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ABSTRACT ‘ .

The cytoskeleton has been 1mp11cated in the process of
lymphocyte surface receptor capplng induced by blvalent
ligands. Experlments were performed to determine the role
of one of the cytoskeietal elements, microtubules, in the
patching and capplng of surfacé tgG _ ’

Using an 1mproved method for the 1mmunofluorescent
detection of microtubules, I have examined thelr distribution

in resting and concanavalin A (Con A) activated lymphocytes.

'The method involves extraction of the soluble cytoplasm of

the cell with Triton X-100 in a microtubule stabilizing

buffer. In some experiments a brief prefixation with para-

formaldehyde is used to prevent the detergent extraciion of
labelled cell surface receptors in'resting cells, and to
stabilize the detergent sensitive migiotubules of activated
cells-

Restlng cells appear to have between 5 and 15 stained
fibers converging on the centrlolar region. Electron
microscopic examination of A actlvatea.lymphocytes
shows a large increase -in the numbér of cytoskeletal micro-
tubules during blast transformation. With the increase in
number of microtubules, there is a concomitant increase
in the number of .satellite bodies in the éentrosomal -
microtubule organizing centre.

I examlned the time course of disassembly of microtubules-

in resting lymphocytes exposed to low temperature or to %he
- 1Y " } -
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anti-mitotic drug colchicine. The microtubule network is
disassembled'by a 45 min exposure to 4°C, and upon re-
warming to 3?°C reassembles in 3 to 5 min. The protocol

of colchicine treatment reported'by other laboratories to

’

completely disassemble microtubule networks in all cells

b M, 30 min) was found to be less than 350% ef;gctive;

maximal disassembly requires a #-8 h exposure to 10-5 M-
A . \
colchicine. Higher concentrations of the drug do not -

-increase the rate of disassembly.

Using double labelling immunofludfescence, the micro-
tubule network of patched and dapped cells was examined.
In—Iymphoéytes patching and capping surface IgG, the micr6~
tubule network remains 1lntact and'appargntly unaltered. Cap
formation occurs exclusively over the centriolar region con-
taining.the centriole pair, Golgl and associated organelles.
In cells treated with colchicine, the site of cap formation
appears to be random with respect to the location of the
centriole-pair and other cytoplasmic organelles.

These results implicaﬁe the microtubule network in
controlling the directional flow of'redeptor-ligand complexes
as they are draﬁh towards one pole of the cell by the micro- .
filament syétem; Two models for the role of microtubules in
cap formation.are discussed. The first involves the anchoring
of integral proteins by microtubﬁles to pré&uce-parallel

tracks of frozen membrahe'ﬁhich orient the lzteral flow of

- : . <
receptor-ligand complexes. The second -requires a direct

. association of the contracting microfilament system with the

~
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microtubule heﬁwork. Whatever-the mechanism, it is clear

- that the microtubule network exerts spatial control overi

the site of cap formation. . .

€

(1Y
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. Résumé L
11 semblait que le eytosquelette ém_i"t u.n role & jouez:' da.ﬁs la
formation de capuchons.par les récepteurs superficiels des lyanI’D—
cytes, réaction provoquée par des ligands bivalents. On a effectue
uner série d'e:\'perlences pour déterminer le rSle qu‘é 3oue 1'un des
€léments du cytosquelette, les microtubules, dans la formation de

Plaques par des 1gG super-ficiels. : -

Au moyen d'une technique perfectionnde d'immunoflucrescence,
j:'al étudié la-distribution de microtubules dans des lymphocytes ‘
au repos et dans des lymphocytes traitds 3 la concamaviin A (Con A) -
Cette méthode comprend l'extractioﬁ au Friton X-100 du c_vtopiasme

soluble de la cellule dans une solution tampon. Dans certains cas,

N a eu recours 3 une bréve fiwation préalable au paraformaldehvde,

- afind d'éviter 1'extracticn accidentelle de récepteurs colorés 3 la

surface des cellules au repes, et powr stabiliser les mic:rotubules,.

sensibles au détergent, dans les cellules stimulées.

Les cellules au repos portent de 5 & 15 flbr'es colores qui
convergent sur la région centrolaire de la cellule. Un examen au
microscope electmn.mue des lymphocytes traitées au Con A Dermet
de déceler une augmentatlon considérable du nombre de m:.c:':otubules
au cours de la blastoge.nese. Cette augmentation correspond & une
augmentation des autres corps dans le certre 4* organisation des

mz::rwotubules centrosomaus. ‘ B

On a aussi étudié le délai-de désassenblage des microtubules
de lymphocytes au repos qui ont &t exposées & de faibles températures
ou & la drogue anti-mitotique colchicine. Le téseau de microtubules
se désassemble apres awoir &té exposé pendant 45 min. 3 4°C de



ténpérature, apres que 1'en a ramené la texrtpéi'a_.ture 'é} 37?(_:, il se
» reconstruit an bout ‘de 33 5 min. Le protocole de traitement 2 la
colchicine qui, selon les résultats publiés par d'autres 1abora_toires,
désassemblerait compl2tement les réseawx de microtubules dans toutes’
les cellules (107" M), 30 min), s'est révélé-effic;ce a moins de 50%;
un désassemblage maximal exige entre 4 et 8 h d‘exﬁosil‘tion a 10‘5g
de colchicine.  Une concentration plus élevéeﬂ_de co.lchJ-'._rw;e n'a pas

accdléré le désassemblage.

-

Au moyen d'immunofluorescence double, on a pu Studier le réseau

microtubulaire des cellules sur lesquelles apparaissaient plaques

et capuchons. Dans les lymphocytes ol les 1gG superficiels formaient

des plaques et des capuchons, le réseau de microtubules demeurait

intact. La formation de capuchens ne se produisait qu'au—dessﬁs de la
région eemtrioclaire ol se trouvent le pair cerrtriol; le golgi, et -
leurs crganelles associées. \A;.ﬁr'“es le tra-iteme.nt' 2 la colchicine,
cependant, cette formation se produisait fortuitement par rapport &

1'emplacement de le pair centricl et 3 d'autres organelles cytoplasmiques.

les résultats indicueraient donc que le ré€seau microtubulaire

orienterait le mouvement des complexes r:écéptem- igands alors qu'ils

" sont tendus vers 1'un des pdles de la c\diule pér le systime de

microfilaments. On discute dewx modéles pour le rSle que jouent les
microtubtjles dans la formation de capm}fns. Le premier consiste &

ce qﬁe les microtubules fixent des protéines intégrales pour Urodmre
des paralléles de membrane figfe qui orienteraient le muvement latérel
de complexes récepteurs-ligends. Le second exige une association directe
entre le systéme'de micro—filamerrts en centraction et le rés.eau
microtubulaire, Sans pouvoir cerner le processus qui est en cours

lors de la réaction, on peut affirmer que le réseau microtubulaire

. B }
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exerce une influence spatials sw'l'mdr;)it ol 3-lieu la formation des

. capuchons. . . ° ‘ ' _ '
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" INTRODUCTION

The lymphocyte is found in virtually all higher

animals which have developed an -immune system. This cell

exists in a resfing state with little metabolic activity,

and under certain conditions it can be induced by specific

 agents to undergo a variety of morphological and.meta-

bolic changes (termgd blastogenesis) until it:is a fully
detivated immune cell. o

The structure and function of the cytoskefetoﬁ has
been under investigétion for a number of years. The
componenfs of the cytoskeleton are directly or indiréctly
invol@gd in a wide variety of cell processes, acting as
structural eiements and/or agents of moyement.. Much of
the evidence published to date has shown that the cyto-
skeletil network of l&mphocy;es may be directly or in-
directly involved in the pafching and capping of receptor;
ligand complexes, some of which stimulate the lymphocyte
té undergo blastogenesis. | .

In this thesis I report on an improved immunofluor-
escent technique for fhe accurate detection of micro-
tubule_networks'in.resting lymphocytes. With this tech-
nique I have examined the relationship of the microtubule
network to the capping of receptar—ligand‘comﬁlexes and
Er;tically compére my results with tﬁose of -others who

have utilized less accurate methods.

Foy



LYMPHOCYTES IN CULTURE . _.
. The immune system,. designed to recognize and destroy

foreign or unwanted antigens, consists of two main families

of lymphoid cells; namely T-cells or thymus dependent

lymphocytes, and quells‘or bone marrow dependent (bursa
equivalent) lymphocytes. The former are responsmble for
cell medlated immunity, whlle the latter are con31dered to
be responsible for humoral immunity (Le Douarin, 19?7)

' When lymphocytes are isolated and cultured in vitro,
they can be stlmulated by a variety of agents to undergo
blast transformatlon (blastoveneSLS. actlvatlon, stim-
ulation, mitogenesis). These agents include the plant
rectins (concanavalin 4, phyfdhemagglu$inin; wheat germ
agglutinin, pokeweed mitogen), iipopolfsaccharride, specific
éntigens,_an& chemical reagents subh as périodate. All

of these agénts are polyclonal mitogens (except specific

' antigens); polyclonal because cells within thé population

" having different antigenic specificities respond in common

Tto the agent, and mitogens because they induce cells in
a G of resting state to- enter Gy, pass through S and G,,
and eventﬁally undergo mitosis. When lymphocytes are
induced to transform they ﬁndergo a variety of morpho-

logical and biochemical changes, several of which have

-~

been well characterized.
. Resting lymphocytes are normally 5-8 um in diameter,

have a large condensed nucleus, scant ¢ytoplasm with-a

- small number of organelles, and few microtubules._ During

Pt



;'blaétogenésis-théy undergo an $ncrease in total cell size

(9- 18 um in dlameter). the chromatln decondenses, the ratio

-

of cytoplasmlc to nuclear area increases, ‘and the number.

and/or act1v1ty of most cellular organelles increases

(Biberfeld, 1971; Shands, Leavy, Smith, 1973). Finally

the blast cell enters mitosis and divides. Biochemically

a large number of parameters have been monitored during

lymphécyte~tfansformation. There is an early increase in

‘the level of sugaf, amino acid and nucleoside transport

into the cell, changes in the permeabilityiof the plasma

membrane to cations, increased RNA and protein synthesis,

‘replication of DNA, and finally mitosis (Mendelsohn,

Skinner ard Kornfield, 1971; Parker, 1974; Wedner and

Parker,. 1976; Whifney and Sutherland, 1972). The incor-

Doratlon of 3H-thym1a1ne into the DNA of cells 1n S-phase

has been used as a general measure of blast Transformation.

-

THE COMPONENTS OF TEE CYTOSKELETON

»
The cytoskeleton of lymphocytes consists primarily of

the microtubule and microfilament networks, the first
functioning as a structural element while the second is

involved in contractile processes (reviewed by Loor, 1977).

>

1: Microtubules:
Microtubules are structural organelles found in all

eukaryotic cells during some stage of their life cycle.

They form a part of a large number of structures ineluding

\

-

‘s
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mifotic spindles, eukaryotic flagella, cilia, basal.bodies,
centrioles, ahd_cytoplasmic cytéskeletgl elements (Porter,
1966 ;sﬁyder and McIntosh, '1975).

) ;;\croqs-sectiéh;mibrotubules éﬁpear to be hollow
cylinders 240 R in diémeter. made up of 13 individual
protofilaméhts (Tilney et g;..yl9?3). fhey are composed

of twe major polypeptides, termed alpha tubulin ang beta

. tubulin.. There exists a close similarity among the alpha

tubulins (énd also among the beta tubulins) isolated from

various species, with Tespect to their molecular weight,

.0f 6S. The heterodimer is the:subunit which assembles

into'microtubules (for a recent review of the biochebistry

- of microtubules see Kirschner, 1978).

Microtubules have been implicated in 4 variety of

cell functions. They are é}rangéd in highly structured,

: patterhs in cilia, flagella ang axost&les which functioq

in cell moetility in a variety of organisms (Satir, 1963;

Brokaw, 197.2: Bloodgood, 1975).
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the Golgi in ovarian granulasa cells (Albertini and

\\deerson, 1977) . They are also involved in the deter-

mination and ma;ntenanceTOf cell shape (Gibbins, -Tilney,
and Porter.'1966: Brown and Bouck, 1973). ..

In vivo, microtubules are in constant dynamic
equilibrium with their subunits (Inoue and Sato, 1967).
It is for this reason that many of. the studiés undertaken
to determine the réle of microtubules in specific ceil.

processes have involved the use of treatments which

reversibly disassemble the microtubule system and disrupt

‘these processes. These treatments include the use of the

alkaloids coichicine and vinblastine (Borisy and Taylor,.
1967; Bensch and Malawista, 1968), low temperature
(Inoue and Sato, 1967), and high'hydrostatic pressure
(Zimmerman and Marshland, 1964; Inoue and Sato, 1967).
In these experiments, reassembly of the microtubules

is correlated with return of function.

Microfilaments::

In all non—muscie cells actin can be found in the
form of microfilaments, 40 to 60 £ in diameter. Both
biochemical and electron microscopic observations have
demonstrated that actin is a najor constituent‘of muscle
cells (for a review see Pollard and Weihing, 1974), and

that actin-like proteins from non-muscle cells are very

similar to skeletal muscle actin (Bray, 1972).

_Actin is a double helical filament (Hataro, Totsuké

v,

-

—



known as stress fibers have ‘been seen in living non- -

hl
u

and Oosawa, 1967) assembled from a 42,000 molecular
weight monomer. In non-muscle cells actin is found to
exist in two forms, namely F-actin or filamentous actin
and as G-actin or monomeric actin (Bray, 1976).

Actin filaments have been identified within cells -
using a variety of light agd electron microscopic tech—_
niques. Heavy meromyosin (HMM) binding can be used %o
label actin filaments at the electron microscope lewel

giving the characteristic arrowhead pattern in muscle

" 'cells (Huxley, 1963) and non-muscle cells (Ishikawa,

"Bischoff, and Holtzer, 1969). Bundles of actin filaments

~

muscle'cells using Nomarski~optics (Goldman et al.,
1975), and in fixed non-muscle cel;gféxamined_in the
transmission electron microscope chldman.-i975). The
presence of actin in these bundles has been confirmed
usiﬁgmfluorescently labelled HMM (Aranson, 1965) and
indirect immunofluorescence (Lazariées- and Weber, 1974).

Other proteins, common to tﬁe contractile apparatus
of muscle cells, have been identified and localized in
non-nmuscle cells in association with microfilaments.
These include the structural prdteins myosin (Weber and
Groeschel-Stuars:, 19?4),-tropomyosin (Lazarides, 1975)
and alpha-actinin (Lazarides, 1976).

Microfilaments are found in a variety of contractile
organelles in non-muscle cells. These.include structures

involved in cytokinesis, patching and capping, endocytosis
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and exocftosis. cell adhesioﬁ to g'éubs%ratum, cell
locomotion, membran; ruffling ané-maintainance of cell
shape (Buckley and Porter, 1967: Schroeder, 1970; P
Taylor gt al., 1971; Orr, Hall, ahd Alisen 1972;
Goldman and Knipe, 1973; Wessels et__l 13?3, and
Sanger, 1975). o - |

A variety of treatments which disrupt mlcrofllament

functlon have been used to determlne the rdle of m1cro~

filaments in different cell processes. Examples of such -

treatments include the use of azide o brevent ATP pro-
‘!-
duction necessary for contractlon. dlsruntlon of the

microfilaments by cytochalasins, and 1nauctlon of con-

~

traction by Ca’’ (Wessels et al., 1971; Schreiner and

Unanue, 1976z).

IHE ROLE OF THE CYTOSKELETON IN PATCEING, CAPPING AND
LYMPHOCYTE ACTIVATION

It has been demonstrated by a large number of
researchers thazt components of the cytoskeleton are
involved in the patching and capping of surface receptors
by specific ligands, and in the stimulation of lymphocytes

by specific mitogens.

1: Patching and cannlng of cell surface recentors
Upon exposure of lymphacytes to a variety of multi-~

valent cell surface ligands at 37°C, the specific receptor

crosslinked by the ligand will redistribute to form



patches on the cell_and. in an energy dependent process.
will mlgrate to oneigole of the cell to form a cap.
Theee ligands include anti-Ig antlbody. lectlns. antl—
4,1\‘ ) H- 5 ;htibody, anti-Thy-1 antibody,. antl-lymphocytlc
. antlbody (ALS), Fc receptors, v1ruses and viral antlgens
Only antl -Ig, lectins and v1ral antigens will form caps
5pontaneously at. 37 . Anti-H-2, anti-Thy-1, ALS and
" Fc receptor; require the presence of another antibody,
or crosslinking agent. An example would.be the incubation

of a T-lymphocyte with goat anti-Thy-1 followed by

rabbit anti-goat to induce cap formation (Schreiner and

T L

Unanue, i9?6b). \
The best characterized ligands are-concanavalin A

and anti-Ig,antibody. Both cap spontaneously at 37°¢,

but with strikihg differences that may indicate a variation

in mechanism (Table 1). As with all ligénd$. they must

be ﬁhltivalent‘to be capped. They reqﬁire’that the cell

be metabolically aétive, thus their cappingvcan be in-
~a hibited by exposure of the cell to the metabolic inhibitor

sodium azide (Taylor et al., 1971). Conchavalin A at

high concentrations (50 ug/mL) will effectively inhibit

the capping of other surfaée receptors, a&s well as its

own (Yahara and Edelman, 1972). Antfi Ig shows no such

"freezing” of other receptors, and will only inhibit

migration of Ig at very high concentrations (500 ug/mL)

(Taylor et al., 1971). |

Colchicine, a disruptor of microtubules, has little
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TABLE 1

Comparison of Anti-Ig and Con A Induced Capping

Multivalency

Energy metabo-
lism

Dose dependency

Effects on

capping of other

molecules
Cytochalasin 3

Colchicine

Association with
motility

-

8a

-

Anti-Ig . Con A
Required Required
Required Required

Some inhibition
at high doses

No inhibition

Some inhibition
at high doses
(10-30 ug/mL).
No inhibition:
some enhancement

Capping precedes
motility

Inhibition at all

doses -

Dose dependent
inhibition

Marked inhibition

at low doses

(10 ug/mL)

Marked enhancement:
permits capping of

Con A

Capping follows
motility
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or no effect on the percentage of cells capping anti-

Ig (Taylor et al., 1971;. Loor, Forni and Pernis, 1972),
but it wiil enhance anti-Ig capping on cells inhibited by
Concanavalin A (Edelman, Yahara and Wang, 1973). Cyto-

chalasin B, an inhibitor of microfilament function, will

~inhibit anti-Ig capping (Taylor et al., 1971), But is

more effectiﬁe in inhibiting Concanavalin A capping
(Edelman, Yahara and Wang, 1973). Morphological studies
utilizing immunofluorescence and'electron'ﬁicroscopy have
been carried out to show the relationship between the
patching and capping of surface receptors aﬁd the cytoj
skeletal elements of the cell. It has been shown using
double label immundfluorescence that "sub-caps” of the
contractile proteins actin, myosin and alpha-actinin are
found below the capped ligané (Gabbiani et al., 1977:
Schreiner et al., 1977; Bourguignon, Teokuyasu and Singer,
i978; Geiger and Singer, i9?9). | '

It has alsd been demonstrated that patg?ing of *
surface receptors is sufficient to redistribute actin,
myosin and alpha-actinin into "sub-patches" (Geiger and
‘Singer, 1979). It has beeﬁ.repoftéd that tubulin in
capped cells also forms "sub;caps" (Gabbiani et al.,
1977; Yahara and Kakimoto-Sameshima, 1978), however
there is evidence to the contrary (Bourguignon, Tokuyasu
and Singer, 1978). '

Several mechanisms for capping have been proposed,

each taking into account some or all of the observations



stated above.

In 1972, de Petris and Raff proposed a counter-
current mechanism in which patches of receptors are formed
by the crosslinking ligand, and are then collected into a
trailing cap when thé rest of the membrane is displaced |
forward by the activity of the cytoskeleton which 1s
moving the cell forward. It is this mo%ement of the cell
that makes the capping process energy dependent.

Bretscher in 1976 suggested that capping involved a
rapid continuous coriented floﬁ_gf lipid molecules which
sweep slowly diffusing patches of ligand crosslinked
proteins to the site of lipid resorption forming a cap,-
while not affeéting uncrosslinked proteins capable of
rapid laterzl diffusiqn out of the 1lipid flow.

Schreiner and Unanue (1976c) have proposed iwo mech-
anisms for capping. One-forﬁ is a movement dependent
capping, similar to the mechanism of de Petris and Raff,
in thch large crosslinked cdmplexes formed on the surface.
of the cell would accumulate to the trailing part of the
cell. This mechanism does nof requirg interaction between
the surface receptors—and the cytoskeletzl system, and
would be utilized in cappihg of plant lectins such as
Con A and ligands requiring a secondary crosslinking
agent. The other mechanism depends on selectively induced
interactions between the cell surface receptor-ligand
complex znd the cytoskeleton. This mechanism would be

utilized in the capping of anti-Ig and does not require
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. ’//J that the cell be in motlon. however in lymphocytes this
capplng will 1nduce translatory movement.

The latest theory proposed by Bourguignon -and Singer

suggests that all capping phenomgna are mediated
by a similar active mechanism. They ‘propose that membrane
;ated actin is directly‘or indirectly bound- to an
integrai membrane preotein X which is ubiquitous in the
membranes of-eukaryotic'célls. When any receptor in the .
membrane is aggregated by its specific external multl-_
valent ligand, the agb gregate blnds effectlvely to X,
whereas unaggregateq receptors do not bind to X. As 2
- result of the linkage to.X, aggregétes-oﬁ that single
receptor thu%'become bound to actin (and mypsin) on the‘
cytoplasmic surface of the membrane. The boun& actin
" and myosin then serfé +to collect‘the receptor aggregates
into a cap presumablylby.a sliding fi;ament mechaniém.
Once thelligand—receptof complex has been capped, it
may: 1) be endocytosed into the cell interior and fused
with l&sosomes; 2) be shed from the cell §urface into
the surrounding environment; 3) remain on_the cell surfacg
for various neviods.of time{ k) dissociate, leaving the
receptor free on the cell surface (Schrelnér\gnq Unanue,
19760). A
Little information has been obtzined concer%ing the
role of ﬁicrotubules in patch énd cap formation ih.
lymphocytes.‘ This lack of information is duelprimarily

-

to the difficulty in visualizing microtubules in resting
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phocytes. The few mlcrotubules 'in these cells are
dj fflcult to quantltate by thln section electron mlcroscopy
(see for example ?ahara and Edelman, 1975).
It is known that colckicine does not inhibit the
] capping process, and md§ 1ndeed enhance it (Edelman,
Yahara and Wang.-1973).. For example, colchlclne will
release the inhibitiorl%i'anti—Ig Capﬁggéﬂsaused by high
+ concentrations of Con'A, presumably by-depolymerizing
microtubules. The effect of colchicine ed Edelman,
Yahara and Wang (1973) to believe that thig freezing of
receptors 5y:Con A 1s due to é direct association of the
Con A receptors with the microtubules and that the micro-
tubule network modulates the mobility and distribution of
. : cell surface recentors
Recently, Yahara anc Kahlmoto Sameshima (1976)
utilized an 1mmunofluorescent technlque to examine the
microtubule system in resting lymphocytes pfior to and
after capping of cell surface receptors. Prior to
exposure of the cells to a ligand, they founé that a
microtubule network could be visualized in over 90% of
%he,cells stained. Each cell contained between 5 and 20
"tubular structures” which seemed to originate from an
organizing centre. After capping the surface Ig in
lymphocytes with rhodamine- -goat-anti-mouse IgG (R- CaMIgC)
they found-that normal microtubule organlzatlon was absent
from capped qells. The reg}on beneath the cap stained

" very brightly with anti-tubulin antibody, indicating that
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a "sub-cap” of tubulln had formed (see also Gabbiani et al.
19??) -Patching of Ig, 1nduced by incubating the cells
with R-GaMIgG in the presence of the metabolic inhibitor

. sodium azide, was sufficient to cause a disorganization

of the microtubule network. From these results, Yahara
and Kakimoto-Sameshima (1978) concluded that microtubules
are fedistributed‘during patch and éap fo mation, and that

odulated by

the microtubule organization is actually
patch and cap formation, rather than the microtubdules

modulating the formation of patches and caps as was

. Suggested earlier (Edelman, Yahara and Wang, 1973).

2: ‘Lymphocyté activation:

The mechanism by which.the blndlng of a mitogen to
the lymnhocyte surface is able to- trigger that cell to
undergo blastogene31s is not well understood. - The blnqlng
of the mitogen to the cell surface and some of the bio-
chemical changes which ensue are well characterized, but
the'signal which links these two_events is as yet unknown.

Using drugsfto disrupt microfilaments and micro-
tubules, it has been demonstrated that these itwo cyto-
skeletal elements may be directly involved in the stim--

ulation of lymphocytes by lectins and other mitogens, and

§5hat they may ‘be the signal transducer triggering blasto-

genesis. Cells exposed %o various mitogens, such as

'specific antigens or the lectins PHA and Con 4, can be

inhibitedlfrom undergoing blastogenesis by exposing them

I
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to the drug cytochalasin B. This drug does not interfere
with the binding of the activating ligand to the cell
surface, but aépears to még;ate its effects by binding

to the microfilament syétem'or.some relgted cytochalasin
sensitive struciure, thus disfprbing normal microfilament‘
function. These ébservations suggeét that microfilaments

play an important role in the stimulation of lymphocytes

(Roberts and La Via, 1976; Greene, Parker and Parker, 1976).

Disrupticdn of microtubules with the anti-micro-
tubule agents colchicine and vinblastine has been shown
to interfere with the activation of lymphoéytes by plant

mitogens. Edelman and his coworkers have determined the

' time course of inhibition of blastogenesis produced when

these agents are added at varying times of culture (Wang,
Gunther, and Edelman, 1975; Gunther, Wang and Edelman,
1976). From their results they have developed a mddel iq
which microtubulesrare necessaf& for the iﬁi%iétion of
DNA synthesis brought on by the binding of the nitogen

to cell surface receptors.

Despite the large number of reports describing loss
of function\FEe: response to mitogen) with disruption of
microtubules in lymphocytes by anti-qﬁtotic drugs, few of
?hese reports have been accompanied by a direct étudy of

_the effect of these dfugs on the microtubules themselves.
Probably the most complete electron microscopic study of
the structural changes occurring during the mitogenic

stimulation of human lymphocytes was that-of Biberfeld

w

1

-
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(1971), who showed tﬂéf thefé was a large increase in the
. number of microtubuies‘iﬁ the centriolar reéion during
blas*tﬁgeﬁeéi_s’. ) 'Th; mic:otubule net\vo:k in blagt cells has
been ﬁpown'by eleét;on microscopy to be completely dis~‘
assemgled by a 4 h exposure to_10-5ﬂ colchicine (Thyberg,
MaskalewskiAand'FriBerg, 1977}. Lower cqﬁdenfraﬁipns of

' the d;ué. commonly used to‘inhibit lymphocyté acti*ation.
\Gefé not tested. Yaharéfahd Edelman (19?5) had reported
that mést microtubules disappear from ceils.examinedey
élecfrqﬁ-microscopy after treatment with 10'4M qglchicine
for 30 min;l however they encoun%ered great difficulties
- in observing m;erotubules in the majority of resting
lymphdcytes; e%ghﬁin those that had not been treated by

-

the drug. In their recent report Yahara and Kakimoto-

Sameshima (1978) showed that. the migfifEZZi: networks in
res%ing iymphocytes were comﬁletely disz bled by a
4& c01¢hi§ine at 37°C. They found

30 min exposure to 10~
however thgt 10'5E coichic;ng was not as effective during
. the samé time pépio&, and that microtubuleﬁ were not
'siénificaﬂtly affecfed by lower cgnéentratiOng (10‘6g)-
It shouldlbe noted that 10-6 .

normilly utilized to inhibit lymphocyte activation.

- ’ o M -~
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M colchicine is the concentration
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STATEMENT OF THE PROBLEM e

It is clear from a survey_;; The 11terature that
there is confu51on concerning the relationship of the
microtubule network to the redigtribution of lymphocyte
surface receptors crossiinked by multivalent ligands.

Colchicine treatment ‘has been used in capping studies to

determ*ne the role of mlcrotubules 1n this process. but

- these studies have not been accompanled by a direct examin-

aﬁicn of the effect of this drug on the microtubules in
these cells. Further confusion has been created bXthe
use of ligands with multiple receptor classes. One such
ligand is Con A, thch requires that the microtubule net-
work be disassembled before it will 1ncuce capplng ~

I have carefully examined the sensitivity of lymphocyte

microtubules to low temperature and to colchicine. I have

T used the—ligand anti-IgGt in my studies because it is

specific for one class of receptor, and can induce the
redistribution of its receptors on cells with an intact
microtubule network.- Using double labelling immunofluor-
escence, I have shown that lymphocytes patching-and capping
surface 1gG have intact microtubule networks. The results
clearly show that the microtubule networg exerts spatial

control over the site of cap formation in lymphocytes.

-
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_ MATERIAL

Rho&amine goat anti-mouse IgG
Rhodamine goat anti-human IgG
Poly-L-lysine

Fluorescein foat antiiyabbit IsG
Fluorescein rébbit anti-goat IgG
Pipes

EGTA

Polyethylene élycol 6000

Triton X-100

Glutaraldehyde (EM Grade)

Sodium borohydride

Imidazol

Paraformaldehyde ' . .
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SUPPLIER
Cappel -
Cappel
Sigma
Hyland
Cappel
Sigma
Eastman
Baker
?isher
Polyscience
Baker
Sigma

Polyscience
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MATERIALS AND METHODS

CELL CULTURES.

Mouse splenic lymphocyteé were aseptically isolated
from 10-1% weeks old Balb/c mice obtained from Bio-
Breeding.Laboratories. Human peripheral lymphocytes were
obtained from healthy voluntée;s 5y venous puncture using

b S

‘a heparinized needle.

i: Purification of murine spleniqslymphocytes='

Mice were sacrificed by cervical dislocation, the;r
spleens aseptically removed and washed in isotonlc saline
(0.9%) to remove fatty tissue. The spleens were teased
with forcepé into RPMI 1640 made 10% with fetal czalf serum
(FCS) . RPMI.1640 in all ekpériments was buffered to
pH 7.2 with elther 0.2% NaHCOj for use in a CO, purged
incubator or 20 mM Hepes (N—2-hydroxyefhylpiperazine—
N*-2-ethanesulfonic acid).for use in sealed culture flasks.
Clumps of cells were broken by ﬁassing the suspension
through a 20 gauge needle several times. The suspension
was layered on a 100% FCS$ cushion cooled to 4°C, and the
large debris allowed to settle through. The suspension
was then removed and ceﬁtrifuged in an IEC Clinical
Centrifuge at a setting of 6 (1000g) for 3 min. The pellet
was resuspended in cold 0.83% NH, C1 (aqueous) for 7 min.
to-lyse red blood cells and the suspension layered on a

100% PCS cushion by adding the FCS to the bottom of the

\
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suspeésion using a pasteur pipette. The lymphocytes were
spun through this cushion at ?Odg (setting 5) for 4 min.,
washed once in RPMI 1640, and resuspendéd at a concentration
of 2 x 106/mL in RPMI 1640 made 10% with FCS.

‘Cells were stimulated with concanavalin A (COn A)

at a concentration of 2 ug/mbL. . oo -

2: Purification of human péripheral_lymphoc&te;:

Human venous blood was mixed 2:1 with RPMI 1340 and
layered on a 15 mL cushion of cold Ficoll-Hypaque in a
50 mL conical cenfrifuge tute and spun at 1500 RPM‘in a
Beckman model J6 centrifuge at 20°C. The red blood cells
pellet thrbugh the Ficoll-Hypaque leaving the lymphocytes
at the serum/ Ficoll-Hypaque interface. The iymphocytes
were removeé, washed twice with RPMI 1640, and éultured
2t a concentration of 1 to 1.5x 106 cells/mL in RPMI
1640 made 10% with rCS or autologous serum.

For both mouse and human lymphocytes, number and
viability weré determined by trypan blue exclusidn using
a hemocytometer. To prevent bacterial contamination
100 units penicillin G and 100 ug streptomycin sulfate,
per mlL culture were adéed.

Cultures were treated with freshly prepared solutions

of colchicine at the indicated concentrations in RPMI

1640 supplemented with 10% FCS.
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ASSAY OF STIMULATION

Stimulation of lymphocytes by bon A‘Was measured by
the'standard technique of incubating cells with the DNA
precursor 3H;thyfnidine, which is incorporated into - the
DNA of cells Stiﬁulated to enter S-phase By Con A (Wang,
Gunther and Edelman, 1975). )

Cells were incubated in 250 uL Limbro wells: 200 uL
of cells at 2 x 106/mL were added to each well followed
by 50 ulL of 3h—thym1d1ne to give a final concentration of

2 uCi/mlL (specific acthlty 42 Cl/mM) Cells were exposed

-. —_

to )n-thymlqlne for 4 h and harvested onto glass fiber

filters ﬂ31ng a Flow Titeriek Cell Harvester. The filters

were air dried, rlaced in 3 mL of Scintilene and counted

in 2z Beckman LS-233 liguilcd scintillation counter.

IMMUNOFLUORESCENT LABELLING

1: Cell surface labelling
Rhodamine isothiocyanate (RITC) coupled to goat anti-

mouse IgCG (immunoglobulin-G) (R-GaMIgG) or goat anti-

human IgG (R-GaHIgG) was exhaustively dialyzed against

phosphate buffered saline pH 7.0 (PBS: 7.65 gn NaCl,
0.725 gm NaHPoq, 0.212 gm KH PO, per litre) to remove
azide. Cells suspended in RPMI 1640 supplemented with
FCS were exposed to the indicated concentration of either
label and plated onto poly-L-lysine coated coverslips.

These coverélips were prepared by flooding them with
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0.1% poly-L-lysine (aqueous)} for éO sec, wéshing with dig—
tilled watér. and blotting dry. Cells adhere firmly To the
coverslips, greatlf facilitating the processing of the
cellsw;s the coverslips are passed from solution to°
.solution. |

?ollowing incubation with RITC-coupled label. cells
' were'washedlin PBS'foE_ls sec and fixed for 60 sec in 3%
Pﬁs.buffered'ﬁaraformaldehyde pH 7.0. This fixative was
prepaféd by dissolving 3 gm of parafofmaldehyde in S0 mL of
boiling water made basic with 100 uL.of 1IN NaOH. 10 mL of
10x stock PBS was then added, the pH adjusted to 7.0, and
the volume brought to iOO ml. After fixation the cells were
washed in PBS and mounted on a slide in 50% (V/V) glycercl
in PBS at pH 7.8 for examination, or %hey were further pro-
ceséed for immunofluorescent étaining of the microtubule

networks.

2: Immunofluorescent staining of microtubules:

a) Antibodies: The immuncfliuorescernt staining was
carried out using antisera produced in elther rabbit or goat
directed against purifiedé pig brain tubulin. The antisera
were a2 generous gift from Dr. V. I. Kalnins and DR. J. A.
Connolly (Department of Anztomy, University of Toronto).

The secondary labels used were FITC-conjugzted goat anti-
rabbit IgG (F-GARs) or FITC-conjugated rabbit anti-goat
IgG (F-RAGs). These were prepared by incubating with 80.
ng/mL of rat liver acetone powder and 40 mg/ml mouse spleen

acetone powder for 1 h at 37°¢C or overnight at 4°C which

rl el



. |

- | I 21
femoves hon—speéific. and perhaps specific, Binding of the
secondary antibody directly to cellular cbmponents. The
acetone péwders were prepared by homogenizing the liver or
spleen in 100% aéetone, and washing the precipitate with
excess acetone. The powder was air dried and stored at
-20°¢c. When required, the acetone powder was washed with
PBS until the high speed. supernatant of PBS was clear.

b} Fixation and staining of cells: Cells for immuno-
fluorescent staining were plated onto poly-L-lysine coated
covérslips and'hrocessed in one .of two ways.

The first procedure was a modification of the method
of Osborn, Webster and Weber (1978) in which cells were
washed twice for 30 sec at room temperature (RT) in the
stabilization buffer S$5-1 (O.lﬂ piperaziné-N,N'—bis(2~
ethane sulfenic acid), 1mM ethylene glycol-bis-(beta-amino-
ethyl ether)-N,N'-tetraacetic acid(ECTA), 4 polyethylene
glycol 6000, pH 6.7) and extracted for 4 min at RT in SB-1
containing 1% Triton X~100. The cells, now cytoskeletons,
were washed twice for 30 sec in SB-1, fixed for 10 min 2t
RT in SB-1 contzining 1% giutaraldehyde and -washed twice
for & min in 1-2 mg/ml sodium borohydride in PBS *o reduce
free aldehyde groups.- The cells/were washed twice in PBS.
for 2 min each, and stained with antibodies to +ubulin.

The second procedure involved a'prefixation step
in which the cells were lightly fixed with a 60 sec expo-

sure to 3% paraformaldehyde in PBS, pH 7.0. This pre-

fixation step was used in all experiments where a cell
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surface component was labelled with an RITC-conjugate,

and the microtubu1e systém was subsequently stained with an
FITC-conjugate. The pyéfixed cells were extracted with

1% Triton X-100 in the stabilization buffer%SB—z (50 mM
Imidazol, 50 mM KC1, 0.5 mM MgCl,, 1 mM EGTA, 0.1 mM
disodium ethylenediaminetetraacetate (EDTA), 1 nM.2-
mercaptoethanol, hrm glycerol, pH 6.7) for 30 to 60 min.
The cells (cytoskeletons) were washed twice fof 30 sec in
$B-2, fixed in 1% glutaraldehyde in SB-2 for 10 min, and
reduced’ in NaBH, as described above.

Following either fixation procedure the cytoskeletons
were incubated with antiserum to tubulin (diluted 1:30 with
P3S) for 45 min at RT in a2 humid chamber, thrice washed in
PES for 4 min each and incudbated for 45 min with the
appropriate flucrescein conjugated secondary antiﬁody
{é&iluticn with PBS dependent on supplier and lo® number).
The cytoskeletons were“thricé washed in PBS for 4 min each
and mounted on a2 slide in 50% (V/V) glycerol in PBS,
pH 7.8, for examinaztion.

Fluofescently labelled cells were examined with 2
Zelss Universal microscope equipped with‘epifluorescence
cptics, and phofographedaon Kodak Tri-X Pan film developed
in Micrecdel-X, or on Ilford FP4 developed in Microphen.

-

FERRITIN ANTIBODY LABELLING OF MOUSE I=G

Ferritin conjugated goat anti-mouse IgC was uged at

200 ug antibody/mL to label IgG on the surface of mouse
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 sp1enocjfes; Cells at 1 x 10?/mL were exposed to the label

at'37°C for the indicated period of time and processed for
s ! -
electron microscopic examination. -

TRANSMISSION ELECTRON MICROSCOPY

o

Cells were pelleted by gentle centrigﬁgation and fixed
at 20°C for 1.5 h in 4% glutaraldehyde in 0.1 M sodiyp
phosphate bﬁffer. pH 7.0. They were washed three_timeé in
0.05 M spdium.phosphate and postfixed at 4°C in 1% osmium
tetraoxide in 0.05 M sodium phosphate Buffer K 7.0.
Dehydration by a graded acetone series was followed by
infiltration with Spurr's hard resin mixture (Spurr, 1969)
which was polymerized at 60°C for 18 h. Sections cut ﬁith“
a Dupont diamond knife on a Sorval Porter-Blum MT-2B ulira-
microtome were stained for 7 min with Prahyi acetate

(2% in 50% ethanol) and S min with lead citrate (Reymolds,

1963) .

"
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RESULTS .

Ly '- -
LYMPHOCYTE ACTIVATION: GENERAL OBSERVATIONS

1: “H-thymidine incorporation:
Resting lymphocytes, purified from Balb/c mouse
spleen or human peripheral bdblood are in a Go stage of the

cell ¢ycle. . They can be stimulated to enter G and

10
subsequently S, by exposing them to the plani mitogen
Concanavalin A (Con A). The level of activation by Con A
can be measured by adding 3H-thymj.dine 1o the culture
medium for a period of four hours at 37%¢, and harvesting
the cultures on glass fiber filters whiph reta%n the macro-
molecules synthesized by the cell. Using this technique

it is possible fo measure the entry of cells into the
S-phase of the cell cycle, since 3H—thymidine'is incorp-
oratéd inte newly synthesized-DNA. The activation of
lymphocytes by Con A can be inhibited by the concommitant
expoéure of the cells to the alkaloid colchicine, the
effect of which 1s presumably a consegquence of micro-
tubule disassembly (Wang, Gunther and Edelmazn, 1975;

- Gunther, Wang and Edelman, 1976).

To ensure that the tissue culture techniques use&
permitted mouse splenocytes to respond to Qon A in the
usuzl manner, and to determine if the colchicine used in
subsequent experiments was effective in inhibiting blasto-

genesis, 3H—thymidine measurements were carried out 48 h ~*
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after the time of addition of these drugs (Table K
Colchicine is 80% effective in inhibiting lymphocyte

activation by Con 4.

2: Light énd electron microscopic observations of
lymphocyte activation: | ‘

The resting mouse splenocyte is 5-7 um in diameter,
has scant cytoplasm, and a large nucleus (fig. 1A);  Upon
addiﬁion‘of Con A at 2 ug/mL resting T-cells that are
stimulated grow in size (Fig. 1B-D), until they reach the
blast stage (Fig. 1E). During tﬁis*growth period, the.
chromatin of the activated lymphocyte decondenses, nucleoli
appear, the cytoplasm to nucleus ratio increases, and the
cell enters mitosis (Fig. 1F).

Figures 2 and 3 illustrate the major morphological
differences ?etween resting mouse lymphocytes (Fig. 24-D)
'and.lymphocytgs activated by a 48 h exposure to Con 4
(Fig. 3A-D). Due to the iimited number of microtubules
present ig resting mecuse splenbcytes, they are not easily
detected:by electron miqroscopy. When detec?ed, they are
most frequently seen near the centrioles, an observation
consistent with the immunofluorescent staining (Fig. 2D),
showing the microtubules converging on the centriolar
region. Figure 2C is a typical view of the centriolar
region of a.resting cell; one microtubule is seen here
in cross section.

Resting cells activated by Con A show a progressive
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TABLE 2

Effect of Colchicine on “H~Thymidine Incorporation into
Con A Stimulated Lymphocytes. Colchicine and Con A were
added simultaneously.

26

Cell Category 3H-Ihymidine (CPM)

Resting control 2,838 T 830

Con A stimulated 223,379 ¥ 14,367
Con A stimulated + _ ;
107% colchicine 36,423 T ou6
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Fig.

1A-F:

Phase contrast photomicrographs of living mouse

- splenocytes at various stages of blast trans-

formation after stimulation with 2 ug/mL Con A. -
A: Oh B: f2h C: 24 h D: 36h EF: 48h
Note the increase in volume of cytoplasm and
nucleus, the appearance of a nucleolus (D,E) and
the eventual mitosis (F). X 2,500

-
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Figo ZA-D :

i !
Microscopy of untreated resting mouse lymphocytes.
A: Phase cohtrast of four resting cells. The
nucleus occupies most of the cell volume.
X 2,000.

B: - Electron micrograph showing the condensed .
nucleus and the few organelles in the centriolar
region of a resting cell. X 28,000.

C: High magnification view of the céhtriolar
region showing a single microtubule in Cross—
section. . X 53 000.

D: Immunofluorescent staining showing the
overall view of the microtubule network
radiating from the centriolar region. X 2,200.

The distribution of microtubules in large

populations of resting lymphocytes would be.
difficult to determine by electron microscopy (C).
Such is not the case with immunolabelling of
microtubules in these cells (D).
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Fig.

Microscopy of mouse lymphocytes stimulated by
a 48 h exposure %o 2 ug/mL Con Ay

A: Phase contrasi micrograph of stimulated cells
at the same mag. as Fig. 1A. The cell volume
has increased several fold. X 2,200.

T b, =

B: Immunofluorescent staining showing the
overall view of microtubules radiating from
the centriolar region. X 2,200.°

C: Electron micrograph showing the decondensed
nucleus and the increased numbers of organ-
elles in the centriolar region of a stimulated
cell. X 9,800,

D: High magnification view of the centriolar
region showing the large increase in numbers
of microtubules in the stimulated cell.

X 40,000. ' ' '
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incééase in the Fumber of mic;otubules during blast
transformation. Figure-kA-E_shows comparable sections
through the centr%glar region of stimulated cells fixed at
various times of* culture. The increase can be detected
within the first 12 h (Fig. 43), and the numbers of micro-
tﬁbules continués to grow (Fig. 4C,D) until the blast

stage is reached (Figs. 3D, QE). At later times (Fig. 4D,E)
of culture, the numbers of amorphous electron dense »
structures called satellite bodies also increases. The
microtubules appear to originate from these structures

(Fig. 4E}.

IMMUNOFLUQRESCENT DETECTION OF MICROTUBULE NETWORKS IN

RESTING AND STIMULATED LYMPHOCYTES

The difficulty in detecting microtubule networks in
large populations of resting lymphocytes by electron |
microscopy was ci cumvented‘by developing'én immuno-
fluoresc;nt“%echnique to specifically label tubulin
contiining structures in these cells.

Classical immunofluorescent techniques of fixation
and labelling, utilizing the fixatives methanol, acetone
and parazformaldehyde in a variety of combinations, proved
inadequate in maintaining intact ﬁicrotubule networks.

Of the techniques attempted, oniy two were satisfactory.
The first is a modified version of the recently developed
fixation method of Osborn, Webster and Weber (1978). The

cells are plated onto poly-L-lysine coverslips and ex-
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Fig.

La-E:

=7

’ | - \\.r

Electron micrographs of sections taken through
the centriolar region of mouse splenocytes ex-
posed to 2 ug/mL Con 4, and fixed at various
times of culture. ' .
A: Oh B: 12h ©: 24 h D: 36 h E: 45 h
Note the increased number of microtubules (B-E)
and éoncommitant increase in the number of

satellite bodies (D,E). X 4,500.



It

#\l.
[ s
5 A
\,\“\.ﬁv a
ol




o




37

tracted with Triton X-100 in stabilization ﬁuffer—l (SB-1).
The buffer stabilizes the microtubule network during the
detergent'éxtraction of the soluble cytOplaém.w'The
resultant "cytoskeletons“”ére;fixed with glufaraldehyde
and the free aldehyde groups reduced with'sodium boro-
hydride to prevént‘nbn-specific binding of the antibodies.

This procedure'aliowé us to visualize the microtubules
in over 85% of a pOpulétion of resting lymphocytes. The
cells‘éppea# to’hav; between 5 and 15 stained fibers
converging on the centriolar region of the cell (Fig. 2D;
Fig. 54,B,C). Photographic detection of the microtubules
is difficult because of the cell size and shape. These
small (5-7 um) round cells must be examined using oil
immersion, which limits the depth of field to";éss than
1/3 the diamete; of the cell, making it necessary to focus
up and down tﬁrough the cell to see the compleée micro-
tubule network.

‘The fixation method described above cannot be used ‘o
stain microtubules in 48 h Con A blasts because the general
morphology of the cells is poorly.;éintained by the SB-1
of Osborn, Webster and Weber (1978).. A second fixation
procedure was developed which involves the use of para-

formaldehyde in a2 short prefixation step to mzintain

intact microtubules during the time the cell_ cytoplasm 1is

extracted with Triton X-100 in the microtubule stabilization

buffer, SB-2 (Bershadsky et al., 1979). The cytoskeletons

are fixed a second time with glutaraldehyde, reduced with



Fig. 5A-H:

Immunofluorescent staining of microtubule
networks of control and treated resting mouse

- lymphocytes. X 4,500.

A-C: Representative views of stained micro-
+ubule networks in control cells.

D: Cells treated for 45 min at 4°C. The micro-
tubules of most cells have disassembled,
ieaving a brightly staining centriolar region.

6

E: Cells treated for 8§ h with 10 "M colchicine,

which disassembles +the microtubules in most

cells.

F-H¥ Examples of cells treated for 30 min (F)
and 60 min (G) with 10-6E colchicine or (H)

30 min with 10'4m colchicine. All show staining
of microtubule networké. '
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sodium Borohydridg, and stained in the usual manner.
Initial results gave very high background fluorescence.
This was q@duced by incubating the fluorescein-conjugated
goat anti-rabbit with mouse spleen powder, which effect-
ively removes any direct binding of the conjugate to non-
tubulin contQining structures.

This procedure permits the visualization of-the large
number of microtubules originating at the centrioclar
region of 2 blast cell as a bright diffuse fluorescence,
with some fibers being distingulshed (Fig. 3D; PFig. 64).
The microtubule networks of blasts in various stages of
mitosis can also be detected (Fig. 6B-I). In Fig. 6C,
fibers are clearly seen running from centriole pair to
centriole pair. In Fig. 6H and I the nuclear envelope has
reappeared, and a cytoplésmic bridge with unstained mid-

body is all that remains of the clea%age furrow. Cyto-

plasmic microtubules are again visible in Fig. 6I.

Although individual microtubules are not clearly seen in
these preparations, they can be easily and accurately

detected in blasts by electron microscopy.

EFFECT OF LOW TEMPERATURE AND COLCHICINE ON MICROTUBULES

In order to determine the relationship between micro-
tubule networks and the patching and capping of surface
IgG, it was important to establish the sensitivity of
lymphocyte micrstﬁbules to iow temperature and the micro-

tubule disrupting drug colchicine.
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Fig. 6A-1:°

¢

Immunofluorescent stéining of microtubule networks
of 48 h Con 4 stimulated mouse lymphocytes.
X 2,500.

A: Blast cell sﬁowing intense fluorescence in
the region of the centrioles.

B~G: Blast cells in various stages of mitosis.

H,I: Blast cells have completed mitosis, leaving
@ strongly staining cytoplasmic bridge and un-
stained mid-body.

LY

‘In several ofﬁfhese micrographs, microtubules’

or bundles of microtubules are clearly seen.
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1: Low temperature effectis: -

Experiments designed to study the rélétionship
between capping and the cytoskeleton pften utilize a
protocol whlch involves incubating the cells with a spec1f1c
ligand at 4°¢ for 30 min, and then raising the temperature
to 20°C or 37°C.to allow the surface receptors to migrate
(Unanue, Perkins and Karnovsky, 1972; Schnggper and Unanue,
1976a: Albertini and Anderson, 1977; Bour "on.
Tqkuyosu and Singer, 1978). .It is well eétabl;shed that
exposure of the microtubules to low temperature causes
them to disassemble.

Cells were incubated for various periods of time at
4°¢, and processed for immunofluorescent staining of
microtubules (Fig. 7). Regzits are expressed as a percen-
tage of cells containing detectabLe;microtubule networks.
The disassembly of the microtubules is rapid,-with over
50% of the cells lacking &eteqtable microtubules after a
15 min exposure. Over ?O% of the population of cells
lose their'microtubules dufing_a 30 min cold incubation
and maximal disassembly requires 45 min (Fig- 5D): éven
after long exposures, up to'20% of the”population contains
stained structures resembling microtubules.

To determine the rate at which celis recover their
microtubules after cold depolyﬁerization, cells exposed
to 4°C fo4 45 min were incubated at 37°C for various
periods of time (Fig. 8). Within the first 2 min, 50%

of the cells récover their microtubule networks, and only



Fig. 7:

Rate of microtubule disassembly at léw Temperatures.

‘Resting mouse lymphocytes were exposed to 4°C. for

various periods of time, plated onto coverslips

at 4°C for the last 5 min of the incubation period,
and processed for immunofluorescent staining of
micrbtubules. Results are expressed as =z percent-
age of control cells which were incubated for 190
min at 37°C before staining. |
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‘Fig. 8:

-

Rate of reassembly of microtubule neiworks of
cold treated cells. Resting mouse splenocytes
were -incubated at 4°C for 45 min, and plated onto
coverslips for 5 min at 4°C. The cells were then

—incubated at 37°C for varying times, and processed
for lmmunofluorescent staining of microtubules.
Results are.expressed as rercent of control cells
which were not exposed to cold treatment.
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5 min is required for maximal recovery.

2: Colchicine effects:
| Experiments &ere carried out to determine the con-
centration of éolchicine which would optimaliy disassemble

| microtubules, and to determiﬁe tﬁe time course of dis-
assembiy by the drug. |

The d&sassembly of microfubules by ;olchicine is a
ﬁrocess which is both time- and concentration—dependant,
with cellslshowing a marked variation in their sensitivity
to the drug. 50% of mouse splenocyteé exposed to colchicine
for 60 min still have detectable microtubule networks
(Fig. 9). Concentrations of colchicine below IO-GM do
not have any effect during this time period, and higher
concentrations do not increase the rate of depolymerization
(Fig. 10). The microtubule networks of human peripheral
blood lymphocytes show a similar sensitivity to the dru§
(Fig. 11).

I+ is clear that the exposuré of resting lymphocytes
to high concentrations of colchicine for short periods
of time is not sufficient to disassemble the microtubules
in 21l cells (Fig. 5F,G,H). In fact, exposures of 6-8 h
are required to disassemble microtubules in over 90% of
the cells. Even after this time period, microtuﬁules
are detected in up to 10% of the population (Fig. 12).
During these long exposures, concentrations as low as

10-8M colchicine have significant effects on microtubule
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Fig. 9: Percentage of mouse splenocytes with microtubule
networks after a 60 min exposure to increasing
concentrations of colchicine. After the itreatmerit
cells were plated onto coverslips and processed
for immunofluorescent staining of microtubules.
Over 85% ofvcéntrol cells show microtubule networks.
At concentrations of 10'?E or less, colchicine has
no effect during this incubation period.
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Fig. 10:

Rate of disassembly of mic:otubulenﬁﬁﬁworks in
resting mouse éplenocytes'exposed to one of three
concentrations of colchicine.(lO”%ﬂZ&, 10'5&(}{‘
10‘%&[3) for varying periods of time at 37°C.  The
cells were then plated onto coverslips and pro- -
cessed for lmmunofluorescent staining of micro-
tubules. After a 60 min exposure to colchicine,
40% of +the population still have intact micro- '
tubule networks.
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Fig. 11:

Rate of disassembly of microtubule networks in
resting human peripheral blood lymphocytes
exposed to one of three concentrations of
colchicine (10_6M_A,‘ :LO'SMO, 10'4MC1) for
varying periocds of time at 37°C. The cells were
then plated onto coverslips, fixed once in para-
formaldehyde, and processed for immunofluorescent
staining of microtubules. After 60 min exposure
©o colchicine, over 50% of the populaticn still
have intact mierotubule networks.
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Fig.

12:

Percentage of mouse splenocytes with microtubule
networks after an § h exposure to inecreasing con-
centrations of colchicine. After the treatment
cells were plated onto coverslips and processed
for immunofluorescent staining of microtubules.

)
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networks (Flg 12).

48 h Con A blasts were exposed to 10 6M colchicine,
harvested at various times of culture, and prepared for
examination by electron m;croscopy. The mlcrotubules in 1

these cells have a similar sensitivity.to colchicine as do

the resting cells. Microtubules are still detected in

- Sections through the centriolar regions of blast cells

treated with the drug for 30 to 60-min" (Fig. 1;A B).

Longer exposures leads to disassembly of all the micro-

—

- -

tubules.

IMMUNOFLUORESCENT DETECTION OF SURFACE IoG AND‘MICROEDBULES -

‘When resting‘lﬁmphocytes are ekposed to anti-immuno-
globulin (anti-Ig) the anti-Ig antrbody binds to surface
receptors, and this ant1boay receptor complex clusters
to form patches which subsequently migrate to one pole of
the cell to form a cap. The capped complexes are then
quickly internalized.

To determine the effect of IgG czZpping on lymphocyte
microtubule networks, a double labelling technique was
emp;oyed which involved iabelling the surface receptors
with rhodamine goat-aﬁti-mouse (or human) IgG (R-GaMIgG),

prefixation in paraformaldehyde and processing for

fluoresceéin immunolabelling of microtubules in the same

cells. Comparison of surface labelled cells before and

after extraction showed no difference in intensity or
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Figo 13A, B-:

o

A e

Electron micrographs of 48 h Con A stimulated
lymphocytes treated with 10'6M colchicine for
30 min (A) or 60 min (B). Note that the micro-
tubules are still evident. X 52,000.
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location of fluorescence.

The time course of patching, capping and internal-
ization of'R-GaMIgG by mouse splenocytes is shown in
figure 14. Patching is rapidly followéd by capping and -
internalization of the label. A cell has capped its
receptor-ligand complexes when it has cleared over'half‘
its surface of the rhodamine label. From'figure 14 we
see that 7 min is the time point at which maximal capping
has occurred ®before the label becomes completely internal-

ized. Cells which have capped R-GaMIgG show typical

@ropod formation an the region of the cap. They have

. intact microtubule networks (Fig. 154-C) converging on

the brightly fluorescent centriolar region which is always

found on the same half.of the cell as the capped R-GaﬁIgG.

Similar experiments with human peripheral lymphocytes .
gave the same result (Fig. 16B,C).

Two of the sequential stages in the capping of surface
reqsptors, "ring formation” and patching, can be artifi-
cially- induced. When high concentrations of Con A are added
to cells shortly before the addition of R-GaMIgG, IgG
receptors are frozen in place, and the R-GaMIgG exhibits
a diffuse fluorescence over the cell surface, giving the
appearance of a ring in the microscope. As the concen-
tration of Con A is inc}easéd, the bercentaé; of cells
exhibiting rings increases, until at 200 ug/mL, 80% of.
the cells are affected (Fig. 17). When cells have been

treated in this manner, their nmicrotubule networks remain



Fig. 1%: Rate at which resting mouse splenoccytes patch,
cap and internalize R-GaMIgG. Cells were e:qﬁoseg‘z ,
to 200 ug/mL R-GaMIgG and processed at various o
times of culture. They were plated onto cover- -
slips for 60 sec, washed once in PBS, and.fixed
" in paraformaldehyde. Abcissa represents time
elapsed between addition of label and fixation
in paraformaldehyde. Patched cells(). Capped
internalized cells@. Capped cells onlyO.
At 7 min, maximal capping has occurred with the
least amount of label internalized.
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Fig.

154-C:

Immunofluorescent detection of surface IgG
and microtubules in the same cell. Résting
mouse splenocytes were exposed to 200 ug/mL
R-GaMIgCG and plated onto coverslips for 7 min

at 37°C. They were washed once in PBS, fixed in

pafafdrmaldehyde, and processed for iImmuno-
fluorescent staining of microtubules. - ;5

A-C: Phase contrast, R-GaMIgG, and Fite-
immunolabelling of microtubules in the same-
cell. The cap is always located over that half

. of the cell containing the centriolar region.

X 31,000.
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Fig. 16A-C:,

<O

Immunéfluorescent detection of surface IgG

and microtubules in the same cell. Resting
human lymphocytes were exposed to 200 ug/mL
R-GaHIgG for 60 min and then plated onto cover-
slips for 15 min at 37°C. They were washed once
in PBS, fixed in parafermaldehyde, and pro-
cessed for immunofluorescent staining of
microtubules.

A: Phase contras%, R-GaHIgG patches, and
Fitc-immunolabelling of microtubules in the
same cell. ) '

B: B-GaHIgG cap and Fitc-immunolabelling of
microtubules in the same cell.

C: Phase contrast, R-GaHIgG cap and Fite-
immunolabelling of microtubules in the same
cell. CT

In all cases the formation of patches (A)

and their aggregétibn to one pole of the cell
to form a cap (B,C) does not appear to dis-
aggregate the miqrotubules. The microtubules
in C appear to converge under the cap region.
X 3,200. - .



J
|



67
Fig. 17:
Fig- 18:

2

Effect of increasing concentrations of Con A on

the capping of R-GaMIgG. Resting'mouse splenocytes
were exposed to Con A for 5 min prior to (and
during) incubation with 200 ug/mL R-GaMIgG for

10 min at 37°C. IgG positive cells were scored

for caps. All other cells showed diffuse
fluorescence (rings). Results_are expressed as
2 percentage of control cells not treated with
Con A. h

Effect of increasing concentrations of azide on
the patching and capping of R-GaMIgG. Resting
mousé splenocytes were ex@osed to the drug for

5 min prior to incubation with 200 ug/ml R-GaMIgG
for 10 min at 37°C in the continued presence of

. the drug. Igt positive cells were scored for

patches Qor cips@. Maximal inhibition of capping
occurred at 10'3m sodium azide. Over 90% of IgG
positive cells display patched receptors.
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‘directly over the céentriolar region in all cells.

i

unchanged (Fig., 19B). -~ |

Con A inhibition of IgG capping can be released by
inéubating tHe cells with colchicine to disassemble
microtubiles. The celllis then able to paéch and cap the
R-GaMIgG (Fig. 19C). bdbut the cap is no longer located
\

Sodium azide at a concentration of 10‘2m is 98%
effective in inhibiting the capping of surface IgG (Fig. 18).
In the presence of this drug, cells can oﬁly patch the
receptors. The microtubule networks in patched cells ~

. : /_'-"’/-‘
appear to be unchanged (Fig. 164, 194).

N

EFFECT OF COLCHICINE ON R-GaMIeG CAPPING OF SURFACE

RECEPTORS
When Con ‘A frozen Igé receptors were released by
colchicine, ?he caps no.longer exclusively formed over the
region of the centriocle. It was important to determine
if this result was related to the presence of Con A, or
if indeed a relatioﬁship exists between the location of
the cap and the integrity of the microtubule network.
Cells were exposed %o increasiné concentrations of
colchicine for 8 h and incubated with R-GaMIgG (Table 3).
The drug did not significantly affect the percentage of
cells capping surface IgG. When the concentration of the
drug was sufficient to depolymerize microtubules (see
Fig- 12), there was no longer an association of the cap .

with the centriolar region. This result 1s expressed as
e

el i Wi am

'
L F Y
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19A—C: Immunofluorescent detection of surface I§G.
' and microtubules in the same cell. Resting
mouse lymphocytes were treated with: A) 107

sodium azide for 5 min:

B) 200 ug/mL Con A

for 5 min; C),ib-am colchicine for 30 min
“prior to expoSure to 200 ug/mL Con A for 5 -
min.\‘Théy were then incubated with 200 ug/mlL
) R-GaMigG and plated onto coverslips for 7 min
at 37°C. The cells were washed once in PBS,
fixed in-pa:afbrmaldehyde;"and processed for
immunofluorescent staining of microtubules.

_A: Phase contrast, R- GaMIgG patches, and Fitc.

“Hsa‘lmmunolabelllng of microtubules.
.tubule-ggh"EEK‘ls still intact.

The micro-

\ .
B:y Phase contrast, R-GaMIgG ring, and Fitc

immunolabelling of microtubules.
Tubule network is still intact.

The micro-~

et

C: Phase contrast, R-GaMlgG cap, and Fitc

immunolabelling of mlcrotubqles.
tubules hayé been disassembled.

The micro-
Caps formed

after colch1c1ne treatmentiare randomly
located on the &&TT’ surface w&tn resnect to ' the

‘centriolar region.

X 3,000.
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Table 3: Effect of colchicine on capping of R-GaMIgG.
Resting mouse splenoccytes were treated with

increasing concentrations of colchicine for 8§ h -

at 37°C, followed by a 7 min incubation with

200 ug/mL R-GaMIgG at 37°C. The cells were then

processed for immunofluorescent staining of

microtubules. Cells weré scored for number of

E =G positive cells with caps, and % of capped
ells with the centriole located on the same

half of the cell as the cap.

\.
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Colchicine % IgG positive % cells with cen-
M cells capped triole under cap
0 80 95
1077 72 98
1078 80 92 )
1077 75 63
- 107 - 94 56
1075 84 68 -
107 81 70
- - .,_‘.\"- .
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- the pércentagg of capped cells with the centrioles located

in the same half of the cell as the rhodamine label. Cells
in colchicine treated preparat;ons often cap the surface
IgG at a p01nt opposite to the centrloles (Fig. 20A-F).
They also stain brightly with anti- tubulln in the region
of the cap (Fig. 20F). Preabsorbtlon of anti- tubulln
wifh purified'tuﬁulin did not reduce the intensity of this
fluorescence, indicéting that it is not a-fubulin con-
taining structure, altﬁough it did prevent/detection Sf
the centrioles in these cells. |

" Observation of the position ofAthe centrioles relative
to the cap wés ektended-td the electron microécoPe level
uéing ferritin conjugated GaMIgG as a surface label.
The l;cation'Of the receptor-ligand complex can be more

accurately detected using electron microscopy.. Control

cells, and cells treated with 10_5M‘colchicine for 8 h-

- were incubated with the ferritin conjugated GaMIgG for

7 min at 37°C. The ferritin is most clearly seen in

unstained sections (Fig. 21); after only 7 min some of

" the lakel has been internalized. The centrioles are .3

ﬂ;-'ﬂ- -

dlfflcult to detect in these sectlons.-and for photo—

\‘“M ’
grap ic purposes they were stalned. Figure 22A clearly
shows the. cap has formed over the centrlola;jgggion-ﬁf
thé. control cell, but the colchicine treated cell has
capped the label at a position opposife the centriole
pair (Fig. 22B).
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Fig.

20A-F:

Resting mouse splenocytes were treated for

8 h with 10‘5m colchicine at 37°C.” They were
then exposed to 200 ug/mL R-GaMIgG and-plated
onto coverslips.for 7 min at 37°C. They were
‘washed once in PBS, fixed in paraformaldehyde,
and processed for immunoflucrescent staining
of microtubules. '

4,3,C: R-GaMIgG caps. - Y

D,E,F: Fitc-immunolabelling with anti-
tubulin antibody.

A&D, B&E, and C&F are three -individual cells
labelled with--each fluorochrome. X 2,500.

The microtubules have been disassembled, and
caps formed after the colchicine treatment
are randomly located on the cell surface
with-respect‘to the centriolar region.
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Fig. 21: Electron micrograph of a resting'mouse splenocyte
incubated with 200 ug/mL ferritin-GaMIgh for
7 min at 37°C. The section was not stained so
that the label contained in endocytotic vessgcles

“ i could be more clearly seen. Note that the’

~ "capped” ferritin-GaMIgG is localized on that half
of the cell containing the centrioclar region
(arrow). X 335,000.
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Fig. 224,B:

e

Electron micrograﬁhs of control and treated
cells incubated with 200 ug/mL ferritin-
GaMIgG for 7 min at 37°C.

A: Control cell showing that the cap is
located directly over the centriolar region. .

X 45,000.

B:' Cell treated with 10_5M colchicine for 8 h
prior to incubation with ferritin-GaMigG. The
cap (between arrows) is located over a region

of the cell that does not contain the centriole

‘pair. X 45,000.
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 DISCUSSION

‘Tt was first demonstrated b& Edelman’'s group that

intéct microtubules or related structures are :required for

. the Con A activatioh,of resting lymphocytes. They suggested
that éicrqtubules, in association with other elements of the
cytoskeleton, have a regulatory function in the trans-
mission of signals, generated by Cbn A binding to the cell
surface; to'the nucleus resulting in activation. Their
results indicated that cells committed to enter S-phase are
insensitive %o colchicine inhibition. They defined commit~
ment as that time point at ﬁhich the presence of don Als
ne longer regquired for activa?ion.- Prior to commitment,
colchicine isla potent inﬂibitor o; mitogenesis, pre-
sumably. because of its effect on microtubules. Once the

. cells are committed, gicrotubules would ng longer be
requirea for the cells to undergo blast transformat@pn
(McClain and Bdelman, 1976; Gunther, Wang and Edelman, 1976).

Although this signal transmission hypothesis of

Edelman's group cannot be excluded, alternative interpre-
tations of their results are possible. Microtubules are
associated with a large\number of cytoplasmic processes,
elther directly or indif;ctly, and in their absence these
proceghgs are inhibiteq to various degrees {(for reviews see i

Roberts, 1974; Stephens and‘Eddé{ 1976). The disassgmbly

of microtubules leaﬁ to the disorganiza_.tion of certain

cytoplasmic organelles, and thus interferes with the function

’
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of these organelles (Thyberg et al., 1977a). In lymphocytes,

the phytohemagglutinin induce¢ developﬁent of the Golgi
complex and other cellular organelles is inhibited by
colchicine (Thyberg, Maskalewski and Friberg, 1977b). It
is conceivable that the inhibition of lymphocyte activation
by the drug is a consequence of cytopigsmiclorganelle dis-
organisation leading to a general depression of cellular
metabolism, and not due %o direct interference with the

transmission of a signal from the cell membrane %o the

_nucleus.

v One would expect that if microtubule disassembly

affected general cellular metabolism, colchicine would — -

inhibit blast transformation both before énd after commit-

ment. Such a result was recently published by Rudd et al.. .

(1979) in which they demonstrated that colchicine can
inhibit transformation at any time of cllture, before Sr
after compiitment, provided that sufficient time was aliowed
to elapse between addition of the drug and assay of DNA
synthesis. -

) I;.assoc1atlon w1tﬁ-Yahara, Edelman has also suggested
that mlcrd“ﬁéules are 1nvolved in the patching and capping
of lym-ohocy*.surface receptors. Again their studies are
based on théggge of the drug colchnplne They demonstrated
that Con A will not 1nduce the patching and capping of its
recebtors. and will'inhibit the mobility of other surface

recentors, unless the cells have been exposed to condltlons

Wthh disrupt or dlsassemble the microtubule network. They

/ ‘
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constructed a model in which the binding of ligands to cell .

~surface receptors would result in the anchoring of the

receptor-ligahd complexes to the microtubule network of the
cytoplasm. Thus the binding cf Con A to its receptors
would lead ‘to the anchoring of other surface receptors by
the mlcrotubulelnetwork. either directly or indirectly. by -
other elements of. the cytoskeleton. Destruction of the
microtubule networks by cold or colcﬁicine‘frees anchored
receptors, which are then capped by the cell fcllowing

crossllnklne by the approprlate ligand. They ccncluced that

the mlcrotubule networks of lymphocytes clay a primary role

in modulating cell surface receptor mobility (Yahara and
Edelman, 19?2: Edelman, Yshara and Wang, 1973; Yahara and .
Edelman, 1973; Yahara and Edelman, 1975; Yahara -and Edelmam,
1976;. Edelman, 1976). - - NG \
Recently, Yahara and Kakimoto- Sameshlma (19;éf‘concludea
that it is the microtubule organization that is modulated
by patch and cap formation. Using an lmmunofluorescent
technique for microtubﬁle detection theyﬁgﬁsmined the--

distridution of microtubules in resting lymphocytes whlch

~had patched or capped surface IgG. They found that the

microtubules in these cells appeared to be disaggregated
(disassembled); and that z subcap of tubulin forms‘under
the IgG cap. I infer from thelr studles that they are

suggesting that anti-IgG can induce- the c§pp§hg of IgG in

the absence of microtubule dlsruptlng condityons because

the formation of this receptor-ligand complex can itself

. F
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" eause tﬂe disassembly of microtubules.

This is obvlously incorrect because my results show
that neither patchlng nor capplng of surface IgG has any
detectable effect on the 1ntegr1ty of the microtubule

~
o

network.

IMMUNOLABELiING OF MICROTUBULES >

' fhe lacE_of detailed studies of microtubule distribution
in reéting lymphocytes has been due in past to the difficulty
in detectinglthese microtubule networks by electron
microscopy (Yahara and Edelman, 1975). Immunofluorescence

is an excellent technique fof the detection of the micro-
tubule network in the entire cell at one fime, and can be
used to examine a large number of cells in the same popula-
tion. 'ﬁntil recently, the use of immunofluorescence *o
detect microtubules in lymphocytes has yielded unsatisfactory
results; Gabbiani et al. (1977) and Bourguignon, Tokuyasu
and Singer (1978) were ﬁnable%%o detect microtubule networks
in resting cells. Using immuﬁoperoxidase labelling,

Dighiero gt 2l. (1978) could only detect microtubule net-
works in 40% of the cells examined._\Yahara and Kakimoto- j}
. Sameshima (1978) were successful izvéetectiﬁg microtubule
networks in a iiéh ?ercentage ofi.cells (90%), but they were
unable to detect intact microtubulés in resting lymphocytes
exposed to anti-Ig. One of the main reasons for the wide

variability in the results was the type of fixation used.

Fixation is usually the Key to successful (and accurate)
~ ;

..
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de@ection of any structural protéin by immuﬁgfluorescence
(Webster, Osborn and Weber, 1978) . '

Some of the technical problems encounteréd in using
1mmunofluorescence to detect mlcrotubules in lymphocytes are
directly related to the morphology of these cells They
are round, relatlvely thick (5-8 um) and grow in suspension.

An "ideal" cell. for this type of assay is flat (less than

2 um thick), well spread and grows attached to 'a’ substrate.

4s a cell increases in thlchness,_there is a corresponding
increase in the level of background staining due to the
trapping (specific and non- spe01flc) of fluorescently
conjugated antlbodles In round cells, a high level of
background fluorescence comes from those stained structures
which are above or below the plane of focus.

Microtubule networks have been detected bj immuno-
fluorescence in a variety of "ideal" cell typeé (Brinkley,
Fuller and Highfield, 1975: Weber, Bibring and Osborn,
1975; Osborn and Weber, 1976) . Microtubules detected by
1mmunofluorescence in cells fixed with glutaraldehyde were
shown to have a one o one correspondance wi%h microtubules
2s seen by electron microscopy in the same cell (Osborn,
Webster and Weber, 1978). Other fixat;;Es, such as form-
aldehyde and methanol- acetone do not adequately nreserve

mlcrotubules, although they appear to maintain the antigens

in a pattern resembling that seen in glutaraldehyde fixed

cells examined by electron micfoscoPy (Sato, Ohnuki and

Fujiwara, 1976). The use of formaldehyde and methanol-
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acetone can lead‘to arfifécts ﬁhiéh are deﬁendent oﬁ;the e
degree to which microtubule networks érg\maintained dufiﬁg
the staining procedures. The sensitivity of the microtubules
may depend not only on the cell type .in question, but also

on the treatments the cell has been subjected to. prlor to
flxatlon. This may account for the inability of Yahara

and Kakimoto-Sameshima (1978) to detect intact microtubules
in.patched and capped cells.

All the studies in this thesis use a glutaraldehyde
fixation similar to that published by Osborn, Webster and
Weber (1978). To reduce background staining, the soluble
cytoplasm is extracted with Triton X-100 in a-stabilizing
buffer which prevents disassembly of *he microtubule net-
work.. The network remains in contact With this buffer
untlil the glutaraldehyde fixation is complete. The use of
paraformaldehyde in a brief-prefixation step was necessary
inhaouble labelling experiments to prevent the detergent ‘

extraction of IgG from the Plasma membrane. Prefixation

. was also-necessary for the detection of microtubule networks

. in blast cells,‘ these networks are more sensitive to

detergent itreatment than those of resting cells.

This is the first report of an immuhofluorescent
technique which can detect microtubule networks in stimulated
&s well as resting lymphocytgs. Yahara's inability to do
so (Yahara and Kakimoto-Sameshima, 1978) may be a reflection
of his ﬁse of the fixative fbrmaldehyde. His statement

that stimulated lymphocytes do not possess well organized
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microtubule networks is certainiy incorrect. Iﬁlis,ébviouéz
from the e%ecfron micrographs inxiigures 3D and 43-E that
Con A stimulated mouse iymphocytes.possess a highly organ-
ized microtubule network in which the number of microtubules
inqreaseé dﬁ}ing blast transformation. 'A simi;gr orgaﬂJ
ization of microtubules in phytohemagglutigin stimulated
human lymphocytes was reported by Biberfeld (1971).

L)

THE STUDY OF PATCHE AND CAP FORMATION

When attempting to correlate {he results of the many
published studies of cap formation, care must be taken to
ensure that the studies are indeed comparable. Capping
studies have been pe}formed under a varie%y of conditions,
which can lead to very different results, and with a
varie?y of cell types, making it difficult to consiruct
2 unifying model for patch and cap formation.

‘ Cépping experiments have been.carried out.at’ variety
of temperaturég between 20°C and 37°C (Yahara and Edelman,l
1975; Schreiner and Unanue, 1976b). This can affect the
~rate at which capping occurs (Taylor et al., 1971) and at
lo;er te%?eratures the ﬁQ?ocytosiﬁ of the capped receptor-
ligand complex is inhibited (Schreiner and Unanue, 1$76b).

L2

Often the cells aré'exposed to the ligand_at 4°¢ for'pEriods
of 30 min or more (Unanue, Peréins and Karn;vsky, 1872;
Schreiner and Unanue, 1976a; Albertini and Anderson, 1977;
Bourguignon, Tokuyasu and Singer, 1978) which allows

feceptor-ligand binding, but inhibits patch and cap formation.




—

£

88

Over 50% of the lymphocytes labelled at h°c w1th anti-Ig
show capping.within 90 sec after the temperature 1s ralsed
tc 3? C (Taylor et al., 1971). Con51der1ng the sensitivity

of mlcrotubules to low temperature, and the rate at which-

. they repolymerize at 37° C (see Fig. 8), it is cbV1ous that

receptors capping under these conditions Qill'dc so in the
absence of a ccmplete microtubﬁle network.

The receptor on the cell surface and the specificity
cf the llgand used to crossllnk it must also be considered.
Con A and antl -Ig cap thelr respective lymphocyte surface
receptors by different mechanlsms (see the Intrcductlon)

In addltlon, although anti-Ig is specific for a single type
;f surface recepior (1mmunoglobulln), Con A blnds to all
glycoproteins contalnlng alpha—D-glycosyl and sterically
related residues (Goldstein, Hollerman and Smith, 1963).
Bsre of these Con A receptors is Ig (Anaersson, Lafleur and
Melchers, 1974). De Petris (1975) demonstrated that low
concentrations of Con A could cap all surface Ig, whereas;
the canclng of surface Ig by anti-Ig leaves the majority
of Con A receptors spread diffusely over the cell surface.
His experiments also_indicated that 2t iow cencentrationsg
of Con A, the glycoprotein receptcr Ig preferentially bound
Con A4, either because of its higher affinity for the lectin,
or its valency. —

Con A capping has been studied using a variety of

other cell types, including neutrophils, SV 40 transformed

fibroblasts, mastocytoma cells, macrophages and ovarian
py E :
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granulosa celie. With-the exception of ovarian granulosa

cells, all of these cell types (and lymphocytes) requlre

_'a prior treatment with colchicine to dlsassemble their micro- _

tubules before Con A will ;pduce the capping of its surface
receptors. This suggests that the Con A receptors in these
cell types are anchored directly or indirectly by a micro-~
tubule network. In contrast, the capping of Con 4 receptors
of ovarian granulosa cells is not inhidited by the presence
0of an intact microtubule‘network\ This latter capping -
system closely tesembles the capping of lymphocyte Ig; cap
formation is rapid at 37°C (10 min), and is followed ty
endpcytosis of the receptof—ligand complex. However, the
microtubule networks in these cells are not disaggregated
by patch and cap formation, indeed the network is required -
for normal cap formation (Albertini and Anderson, 1977).

To determine the role of microtubules in the capping

of lymphocyte surface receptors, it is of advantage. to

‘specifically disassemble the microtubule network, and to

-

examine the effect this has on the capping process. It was

Tirst dedonstrated by Taylor's group that the binding of
colchicine to microtubular proteins leads to the disassembly
of microtubules in vivo.(Borisy and Taylor, 1967). Other
studies have shown that the sensitivity of microtubules +o
the drug varies from cell type to cell type, and between

different mid;otubule assemblies within the same cell

(Behnke and Fqrer, 1967; Tilney and Gibbins, i968). In a

variety of cell typmes, the colchicine disassembly of micro-
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tubules can require several houxs-of treatmeﬁt Gmiiney
and Gibbins, 1969; Brown and Bouck, 1973).
- My results show that the dlsassembly of 1ymphocyte
microtubules is both a time-and concentratlon-dependent
process, w1th over 45-50% of the cells hav1ng 1ntact mlcro-
tubules after a one hour exposure to hlgh concentratlons

of the drug. Once’ "the critical concentration for dlsassembly

has been reached (10'7—10'6M) the rate of disassembly can

not be acceierated‘ey increasing the concentration of the

. drug (:LO-5 10_4M) At any one concentration of colchicine,
'dlfferent cells in the culture show a marked dlfference in

"the rate at which their microtubules disassemble.- While a

-~ L ' -

small number of cells have no detectable microtubules after
a 30 min exposure, the remainder require much lenger Treat-
ments. This difference in sensitivity may be a refiection of
the mixture of cell types found in a given population of
splenic lymphocytes. N | )

Having established the sensitivity of lymphocyte micre-
tﬁbules to colchicine, it was vossible to cempare the capping
of surface receptors in the presence and absence of z micro-
tubule network The llgand used was anti- IgG, because it
is snec1f1c for one cell surface receptor, and because it
can induce capping without prior disruptioﬁ of the micro-
tubule network. All experiments were carried out at 37°C,
without prior incubation at 4°C

- Using double labelling.immunofluorescence to detect.

surface IgG and microtubules in the same glutaraldehyde

Y
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fixed ggll. I haveléleafly'shown that the microtubule
networks of rgé\éng lymphocytes, which have bound, patched
or capped anti-IgG, are intact. The suggestion that a
f"sub~cap" of tﬁbulin f&rms under ‘the anti-IgG-IghG cap
A(Géﬁbiani et'al., 1977; -Yakhara-and Kakimofo-SamESHima.
1978) may be an artifact of immunofluoregéent stainiqg.'
The microfilament network which forms a’"sub*gap" dufing
capping may act non-specifically to trap both the primary
antibody to tubulin, and the.flgorescently—conjﬁgated
'seéon@ary antibody. -
In the presence of an %ntact microtubule network,

cap formation occurs exclusively over the region of the
centriole pair, which is found associated with the Golgil
complex of ,the cell. When resting lymphocytes cap surface
IgG in the absence of a microtubule network, cap formation
appears to occur randomly over the cell surface, and the
organelles normally associated with the centriocle pair

are found distfibuted throughout the cytoplasm.

—— — mal T, mmmm —

It is clear that the microf;lament sy gten is directly
involved in capping, but the relationship of the miéro—
tubule network to this process is not well documented in
the literature. Microtubules do not provide a motive force;
otherwise colchicine would inqibit the capping process. It
has been speculatéd that the ﬁicrotubule network in

lymphocytes may act to guide the genéral movement of the
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microfilament system {(Loor, 1978). This thesis is the
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first direct demonstratdon that such a relationship exists.

An intact micrdtubule network is required to control the site

of cép formation relative.to the position of ceytain .cyto-
plasmic organelles. It is nqt known whether it is the
region of cap formation on the membrane, or the spatial
arrangement of cytoplasmic‘organelles. or both, that is

controlled by the microtubule network in these cells.

Microtubules may control, directly orxindirectly, the

system.

. : ~
directional flow-of receptor-ligand complexes as they are
drawn towards one pole of the cell by the microfilament

Microtubules may exercise direct control over the

site'of cap formation by freezing parallel tracks of mem-

brane via association with certain membrane proteins
s

(for example the class of anchored Con A receptors). These

parallel {racks would run along the microtubules themselves
and converge over the centriolar region.

reglon.

The lateral
movement of the receptor-ligand complexes in the membrane
would be guided by these tracks to collect over the centriolar

Disassembly of the microtubule network would
release the tracks of frozen membrane, and cap formation

would occur randomly over the cell surface.

It is equally possible that the microtubule network
is associated with the microfilament system, and zects to
q}rect tﬂ; lateral forcés exerted by the microfilaments on

the surface receptors. This latter model was suggested for

the capping of Con A receptors on ovarian granulosa cells.
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.1t was demonstrated by elé&tron'miéroscopy that patches form

over individgal microtubules in the cell in association with
the microfilament sﬁstem (Albertini and Anderson, 1977).
associationﬂbetween these fwd“filament systems in lymphocytes
re%pins to gé-established. ;

Although the gyidehée indicates that the microtubules
are associated in sémelway with the control of cap'fo;@étion.
it is possible that their role involves organization of the
cytoplasmic organelles in the centriolar region, and that
the formation of the cap over this region is controlled by an
unldentlfled system unrelated to the microtubule network.

The requlrement for spatially. controlled cap formation
may be related to the final fate of the receptor- llgand com-
Dlexes Cap formation in lymnhocytes is often followed by .
2 rapid internalization -of the receptor-ligand complexes,

a process te#med r@ceptor;mediateﬁ endocytosis. The
endocytic vesicles containing the recepior-ligand complexes
fhen'fuse with lysosomes produced by the Golgi, and the
contents are degraded by the.lysosomal enzymes (Schreiner and
Unanue, .1976b). i suggest that spatial control may be required
to ensure that endocytic vesicles are transported to the
Golgi region so that they can be processed by fhe lysosomes.
Random cap formation in the absence of an -intact microtubule
network may interfere with this process. |

Techniques must noéw be developed to test the above models,
and to determine the assoc1atlon of microtubules with the

capping procegs. The problem ;s a2 biochemical one; we must N
- %
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demonstrate an association, 'either diréct'or indirect,
between microtubules and the anchored surfaée receptors, and
we must determine if a direct relationship exists between
the microfilament system ahd the microtubule network.

_ It is now recognized that reéeptorfmediated endocytosis
has a fundamental role in the growth, nutrition and differ-

entiation of animal cells. This process is used by a

-variety of cell types to internalize proteins and peptides

(1igands) bound to specific receptors. In all cases studied

thus far, the receptor-bound proteins enter the cell through

- coated pits:' The fate of internaliczed receptor—ligand‘com- -

plexes varies from cell type to cell type; .in some both

the receptor and the ligand are deégraded by lysosomes, while
in others the ligand is degraded and the receptor returned-
%o the cell surface (for a review, see Goldstein, Anderson
and Brown, 1979).

The role of microtubules in %Qe transporf of endocytic
vesicles in lymphocytes has not yet been determined. In
ovarian granulosa cells, a clear association is seen between
endocytic veésicles moving to the Golgi region, and the micro-
tubule network in these cells (Alﬁertini and Anderson, 1$77).
It remains to be seen whether colchicine will interfere with
the degradation of recepfdr-ligand compleXes in-lymphocytes,
and whether this interference is directly due to microtubule
disassembly, or due to z general disorganization of thé\;

cytoplasmid organelles.
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