of isotubulin synthesis were seen 

during early brain development {T âhl and Weibel, 1979) , 

Changes were also seen in isotubulins t rans la ted in l i ^ r o 

from mFNAs isolated from the brain (Gozes et a l . , 1980). 

Becently, eight isotubulins were isolated from a single dif­

ferent ia ted neuroblastoma c e l l (Gozes e t a l . , 1981). These 

authors suggested tha t in neuroblastoma, different isotubu­

l ins may be incorporated preferent ia l ly in to e i ther axonal 

or neuri te microtubules. 

Multiple alpha and beta tubulin genes were -Found in sev­

era l species (see for example Cleveland e t a l , , 1°8D), Dif­

ferent r e s t r i c t i o n maps were shown for the multiple alpha 
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{Kalfayan and Weinsink, 1981) and the multiple beta (Cowan 

et al., 1981) tubulin genes, suggesting that the appearance 

of isotubulins is regulated, at least in part, at the level 

of gene expression. 

The increased microtubule network seen during lymphocyte 

stimulation appears to be due to a coordinated increase of 

the MTOC initiation capacity (Schweitzer and Brown, 1981), 

the tubulin content, and probably also of *le M?P content. 

The increased efficiency of microtubule assembly during ac­

tivation, seen as a drop in the soluble tubulin concentra­

tion, may also involve the synthesis cx isotubulins with 

different assembly properties, and/or t^e synthesis of new 

species of MAPs. Analysis of the assembly properties of tu­

bulin and MAPs from resting and stimulated lymphocytes 

should reveal the contribution of each to t>e increased ef­

ficiency of microtubule assembly during activation. 

The time course cf tubulin and M^P synthesis should also 

be carefully examined, using selected lymphocyte popula­

tions. These studies must be accompanied by an ultrastruc-

tural and biochemical examination c^ tie MTOCs of resting 

and stimulated cells tc determine hew closely changes in tu­

bulin and MAPs are coordinated with changes which result in 

the increased initiation capacity of the MTOC. 

Previous studies (Ben-Ze'ev ex al., 197Q; Cleveland et 

al. 1981) of the changes in tubulin synthesis in response 
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to a change in the polymerization state of the microtubule 

system have relied on the use of drugs which disrupt the mi­

crotubule network, but may also have a number of secondary 

effects on cellular metabolism. I have established that 

during lymphocyte activation, there is bo+h a change in the 

polymerization state of the microtubule system, and a large 

increase in the tubulin content due +o de novo tubulin 

synthesis. These co-ordinated increases in microtubule and 

tubulin contents are not seen in the other well studied fig-

sue culture systems discussed in t^is thesis. This suggests 

that the activating lymphocyte may be an excellent model 

system to study the regulation of tubulin synthesis ir re­

sponse to a change in the polymerization state of the micro­

tubule system, without the use of drugs. If tubulin synthe­

sis in lymphocytes is responsive to the soluble tubulin pool 

size as has been suggested in 3T6 cells (Ben-Ze'ev et al. , 

1979; Cleveland et al. , 1981) , -hen one could propose that 

the increase in tubulin synthesis during activation might be 

preceded by an increase in the MTOC activity. The resultant 

increase in polymer would deplete *he pool cf soluble tubu­

lin and could induce the increase in tubulin synthesis. 

The inhibitory effect of antimicrotubule drugs on several 

aspects of lymphocyte activation have indicated the poten­

tial importance of the microtubule network in lymphocyte ac­

tivation. The work described in this thesis has clearly es­

tablished that there is a progressive increase in the 
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Microtubule network and tubulir ccntent of lymphocytes lur­

ing the activation process. N With tv.is basis, studies can be 

designed to determine which of the events of lymphocyte ac­

tivation coincide with, and which are dependent upon, the 

increase in microtubule assembly. 
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