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ABSTRACT 

The cytoskeletal changes accompanying C025 myoblast 
differentiation, and transformatian have been investigated using 
various techniques. 

A very significant change in microtubule organization was 

found to occur upon inducing differentiation by transferring the 
cells into a medium containing horse serum. Elongation of the 
cells was accompanied by a change in microtubule distribution 
such that all the microtubules ran parallel to the long axis of the 
cells and the radial organization from centrosomes was lost. 

The transient formatian of primary cilia in the elongating 
cells was proceeded by an aggregation and fusion of all the 

centrioles within the cells. There seemed to be an apparent shift 

in microtubule nucleation centres from the centrosomes in 
myoblasts to a perinuclear distribution in myotubes. The capacity 

of these structures to nucleate microtubules was studied by 
allowing repolymerization after nocodazole treatment. The 
possible significance of these rather string changes in centriole 
organization, and in MTOC capacity, and the possible role of the 
primary cilia in myogenesis are discussed. 

During the course of the research the antibody MPM-13, 
supposed to be a centrosomal marker, was used. A very variable 
d i st ri b utio n of peri-centrosomally located g ran u 1 es w as 
identified in myoblasts with MPM-13. Double immunostaining 

experiments demonstrated that MPM-13 stained elements of the 

Golgi rather than a supposed centrosomal component. 

Study of the distribution. of actin cables showed that stress 
fibres were very rich in myoblasts, but decreased markedly in 
number as the myoblasts elongated. After fusion, an increase of 
F-actin cables occurred in newly formed myotubes, F-actin 
finally became highly organised in a periodic distribution along 

the myofibrils in vitro . 
In trcınsformed C025 myoblasts, the distribution of F-cıctin 

was very variable. A few actin cables were seen irı sorne cells 
which were attached to the substratum, but stress fibres were 

lacking in most cells, which were rounded cells in foci and not 

attached to the substratum. A possible relationship of these 

changes to the focal contacts is considered. 
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GENERALINTRODUCTION 



1.1. INTRODUCTION TO THE CYTOSKELETON 
The cytoskeleton permeates the cytoplasm with an intricate three

dimensional array of interconnected filaments and tubules (Reviews, 

Amos and Amos, 1991; Bershadsky and Vasiliev, 1988). In the 

cytoplasm of eukaryotic cells, the three major types of structure forming 

the cytoskeleton are: microfilaments (5-1 O ı.ım in diameter), 

microtubules (22-25 ı.ım), and intcrmediate filaments (7-11 ı.ım). 

Cytoskclctal fibrcs carry out a vcry widc spectrum of functions. 

These include: all the types of movements performed by and taking 

place within eukaryotic cells (e.g. Changes in cell shape, beating of cilia 

or flagella); they maintain the integrity of cell shape and form and also 

tissue integrity; provide a scaffold for cellular activities; form transport 

systems for the mavement of organelles within the cell; divide 

chromosomes at mitosis, and separate daughter cells at cytokinesis, and 

many others. These and other sorts of movemen t aris e through the 

activities of two basic systems, one of them involving nıicrotubules and 

the other involving microfilaments. 

The polynıerisatiorı of fibres from the protein subunits and the 

reverse process, depolymerisation, constitute one class of malecular 

reaction responsible for the rapid reorganisation of cytoskeletal 

structures. The second general mechanism for change and also force 

production is one filament sliding past another. Cytoskeletal fibres can 

be reversibly attached to a variety of types of other cellular structures. 

Thus the cytoskclcton can be rcgarded as part of a dynaınic cytoplasnıic 

matrix, surraunding and embedcling other intracellular structures. This 

matrix may eletermine the position and movements of other cellular 

structures as well as the shape of the whole cell. The matrix may also be 

actively involved in the control of the metabolic activity of other 

organelles and of the whole cell. 

This thesis considers the changing pattern of cytoskeleton 

organisation during nıyogenesis, and the roles of constituent in muscle 

cell differentiation, paying particular attention to microtubules and 

associated structures. A detailed description of each constituent of the 

cytoskeleton will be given in the Introduction of the appropriate Chapter. 

1.2. INTRODUCTION TO SKELETAL MUSCLE 

1.2.1. DEVELOPMENT OF SKELETAL MUSCLE 

Limbs devclop from mesenchynıe that has its origin in the sematic 

Jaycr of the Iateral plate nıesoderm in nıammals (Charles, 1968; Gerald 
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and B errill, 1981; Gray, 1989). At first, the segmented myotome appears 

as a discrete layer of cells between the dermatome and scleretome. In a 

short time, cells begin to leave this dorsal situated layer and invade the 

vertical and lateral plate region of the embryo. After the myotome has 

separated from the dermatome the individual myoblasts begin to line up 

with their long axes paraHel and to stretch out into spindle-shaped cells 

and then form motubes and myofibrils. This hipolar shape distinguishes 

the myoblasts from the associated fibroblasts, which form the connective 

tissue elements of the muscle. 

Myoblasts in tissue culture undergo the same morphological 

transformations as in vivo. During this process, fibres and granules 

within the cytoplasm of the myoblas ts become aligned in rows lying 

paraUel to the long axis of the cell. Myofibrils running the length of the 

cell then appear and become increasingly numerous until they fill the 

muscle cell, pushing the nuclei into eccentric position~ against the cell 

membranes (Gerald and Berrill, 1981). 

Mammalian myogenesis is characterised by four stages: 

1- Determination, in which the muscle precursor cell 

population is generated; 

2- Proliferation, in which the myogenic population is 

expanded; 

3- Differentiation, in which the myoblasts become post

mitotic, fusc into multinuclcatcd cells, and initiate 

synthcsis of spccialiscd contractilc protcins; 

4- Maturation, ın which innervation and the final 

differentiation of muscle sarcomeres occur. This stage in 

characterised by the appearance of muscle specific forms 

of actin, myosin and related protein (Quinn et al., 1990). 

Developmental biologists often use the term dctermination to 

deseribe an event the complexities of which are little known. One of the 

paradoxes of developmental biology is that a given event may be 

interpreted either as an increase in specialised cell function or, 

conversely, as a decrease in the ability to perform alternative functions. 

It is believed that each cell of an organism is endowed with an equal 

genome potcntial, and that differences among embryonic eclis occur as a 

eel! or group of eclis bcgin to show a limited capacity to express the full 

genomic potential. The cells of the primary gernı layers are already 

dctcrıninatcd to a considerable cxtcnt and the event that causes such 
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determination must have occurrcd during gastrulation, or earlicr (Review, 

Gurdon, 1977). 

The earliest stages of differcntiation remain poorly understood, 

but at some point during development a population of mcsenchymal 

cells, which are capable of differentiating into a variety of tissue types 

such as cartilage, blood, or connective tissue, undergoes a further 

restriction in their ability to express their total content of genetic 

information and become channelled into the muscle-forming line of cells 

as myoblasts (Review, Gurdon, 1989). Myoblasts are spindle-shaped, 

mononucleated cells that develop the capability of producing somc of the 

characteristic proteins of muscle. In thcse cells one can identify large 

polyribosome complexes on which myosin will be synthesised. 

The next major phase in the cytodifferentiation of muscle is the 

fusion of individual myoblasts into myotubes. Originally it was not 

known if myotubes developed by fusion or by the internal multiplication 

of the nucleus of a single myoblast. The fusion model was shown to be 

correct by both cytospectrophotemetric studies of the DNA content of 

the nuclei in developing muscle and by studying the isoenzyme pattern 

of hybrid muscle fibres formed by fusion within early allophenic 

embryos from two different strains of mice (Nathanson, 1988). 

A sin gl e my otu be can be 10-15 ı.ı.m in eliarneter and over 300 ı.ı.m 

in length (Lin et al., 1987). Mononucleated myoblasts fuse a forming 

syncytial myotube. The preparation of individual myoblasts for fusion 

appears to be coupled to a withdrawal from the cell-division cycle and 

fusion occurs only during the G 1 phase (Bruce et al., 19~3). Myotubes 

engage intensively in the sy_nthesis of contractile proteins and the 

contractile proteins assemble into regularly arranged myofilament arrays 

(Babai et al., 1990; Schaper et al., 1989). 

The differentiation of myotubes into mature skeletal muscle fibres 

involves changes ata number of different levels. New nuclei are added to 

the myotube by the fusion of addirional myoblasts. The nuclei of a 

nıyotubc are large and contain prominent nucleoli, as would be expected 

of cells intensively engagecl in RNA nnd protein synthesis (Review, 

Muntz, 19<JO). The corıır:ıctilc protcins of the nıyotubc uııdcrgo a process 

of sclf-asscınbly into ınyofibrillar units, starting at the pcriphcry of the 

myotube. As the nıyotubc ımıttıres and a greater proportion of its volume 

is occupied by co n tractile protein s, the n uel ei become mo re conıpact, the 

nucleoli lose their pronıincnce, and the nuclei nıigrate from the centre of 

the nıyotubes toward the periphery. Only when the nuclei become 
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peripherally located, can the diffcrentiating myotube be properly called a 

muscle fibre (Carlson and Faulkner, 1983). 

1.2.2. THE REGENERATION OF SKELETAL MUSCLE 

The satellite cell was first identified and named by Katz (1961) 

and also by Mauro and Adams (1961). It has been suggested that 

satellite cells may be the source of nuclei added to myofibres during 

tissue regeneration (Bischoff, 1 986; Campion, 1984). The satelli te cells 

have mitogenic potcnti:ıl and are involvcd in both the growth and 

regeneration of skeletal muscle. Following a variety of insults, skeletal 

muscle fibres break down and replacenıent of the damaged tissue is 

achieved by the development of these myogenic precursor cells. The 

sequence of events in many ways resembles the embryonic development 

of a muscle fibre (Carlson and Faulkner, 1983). 

Skeletal muscle regenerates after a wide variety of injuries. There 

are several types of respoııse. One type of regeneration, epimorphic 

regeneration, is found mainly in those amphibians capable of 

regenerating an entire linıb after arnputation (Carlson and Faulkner, 

198 3; Feldman and S tockdale, 1991). In epimorph i c regeneration the 

tissues near the plane of arnputation Iose their adult structure and form a 

regeneration blastema, which is roughly the equivalent of the embryonic 

limb bud. A new limb devclops from the blastema, and witlıin that limb a 

new musculature devclops in a manner that is both grossly and 

cytologically very similar to the normal ontogenetic sequcnce of events. 

In mammals skclctal nıuscle regencrates in a manner different 

from that seen in the rcgenerating limbs of amphibians. A major 

difference is that regenerating nıamnıalian muscle utilises the remnants 

of the original muscle fibre complex (Carlson and Faulkner, 1983). 

Mammalian muscle regeneration has been classically divided into two 

types, discontinuous and continuous. In discontinuous regeneration the 

entire muscle fibre or a portion thereof is cornpletely destroyed, and a 

new musclc fibre is formed from nıyobl:ıstic eclis. Corıtinuous muscle 

regencr:ıtion is deseribed as the buclding or outgrowth from the enel of a 

partially damaged muscle fibres. 

Muscle regeneration begins with some type of damage to the 

muscle fibre. The iııitial event consists of an intrinsic degeneration 

within the muscle fibre iıself. This process is characterised by the 
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disruption of the mitochondria and the sarcoplasmic reıiculum, and the 
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interruption of the continuity of the sarcolemma. Aftcr sonıc types of 

initial damage such as ischaemia essentially all of the myofibrils and cell 

nuclei die and ultimately undergo dissolution. Whether all nıyonuclei die 

aftcr all form of initial trauma has not been dctcrnıincd and rcnıains 

controversial. Sarellite cells, which are located beneath the Jargcly intact 

basa! lamina, then undergo an initial activation reaction (Bischoff, 

1986). The activation reaction involves enlargement of the nuclci and 

increases in DNA synthesis, in cytoplasmic mass, and in the density of 

cytoplasmic organelles. A major difference between regencrating and 

embryonic muscle is the persistence of the basa! lanıina of the original 

muscle fibre (Carlson and Faulkner, 1983). 

Cell division requires a precisely controlled re-organisation of the 

cell with co-ordinated changes in the organisation of the nucleus and of 

the cytoplasm. The process would be much more complex and difficult a 

task for a skeletal muscle cell, which contains many nuclei instead of 

one, and also has its cytoplasm crammed with highly orclered arrays of 

actin anel myosin. In fact, skeletal muscle cells do not dividc. Most 

skclctal ınusclc eclis probably survivc for the lifetime of the aniınal, but 

sonıc are likcly to be destroyed in one way or anothcr. Rcpl:ıccmcnts can 

be producecl only by a reactivation of the process by which skeletal 

muscle is formed in the embryo (Bruce et al., 1983). This process 

involves the action of precursor cells, also known ~ıs satcllitc eclis 

(Nathanson, 1986). 

1.3. INTRODUCTION TO THE C025 CELL LINE 

To investigate changes in the cytoskeletal organ isation of 

diffcrcnti:ıting musclc cells, it was decided to use the C025 eel! line. 

C025 is derivative of a mouse line capable of diffcrcntiating into 

striated muscle cells, originally isolared by Yaffe and S;ıxel (1977) and 

called C2. C2 was derived as follows: the cell line was cstablishecl from 

prinıary cultures takcn from thigh muscle of 2-month-old nıice 70 hours 

~ıftcr injury. Whethcr it was derived from sarellite eclis or sonıc other 

eel! type was not known. 

Tlı\' C02) line was oht:ıiııcd from C2 cdls hy tr:ırıskrticııı witlı a 

plasınid containing several copies of the human N-ras orıcngcnc under 

transcriptional control of the steroid-sensitive pronıoıer of the mouse 

manımary tumor virus Iong terminal repeat (MMTV-LTR) (Olson and 

Capetanaki, I 989). This prornoter renders myoblasts sensitive to the 

incluction of a transformed state and the inhibition of diffcrcntiation by 
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dexamethasone. N on-tran sformed C025 cells have b ce n found to be 

morphologically indistinguishable from nontransfected C2 myoblasts. In 

the absence of dexamethasone, fusion and induction of nıuscle-specific 

gene products were found to occur with kinetics indistinguishable from 

C2 myoblasts (Olson et al., 1987). The induction of ras proteins in 

terminally differentiated myotubes was without effect on myotube 

morphology and on the expression of muscle-specific genes (Gossett et 

al., 198 8). Ras inhibited myogenic differen tiation through a tran sient 

and reversible mechanism and this ras-dependent pathway interfered with 

an early step in the process of muscle-specific gene activation (Gossett 

et al., 1988). 
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MORPHOLOGICAL CHANGES DURING 
THE DIFFERENTIA TION OF C025 

C EL LS 



2.1. INTRODUCTION TO MYOULAST MORPHOLOGY 
In order to investigate the roles of the cytoskeleton in the shape 

changes which accompany differentiation of muscle eclis, it was first 

necessary to bricfly characterize the nıanner in whieh C025 eclis 

differentiate. At the same time sorne study was made of the effects of 

transformatian upon the cells as the res u lt of the switch on of the N -ras 

gene using dexamethasone. The changes which occur during rnyoblast 

differentiation and transformation, are deseribed in this chapter and 

compared with what is· known for other cell types. An introductory 

description of myotube and myofibril formatian has alrcady bcen given 

in the General Introduction. 

2.2. MATERIALS AND METHODS 
2.2.1. CELL CUL TURE 

2.2.1.1. CELL TYPE 

The C025 myoblast cell line, which contains a fcw copies of the 

human N -ras oncogcnc eneodcd on a plasnıid, was origirı:ılly obtained 

from Dr. E. N. Olson (The University of Texas, U.S.A.). 

2.2.1.2. CUL TURE MEDIA 

Cells were cultured in Dulbecco' s Modification of Eagles 

Medium (DMEM) (Gibco) supplemented with 10% Foctal Calf Serum 

(FCS) (Gibco), whieh is deseribed as the growth mediunı, in 10% Horse 

Serum (I-IS) (Gibco) which is deseribed as the fusion mcdium, or in 10% 

Foetal Calf Serum or in 10% 1-Iorse Serum with 1J1M dexamethasone 

(Sigma). Bntlı thcsc ıncdia wcrc uscd to causc tnınsforınation of the 

cultures. 100 U/ml penicillin, and 100 mg/ml strcptomycin wcrc added to 

tlıe ıııcdi:ı wlıich werc stnrcd :ıt 4 °C. 

2.2.1.3. CELL CULTUUE 

The eclis were eultured in cither the growth mediunı or the fusion 

mediııın. Tn hoth ınedin, the eclis wcre grown in an atmosplıerc of 90% 

air, I 0% carbon dioxide at 37 oc. Aftcr eclis rcaehcd 70-XO% conflucnec 

in the growth medium, it was rcplaecd with fusion ıncdium to allow 

differentiation to occur. Cells grew and differentiated only very slowly if 

they were seeded direetly into fusion medium eontaining 10% horse 

serum. Cells were cultured in flasks (25 crn2, 5 ml, G ibeo) or plastic 
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petri dishes (30 mm diameter, Sterilin) and the mcdiuııı was changcd 

once per day. 

2.2.1.4. TRYPSIN SOLUTION 

Trypsin solution consisted of 10 ml Puck A saline (0.7 ml 5% 

NaHC03, 0.33 ml 300 mM EDTA in 100 ml sterile distilled water), plus 

25 ml lOX Trypsin/EDTA (Gibco). It was stored at -20 o C. 

b~------------------------------~------
FIG.-1 : The cork borer (a and b) and plastic discs (<ırrows on b) are 

obtained by ıııclting the flasks. 

2.2.1.5. PREPARATION OF PLASTIC DISCS 

Aftcr growing the eclis in a flask, picces of the flask wcre removcd 

hy ınclting through tlıc flask surfacc witlı a hcatcd cPrk borer (30 
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seconds heating with a bunsen) to remove a disc (2 cm diaıneter). The 

cork borer and some plastic discs made from the flasks are shown in 

Fig. ı . This method was adopted after attempts to grow the cells on 

glass coverslips, covered with a variety of substrates, did not succeed in 

eliminating the problem of cell loss during preparation for fluoreseence 

microseopy. 

2.2.2. B U FFER S 

2.2.2.1. PBS 

Plıosphate buffertd saline (PBS) consisted of 137 mM NaCl, 2.7 

ııırvt KCl, 1.5 mM Kll2PÜ4, H nırvt NaıiiJl04, at pll 7.3. flBS/BSJ\ 

contains 0.02% bovine serum albumin (BSA) in the solution. 

2.2.3. FIXA TIVES AND FIXA TION 
2.2.3.1. GLUTARALDEIIYDE 
Cdls grown on glass or on plastie eoverslips were washed with 

PBS and then fixed with 2.5% glutaraldehyde in PBS (pH 7 .2) at 

room teınperature for ı 5 min u tes. After fixing the cells were washed 

with 3 changes of PBS. 

2.2.4. MICROSCOPY 

2.2.4.1. INVERTED MICROSCOPY 

Cells were examined directly in the flasks or petri dishes using a 

Nikon TMS inverted microscope equipped with optics as deseribed in 

seetion 2.2.5 .. Photographs were taken as eleseribed in seetion 2.2.6 .. 

2.2.4.2. SCANNING ELECTRON MICROSCOPY 

Cells were grown on round glass coverslips (1 3 mm diameter) and 

washed with PBS for 3 X 30 seconds at room temperature. They were 

fixed with 2.5% glutaraldehyde in PBS deseribed in seetion 2.2.3. 1., 

then washed with PBS for 15-30 minutes at room temperature, and 

postfixed with 1% osıniunı tetroxide in PBS for 5-10 minutes at room 

temperature. After washing with distilled water for 3 X 30 seconds, they 

were then dehydrated with an ethanol series (50%, 70(Yu, 90%, 100%) for 

5 minutes. The cells on the coverslips were placed in the chamber of a 

pressure bomb using a Poleron critica! point drier. The boınb was filled 

with liquid carbon dioxicle and the temperature of the pressure bomb was 

raised. The eri tieal pres s ur e w as approximately 1081 1 bjm2 for earbon 

diuxidt.: iıı the Pokron ı.::ritiı.::al poiııl drier. J\l"tL·r critica! poiııt dryiııg, the 
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samples were coated with a thin layer of gold (approximately 200 

angstroıns thick) in an argon atmosphere for 5 minutes. An Edwards S 

ı 50 B Sp u tt er Coater w as use d to co at with gold. 

S amples were examined in a Hitachi S 800 sean n ing electron 

microscope. Photographs were taken as deseribed in seetion 2.2.6 .. 

2.2.5. LENSES AND FILTERS 

2.2.5.1. LENSES AND FILTERS FOR INVERTED 

MICROSCOPY 

X 10/0.25 Ph ı DL, X20/0.4 Ph2 DL, and X40/0.55 Ph3 DL 

objectives and a condenser with N .A. 0.1, N .A. 0.2, or N .A. 0.3 were 

used with the inverted ınicrosope. A green filter was usecl to enhance 

resolution anel visualization of the cells. 

2.2.6. PHOTOMICROSCOPY 

2.2.6.1. CAMERAS 

Photographs were taken using aNikon F-301 caınera for inverted 

microscopy, and Mamia 50A roll film holder for transmission and 

scanning clectron microscopy. 

2.2.6.2. FILMS 

Tlıe following films were used: Kodak Tri X-Pan 400 for invcrted 

ınicroscopy, and liford FP4 120 and FP5 (6.5X9.0 cm) for SEM, 

2.2.6.3. PHOTOGRAPIIIC SOLUTIONS 

A- Developer solutions; 12.5% Acuspeed, 87.5% distilled water. 

The filıns were washed with developer solution for 8 miıuıtes at room 

temperature, and shaken every 20 seconds for 20 seconds. 

B- Stopper solution; 20% Hypam, 2% Harclener, 78% distilled 

water. The films were washed with developer solution for 5 minutes at 

room temperature, and shaken every 20 seconds for 20 seconds. 

After processing, all films were washed with warm water for 30 

minutes. 3 drops of anti-static were added to the last rinse. 

2.2.6.4. PHOTOGRAPHIC PAPER 

Ilford multigrade III RC rapid photographic paper was used. 
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2.3. RESULTS 
2.3.1. INDUCTION OF MYOTUBE FORMATTON 

2.3.1.1. RESOLUTION OF CULTURE PROULEMS WITH 

C025 CELLS TO INDUCE DIFFERENTIATION 

Cells were seeded onto glass eoverslips in petri dishes and 

allowed to proliferate in growth medium (as deseribed in seetion 2.2. 1 .). 

C025 eells grew rapidly in this medium when supplemented with 1 O% 

FCS but did not differentiate. After the eells reaehed until 70-80% 

eonfluenee, this medium was replaced with the fusion medium (as 

deseribed in seetion 2.2.1.2.), and the medium was ehanged onee a day. 

Under these eonditions, eells ceased proliferation but did not form 

myotubes. The problem was not due to either the pH or to problems with 

partietılar batches of h orse serum, s ince a variety of pH s and h orse sera 

were exarnined. A further approach to stinıulate differentiation was the 

use of DNA replieation inhibitors (Tomasz et al, 1987; Lin ct al., 1989; 

I I i n ı er b cr g cr an d Bar aI d, 1 9 9 O ) . M i ı o m icin- C (S i g ın :ı) at n 

eoııccntration of 0.05 mg/ml or Cytosinc ~ -D- Arabinofııranosiclc -5'

Monophosphate (S igma) at a eoneen tration of 15 mM wc re ad d cd to the 

myoblasts in the fusion media. No myotubes were formed as the result 

of the addition of these mo leeules. 

A further problem was the laek of adhesion of the eells to the 

surfaees. After 2-3 days incubation on glass coverslips in the fusion 

medium the cells totally covered the surface of the coverslips. However 

when the medium was ehanged or while the cells werc washed during 

immunostaining the cells became detachecl in sheets. It was an evident 

ılıaı ılıc rınrm:ıl way of growiııg eclis for iııııııııııorlııorcscence 

mieroseopy was not satisfactory for this cell type. 

One possibility was that eoating the eoverslips nıight overcome the 

adhesion problem and also provide a better anehorage of the cells for 

diffcreııtiatiorı. Coverslips wcrc coatcd witlı one of the l'ollowing: poly-

1. ly'::iııı· ((),Ol 'X· w/v: S igıııa: 1 .rifn 1'1 ol .. 1 qg.ı). ıypr 1 V 1 1ıllııı·.ı·ıı ({),ı ı·;. 

in 0.1 N :ıcctic acid; Signı:ı; Goldhcrg ct al, 19R9; S;ındcrson et al, 

19R6), gelatİn (2%; Sigma; Yaffe, 1973), or fibronectin (1-5 ıng/cm2; 

Sigma; Grant and Tseng, 1986) before the cells were sceded. However 

better adhesion of the eell was not obtained and no formation of 

nıyotubes was observed using any of the above. 

Evcntualy the cells were grown in tissue culturc flasks in the 

prcscncc of 10% fıorse serum in DMEM, and the nıcdium was ehangccl 

7-10 ıi11ıes :ı week. Uııdcr ılıesc coııdiıinıı, the cells rnrııll~d myotulws 
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without coming off from surface of the plastic flasks during fixation or 

washing. It was therefore decided to grow cells in plastic flasks and to 

prepare cells for fixation by punching out a disc from the base as 

deseribed in seetion 2.2.1.5. Thus positive results were obtained simply 

with uncoated flasks. So, cells seeded into flasks were nıainly uscd in 

this study. 

2.3.1.2. OBSERVATIONS OF CELL GROWTH IN 

DIFFERENT MEDIA 

Approximately 3.5x103 of cclls in 1 ml. volunıc wcrc sccdcd into 

flasks to examine the effects of four different media on cell grown . 

These media were: DMEM, DMEM with 10% foetal calf serum, DMEM 

with 10% horse serum, DMEM with 10% horse serum plus lı.tM 

dexamethasone. Cells were then fed for up to two weeks in these mcdia. 

The medium was replaced to fresh medium evcry day. The numbcrs of 

the cells grown in these different nıedia were counted aftcr one, three, 

five, ten, and fourteen days (Table-1; Graph-1). Counting of eclis was 

done fivc times for each sanıplc and the average was takcrı. 

~ 
Fusion 

Growth Fusion medium 
DMEM medium medium Deı:ıt"am<?-e 

thasorı~? 

At stad 36.864 36.864 36.864 36.864 

After 1 day 74.400 110.080 61.520 98.768 

AftPr 3 daı.J s 13.520 21A.896 103.040 23F..R16 
.. ----

After 5 days 15.136 463.008 103.856 504.688 

AHer 1 O day s 17.568 578.112 104.016 768.73G 

After 14 days 19.584 621.024 104.128 965.232 

TABLE-1: Growthcharacteristics of C025 eclis grown in the diffcrent 

nıcdia. The eclis were counted 5 times for cach sanıple and the average 

taken. 

In the first day in the media, no significant differences were observcd in 

the proliferation of the cells and all culturcs showeel significant eel! 

doııhliııJ.:;. Hnwcvcr, during consecııtive days in cııltıırc, the \'ffects of the 

ıı11·di:ı oıı l'\'11 l'tPiil'cr:ıtiPıı lıt·cıııı~t· ck:ır: prolilt·rution iıı< ,,·,ı:;t·d lıy nvr·ı 

approximately twofold on the second day iri all mcdia. 
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GRAPH-1 : Growth characteristics of C025 cells grown in different 

nıedia. Data for graph taken from Table-1. Bars indicate maximum 

valııcs foıırıd. 
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FTG.-2 : Cultııre of C025 eclis in DMEM :ılonc,. Cclls wcrc dircctly 

obscrvcd in the invcrtcd phase microscopc (a) soon aftcr plating out, (b) 

aftcr 24 hours, (c) 3 days, and (d) 14 days; Bars= 100 Jlnı . 
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Graph-1 demonstrates that little growth occurrcd ın tlıc nıcdium 

conıaining only DMEM, as would be cxpcctcd. In DMEM, the number of 

eclis only incrc:ıscd on day I, significant ccll deatlı occıırrcd by three 

days(Fig. 2). After 3 days, some cells became sticky and formed clunıp 

or colonies (Fig. 2b). These clumps of the cells stayed togcther in the 

clumped form. The morphology of the surviving cells bceamc abcrrant 

after three days. Suprisingly some odd clumped cells wcre stili present 

after 14 days culture in DMEM alone (Fig.2d). Individual eclis had no 

processes, and also many dead cells were seen in eclis cultured ın 

DMEM alone (Fig. 2c, d). When the cells were cultured in DMEM with 

10% foetal ealf serum, the number of cells w as inercaseel approximately 

ten-fold after four days (Table-1; Graph-1; Fig. 3). Ccll proliferation 

eontinued until they reaehed confluence, which oecurrcd bctwccn 4-7 

days, after which growth reached a plateau but contirıuccl ııp nıore 

slowly (Tab le-I: Graph-1 ). 

FIG.-3 : Culture of C025 cells in the growth mediunı (DMEM + 10% 

foetal calf serum), (a) soon after plating out, (b) aftcr 2'L hours, (c) 3 

days, and (cl) 2 weeks; Bars= 100 ıı-mı. 

The cells were polygonal in shape (Fig. 3b), and they had one or 

more Jong proeesses (Fig. 3b). In the growth medium, the eclis bccame 
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smaller when they rcachcd conflucncc in the culturc (Fig. 3c). At high 

cell densities there was some cell overgrowth (Fig. 3d). 

The number of cells in the horse serum, inerensed r:ıpidly over the 

first three days and then reached a clearcut plateau, represcnting 

ccssation of growth. The cells wcrc dividing rapidly for the first 3 days, 

they thcn stopped dividing (Tablc-1; Graph-1; Fig. 4). This cessation of 

division corresponds to the onset of differentiation (Fig. 4c). Fusion 

medium is proposed to stimulate mitogenic activity that supports the 

growth of cells at Iow densities. After 3 days this was haltcd completely. 

The shape of the cells was polygonal and they also had processes after 3 

days when they became confluent (Fig. 4c). Their shapcs changed from 

polygonal to ovoid, and they became progresively localized parailel to 

each other (arrow on Fig. 4c). Then they fused to form nıyotubes in the 

culture (arrow on Fig. 4d). 

·· ... · 
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FIG.-4 : Culture of C025 cells in the fusion mediunı (DMEM + 10% 

lı() r s e s e rı ll ll). (il) s() (l rı :ır ı cr p ı il ı i rı g ()tl ı. (b) :ır ı cr 2 4 lı <lll 1 s. (c) 3 d :ı y s. 

;ırrnws. ov(lid eclis hcc:ııııc p:ır:ıllel to e:ıclı other, :ıııd (d) 2 wccks, 

arrows, a formed nıyotube by fusion of cells; Bars= 100 pm 

In contrast, cells grown in 

continued rapid proliferation 

confluence ( at about 5 days cf. 
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(Graph-1) even after they reached 

Tabie-l, and Fig. 5). The shape of the 



cells was polygonal, and they had long thin processes, also most of thcm 

were Iocalizcd by sticking togethcr (Fig. 5b). Thcir slıapc bccame 

thinncr, and also they grew on the top of each other (Fig. Sc). 

Transformed cells formed foci after 3 days. The cells whiclı were in the 

foci had a more roundcd shape (Fig. 5d), bllt the eclis undcr the foci 

which adhered to the flask were seen as Iong thin cells (Fig. 5d). This is 

typical of transformed eclis where ovcrgrowth, associatccl with foci 

formation occurs (Fig. 5d). 
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F 1(; . -5 : C ll 1 t ll r c o f C O 2 5 c e ll s i n t h c cl i ff cr c n t i a t i o n nı c d i ıı nı ( D M E M + 
10% horseserum + lı,tM dexamethasone), (a) soon aftcr plating out, (b) 

after 24 hours, (c) 3 days, and (d) 2 weeks; Bars= 100 ı.ım 

2.3.2. CHANGES IN CELL MORPHOLOGY DURlNG 

D IFFERENTJATJON 

During myogenesıs, three main morphological stages of 

differentiation could be identified in C025 cells; elongatiııg ınyoblasts, 

fusing to form myotubcs, and matmating to ınyofibrils. 

2.3.2.1. ELONGATION 

Unclifferentiated C025 myoblasts exhibitcd a fiatteneel stcllate 

shape in DMEM containing 10% foetal calf serum (Fig. ();ı). 
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Aftcr two days when the eclis rcachcd 70-80"'~ı coııflucnce, the 

growth mcdium was rcplaced by fusion mcdium. As a conscquence 

withdrawal from the cell cycle occurred and the eclis undcrwcnt 

clongation and diffcrentiation. A consideration of Fig. (lb shows that, 

after two days in the fusion medium, many of the eclis became 

consider:ıhly clongatcd and they wcre in the process or :ıligning one 

with the next. The polygonal shape of the undiffereııtiated eclis was 

lost. Such eclis hadarather round ccll body, and the long thin terminal 

processes wcre drawn out at either end. There was no partietılar area 

where clongation of the cells started, but there must be somc influcnce 

which aligııs the eclis as they lcngthen (Fig. 6b). First, thcir shape 

became ovoid but without any significant processes. 
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FIG. -6 :The eclis were grown (a) in the growth nıediunı ror two days, 

(b, c, d) in the fusion mediunı for 2 days showing cloııgatioıı, arrow 

shows the proccsscs of elongating myoblasts stretclıcd over tlıe other 

eclis; nars SO ıım 
_ __;_ ________________________ ...... _____ .. ____ .. ___ ,_,_ __ .. 

Usually plıasc-bright cdgcs to the eclis werc ohscrved in the 

elongation phase. In this stage of diffcrentiation the eclis hecaınc raised 

above the surface of the eulture (Fig. 6c). Then long thin processes 

formed as t:ıils from the two oppositc termini of the ovoicl ccll hodics. 

1 7 



So spindlc shapcd cells appeared in the culturc (Fig. 6d). The processcs 

of elongating nıyoblasts strecthcd over the other cells (Arrow Fig. 6d). 

2.3.2.2. FUSION 

2 days after transfer to fusion nıediunı, the cells nıade contact with 

each other and began to fuse (Figs. 7a, b, c). During the fusion stage of 

differentiation which was a very short period of about half an hour, the 

cells becanıe much more elongated and had long thin processes. These 

elongated cells with long processes were frequently parallel to each 

other (Fig. 7a, b, c). During this stage, the proccsses of elongated eclis 

were seen to touch together and fuse at the ends (arrows Fig. 7a, b, c). 

The other cells were beneath the touching cells (cf. Fig. 7c, d). After the 

fusion s tagc, the process es of the ce lls becamc thickcr (arrows show on 

Fig. 7d). 
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FIG.-7 : C025 myoblasts during fusion in the fusion nıccliunı aftcr 2 

clays; region of fusion (a) low power, (b) lıiglı power, (c) field showing 

eclis in various stages of elongation and two ncwly fusccl eclis abovc, 

ill'f'OWS, (Olll·lıing or tlıc tlıin prOL'l'SSl'S ol" t•lorıg:llrd eclis, (d) rit:ld 

slınwiııg :ı Lıtcr st:ıgc witlı ııınre fıısecl cclls. :ırrows show ılı:ıt tlıe 

proccsses hccnmc thickcr :ıftcr fusiorı; B:ırs= 20 pm. 
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2.3.2.3. FORMATfON OF MYOTUBES 

During fusion, the forming nıyotubes appcared as phase bright as 

unfused cells (Fig. 7c, d). After fusion, the phase bright edges of the 

cells gradually disappeared (Fig. 8a, b, c, d). The fusion region in these 

eclis becanıe thicker, thus the cells became shorter or seemed to be 

shorter than before (Arrows Fig. Sa, b). Normally by 4 days in the 

fusion medium, the cells ceased proliferation and colonies of eclis 

contained the dense network s of long multinucleated fibres. This 

process did not occur simultaneously in all eclis in the same culturc. 

More and more myoblasts gradually fused into myotubes which bccanıe 

progressively larger (Fig. 8b, c). During nıyotube formatian and 

maturation, lateral fusion of the cells was obscrved (thin arrow show on 

Fig. 8c). Progressively thicker myotubes were formed, but there was no 

uniform thickness for them (Fig. 8c, d). 
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FIG.-8 : C025 myoblasts during fornıatioıı of myotubcs and then 

nıyofibrils in fusion medium; (a) fusion progress after 4 days, (b) early 

stages of myotubes, arrows, showing the fusion region of the eclis 

became thicker, (c) Iate stage myotubc <ıfter S days, thin arrow, latcr<ıl 

fusion, thick arrow, clumpiııg of nuclci in a new formed nıyotubc, (d) 

maturation of myotubes to myofibril after 2 weeks, thin arrows, spaccs 

betwcen nuclei in a myofibril, thick arrows, striatcd pattcrn of a 

nıyofibril; B:ırs= 20 p.nı. 
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The clumping of nuclei werc secn in the some of the new formed 

myotubes (tlıick arrow shows on Fig. 8c). In the older nıyotubes some 

spaces were observed between nuclei (thin arrows show on Fig. 8d). In 

the mature differentiated cells, the maximum diameters were very 

variable (Fig. 8d). Within these myofibrils only linear arrays of nuclei 

were visible, but they were localized usually in the midelle of the 

myotube (Fig. Sel). The striation pattern was more visible at the borders 

of the myofibrils (thick arrows show on Fig. 8d). 

2.3.3. CHANGES IN MORPHOLOGY DURING 

TRANSFOR MA TION 

As deseribed previously, C025 cells had a polygonal shape in 

foetal calf serum and formed a monolayer in this mcdium with only a 

few cells overlapping by occasional thin processes(fig. 3d, 6a). After 

one or two days of culture in the presence of 1 ı.ıM dexamethasone, the 

shape of soıne of the cells was triangular (Fig. 9a). The eclis bccame 

sınaller than before and the cell bodies rounded up. Many thin long 

processes wcre also visible (Fig. 9a). Transformeel eclls usually form 

multilayered sheets anel spherieal aggrcgates anel C025 eells followed 

this nıle to form foei. Aftcr two days, the eclis began to ovcrgrow cach 

other, forming multilayers anel thcir average size bec:ınıc furthcr rccluccd 

(rigs. 9a). 

/1 

FIG.-9 : Effeets of clexarnethasonc in fusiorı nıcdiunı on nıorplıology of 

C025 eells ;ıfter (a) 2 days, anel (b) 4 d:ıys, thin arrow, roundcd eclis in 

a foci, thiek arrows, long thin processes of the eclis undcr the foci: 

Bars= 20 p.nı. 

By four clays, the foei were nıueh larger (Fig. 9b). In this sta.;e, 

tlıere wcre two eliffercnt morphologies of the transformed eclis in tlıc 

culture: cells in a roundecl shapc wlıiclı wcrc in the foci (thin ;ırrow 
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shows on Fig. 9b), and some cells with long thin processes which wcre 

under the foci (thick arrows show on Fig. 9b). 

2.3.3.1. REVERSIBILITY OF MORPIIOLOGY AFTER 

TRANSFOR MA TION 

The action of various oncogenic agcnts, such as chemical 

carcinogen, on cells in culture leads to the appearance of cells with 

relatively stable alterations in morphology. These genetically stable 

alterations in ce11 morphology are usually designated morphological 

transformations. In the presence of dexamethasone, suppression of 

differcntiation occurred rapidly. Dcxaınctlıasonc was withdrawn from tlıc 

fusion mcdium to observe what change in the behaviour of the eclis 

might occur. 

. :1 ~ 
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FJG.-1 () : Effccts of the renıoval of dcxanıcthasonc on C025 eclis where 

foci were formed nftcr 3 days in ftısion nıcdiııın followecl hy 4 days in 

fusion mediunı lacking dcxanıethasone. (a) low power, (b) lıigh power, 

arrows, showing a nıyotube, (c) aftcr 4 days C025 nıyoblasts formeel to 

nıyotubes in the fusion nıediunı, arrows show nıyotube, (d) after adelition 

of clexanıetlıasone in the fusion nıccliuııı, the nıyotubes arter 1 day, 

arrows show eleformeel nıvotuhe: Rars= 100 pııı 

The ıııccliunı was changcd to the fusion nıcdiuın without 

(kx:ıııwtlıasoıl\' :ıftn til(• fıırın:ıtioıı tıf foci hv tr:ııısl'ıırııH'd ("(·ll•;, i\:; :ı 

? 1 
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consequence myotubes began to form within 3 days (arrows show on 

Fig. 10a, b). The foci of what resembled transformed cells and myotubes 

co-existed as the cells switched gradually to the pathway of myotube 

differen tiation (Fig. 1 O a, b). 

After the myoblast cells became 70-80% confluent in the growth 

medium, it was replaced by the fusion medium, and after 4 days in the 

fusion medium, the myoblast cells formed myotubes (Fig. lOc). After 

four days forming myotubes in the culture, lj..tM dexamethasone was 

acideel to the fusion medium to examine the effects of dexamethasone on 

the myotubes and also on the other myoblast cells. After 2 weeks, 

multilayer growth was observed in the cultures which had been exposed 

to dexanıctlıasone (Pig. 1 Od). The nıyobl:ısts clıangccl to a nıorc roundcd, 

and smaller shape than before addition of dcxamcthasone (Fig. 10cl). 

The myotubes were seen to be eleformed by the effects of dexamethasone 

(arrow showson Fig. lOd). 

2.3.4. OBSERVATIONS BY S.E.M. 

2.3.4.1. S.E.M. OBSERV ATIONS OF THE SURFACE OF 

C025 CELLS DURING MYOllLAST 

DIFFERENTIATION 

In the growth mcdium, undifferentiated C025 myobl:ıst cclls had 

plasma membrane surfaces which had numerous nıicrovilli on them (Fig. 

11 a, b). 

During elongation, when cells were observed using the S.E.M., 

they had some smail thick microvilli on their surfaces, but otherwise 

tlıeir surfacL~s werc conıparativcly snıootlı after two days in the fusion 

ııwdiııın (FiP .. 1 1 c. d). The <'lnııı•,:ıtcd c(·lls h:ıd InnP.itııdiıı:ıl pk:ııs nıı 

tlıeir proccs:;cs (tlıiıı ıırrows in ı:ig. 1 1 c, d), ·and :ılso ılıl·sc· pk:ııs 

extended onto the ceii body (thin arrows in Fig. lle, cl). These spinclle 

shaped cells were seen to have sonıe very smail Iateral proccsses prcscııt 

close to the ba.sal surfaces (tlıick arrows in Fig. 11 c, d). 

The fusion followcd on from :ınci aeconır:ıniccl clongatioıı. 

Differentiating myoblasts starteel to fusc forming ınulıiııucleatcd 

nıyotubes in tissue eulture after three days. Cylinclrieal or eoııieal eel! 

processes were present whieh had a Iength nıuch greatcr than tlıeir widtlı 

(Figs. 12a). As fusion proceecled, the eclis becanıe attaelıed to the 

syııcytium by lateral fusion (Fig. 12a,b). 



a 

c 

FIG.-11 : S .E. M. of C025 cells after 2 day s (a, b) in the growth 

medium, (c, d) in fusion medium, thin arrows, longitudinal pleats, thick 

arrows, lateral processes; Bars= 20 ~m. 

The clongated cells were initially distinct from the irrcgularly 

fııscd cells (arrows show on Fig. 12a), hııt gr;ıdııally dis;ıppc:ırcd :ıs all 

tlıe eclis fuscd. They wcre attachcd to the surfaccs of nıtırgiıı:ıl 

processes, hut not to the tıpper surfaces of the eclis (Fig. J 2a,h). 
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FIG.-12: S.E.M. of fıısing C025 eclis iıı fusion nıccliııııı :ıftcr 2 d:ıys 

(:ı) low pov,·n, (h) lıiglı power, arrows, ,ı;;yncytiııııı of tlıe rırnn·.-;scs nf tlıe 

( r ll s lı y 1: ı 1\ · ı :ıl lıı s i n ıı : ll :ı r s ,' () 1' ııı . 
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SEM observations showed that when the free processes of a myoblast 

cell met a similar processes of anather cell during elongation, stable 

cell-cell attachments occurred such that fusion then followed (Fig. 12a, 

b). 

During fusion, the long thin processes of the fused cells became 

shorter, and finally became rather thicker (Fig. 13a).The bodies of the 

fused cells changed to more cylindrical shape (Fig. 13a, b). In the 

S.E.M., after fusion had began, the myotube surface was scen to be 

fairly smooth but there were a few microvilli, and long pleat-Iike 

microvilli on the surfaces all the way along (arrows in Fig. 13c), and this 

remained as fusion proceded. After four days, the myotubcs inercaseel in 

their average width. The surfaccs of the eclis wcrc stili sccıı to be fairly 

smooth, with no microvilli, but cytoplasmic structurcs rcscmbling 

ribbing werc present at right angles to the long axis of the eclis, and 

parailel to each other, all along the surfaces of the myotubes (arrows in 

Fig. 13d). 

.~ . 

FIG.-13 : C025 cells during formatinn and maturation of myotubes in 

fusion nıedium (a) early stagc of nıyotuhe formatinn aftcr 3 cl:ıys (h) 

high power, (c) myotube after 5 clays, arrows show ıı fcw nıicrovilli on 

the nıyotubc, (d) nıyofibril aftcr 2 wceks, arrows, cytopl;ısnıic structıırcs 

rrscmhling rihhing on the surfacc of the nıyofihril 



2.3.4.2. S.E.M. OBSERVATIONS DURING 

TRANSFOR MA TION 

After cells were grown in the growth mediunı or fusion medium, 

(1 JlM) dexamethasone was ad d ed to the each med i um to examine the 

effects of dexamethasone on the celis. 

In the growth medium, the cells were usually triangular or 

polygonal in shape (Fig. 14a). The surfaces of the cells were seen to be 

quite smooth, but the cells had many thin, small microvilli and blebs on 

their surfaces (Fig. 14b). 

After addition of dexamethasone to the growth mcdium, the shnpes 

of the eclis changcd to a more roundcd form (Fig. 14c). Conspieuous 

memhr:ınc rııfflcs werc visihlc :ıroıınd the cdges of the eclis (Fig. 1!Jc) 

and all the surfaces of the eclis werc seen to be irregular (Fig. 14d). 

FlG.-14: Effects of dcxamethasonc on C025 eclis obscrved by S.E.M. 

aftcr 2 days; (a and b) Control eclis in growtlı mcdiunı not cxposcd to 

dcxamcthasnne (a) low power, (b) high power, (c anel d)cclls iıı the 

growth medium with dcxaıncthasonc (c) low power, (d) lıiglı power, thin 

arrows, holcs on the eel! surface, thick arrows, hlcb-likc nıicrovilli; 

Bars= 2 Jlm. 

However, tlıcv were nıuch nıorc convolutcd th;ın eclis grown in the 

ahsence of dex<lnıethnsone, and thcre \vere sonıc holcs on the sıırfaces of 
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some of the cells (thin arrow ın Fig. 14c, d). Also, after addition of 

dexamethasone to the fusion medium, most of microvilli assumed a 

conspicuous wave-like shape (Fig. 14d), but some smail bleb-like 

microvilli were also observed (thick arrows in Fig. 14d). 

In the fusion medium, the cells were spindle shaped with long 

processes at both ends (Fig. 15a). Also, short lateral proccsses wcre 

ussually seen (arrows in Fig. 15a). The elongated cells had some short 

microvilli, and also some longitudinal pleats visible on their surfaces, 

which ran along the long axes of the cells (Fig. 15b). 

After addition of dexamethasone to the fusion medium, the cells 

became shorter than before, and the shapes of the cells were changed to 

a quitc triangular form (Fig. 15c). Tlıcse eclis lost the long thin 

processes (Fig. 15c). Sonıe ruffles wcre seen on their cdges (arrow in 

Fig. 15c). The surfaces of the eclis were quite smooth, and lincar 

microvilli appeared on them. Alsa a few small bleb-like microvilli were 

observed (arrows in Fig. 15d). 
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FIG.-15 : J\ftcr 2 days the cffccts of dcx~ınıctlıasoııc on diffcrcntiating 

C025 cells were obscrvcd by S.E.M .. (a, b) control eclis in fusion 

mcdium not exposccl to clexamcthasoııc, arrows, lateral proccsscs, (c, cl) 

eclis grown in fusioıı ıııeclium for 2 days, thcn dexanıcthasonc was ncldccl 

anel the cells wcre grown for further 2 clays, arrows oıı (c), rufflcs on the 

edgcs of the ccll. arrows on (d), blch-likc nıicrovilli; n:ırs= 20pnı. 



A further experiment was carried out to see what the cffects of 

dexamethasone were on growing cells in the fusion medium from the 

beginning. The cells were grown in the growth meditım until they became 

confluent, then the medium was changed to fusion meditım with 1 ııM 

dexamethasone. After three days, the cells were observed to be rounded 

in shape, and a few foci were present after 3 days (Figs. 16a). After 1 

week, the transformed cells formed conıplete foci by dividing on top of 

each other (Fig. 16b). The cells which were in the foci were observed to 

be rounded in shape and 5-10 IJ.m in dianıeter. However, some cells 

which were under the foci were observed long thin cells (arrows in Fig. 

16a, c). The surfaces of the spherical cells were rarely found to be 

smooth but were usually covered with blebs or small microvilli (Fig. 

16d) . 
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FIG.-16 : S.E.M. nıicrograplıs showing dctails of the cffccts of 

dexametlıasone on C025 cells in fusion ıııediunı; (a) after 3 days, (b. c, 

d) aftcr 1 w<:ck, arrows show loııg thiıı prncesscs or the eclis uııder the 

foci; Bars= 20 ı,ını. 

27 



reported that low pH in endosomcs activatcs a fusogcnetic protein 

(fusogen) in the viral envelope which catalyzcs the fusion of the viral 

and endosomal membranes. Thus during differcntiation, the pH level of 

elongated myoblasts could change to a lower pH activating one or more 

myoblast fusogenic proteins at the myoblast surfacc. This coulcl occur 

by endocytosis. Although there is no direct evielence for such a 

mechanism triggering myoblast fussion, Kalderon and Gilula (1979) 

obscrvcd the prescncc of vcsiclcs ncar the apİcal and lateral 

plasmamembranes of myoblasts at fusion sites. 

During differentiation, only the membrancs of elongatcd 

myoblasts seem to have a capacity for fusion. Elongated C025 cells 

were seen to fuse with other elongated myoblasts or with myotubes, but 

not with undifferentiated myoblasts. This capability of the cells could 

come from an altcration of membrane recepters by a genetic switch or a 

direct cffcct of the environmcnt for a short period during the fusinn. 

Experimentally, substances such as polyethylene glycol (betwcen nıuscle 

cells and fibroblasts or keratinocytes, or hepatocytes) (Pavlath et al., 

1989) and subtilisin (between erytrocytes) (Ahkong et al., 1978) have 

been found to induce fusion. During fusion, elongated cells may produce 

either enzynıes or other moleculcs to stiınulate fusion. 

Tt is known that lectins, are prcsent on the ccll surfaccs anel are 

thought to be involved in cell-cell rccognition (Lis :ınd Sh:ıron. 1<)R6). 

i\ I s o h i n d i ll p ro tc i n , t lı o u g lı t to h c r c s po ll s i h k ro r ılı c s pc c i c s -s ;ı~:. c i ri c 

adlıcsion or the spcrnı to the cgg, was found to be a rcccptor un thl·. eel! 

surface (Lis and Sharon, 1986). C025 ınyoblast eclis nıay have spccific 

lcctin- or hindin-likc protcins on tlıcir surfaces which confcr spccificity 

to clongatcd ınyoblasts during fusion. Sawycr :ınd i\kcnson (1 1)X3) h:ıvc 

found that the relative anıount of a 200-250 kDa surf:ıce protein 

increased during L6 myoblast fusion. The hınction of this intcrcsting 

protein renıains to be determined. 

Elongatcd C025 eclis were obscrved to he alw;ıys paralici to each 

other and aıso to other myotubcs during the fusion st:ıgc. Mcmhrane 

fusion did not take place in all areas but initially was only rcstrictccl to 

areas at the ends of the myoblast proccsscs. Nathason (l<)Sô) reporteel 

t h :ı t f u s i o n w a s r c ı a t c d ı o p o s i t i o n o f t h e f u s i n n my o h b s t s :ı n d t lı c 

myotubes. Tlıus, the position of the eclis or spccific region or the eclis 

(tlw t'lld~; or tlıı· prıırı·.•:·:n) :ır<' liLı·lv tıı lı1· niti1·:ıl l'ıır ıııvıılıl:ı·:t fıı·:i1·ıı. 

It was nhscrvcd in this study tlı:ıt ıııenıhr:ıııc 1'11sinn or C02) ıııynhl;ısıs 

seemed to be irreversible. Knudsen and llon.vitz (ı 977) have reporteel 
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rounded. Transformed C025 cells may well secrete plasminogen 

activator or some similar molecule to loosen cell-matrix attachments. 

This change could in turn release an intracellular signal for enchanged 

cell division frequencies. 

One of the most conspicuous features induced by transformatian 

was the appearance of many conspicuous microvilli. This was in sharp 

centrast to the comparative loss of microvilli as fusion and 

differentiation proceeded. A similar formatian of extensive microvilli has 

also been seen in a variety of transformed cells including fibroblasts 

transformed by the expressian H-ras (Hagag et al., 1990; Linstead et 

al., 1988). A major question is why does the induction of a transformed 

phenotype generate many microvilli and the incluction of differentiation 

result in a very significant loss of microvilli ? One theory, due to 

Pasternak et al. (1979), is that microvilli store plasmamembrane required 

at cytokinesis. The amount of plasma membrane of P815Y cells 

(mastocytoma) has been measured by Pasternak ct al. (1979), who 

reporteel that it exactly doubles bctwcen the start of a new cc11 cycle 

(early Gl) <ınd the onset of cytokiııesis (Iate G2). Also, nıorplıological 

assessment by scanning clectron microscopy showeel that therc w:ıs ;ın 

ap p ro x i nı a ı c 1 y 2 or 3 tim e s (Pa s tc r n ak c ı al. , 1 9 7 1)) r c d u ct i o ıı i ıı t lı c: 

number of nıicrovilli aftcr cytokincsis. Tlıus, the inercaseel anıouııt of 

microvilli on the surface of the transformed eclis may be at lcast partly 

due to enhanced new membrane synthesis for daughtcr eclis. 

A second possible hypothesis is that the inerense in nıicrovilli is 

associated with increased membrane ruffling anel micropinocytosis. Bar

Sagi and Fcramisco (1986) reporteel that transformatian of fibroblasts 

by the induction of I-I-ras was followcd by a major incrcase in mcnıhrane 

ruffling and associatcd fluid phasc pinocytosis. Furtlıcrmorc Do\vrick 

and W arn (1991) have demons tratcd a ca u sal rclation ship betwccn 

ruffling and pinocytosis as a conscquencc of the addition of seatler 

factor to MDCK cells. In this study a mınıher of small holes or pits were 

found on the apİcal surface of the transformed eclis. Bccausc they were 

sccn only on transformed eclis it w;ıs not thoıq~ht thnt they wcre 

;ırtcfacts or prepar:ıtion, rather piııocyıntic vcsiclcs. Tlıııs C025 eclis 

ıııay be rcsponding to traıısl'orıııaıioıı hy cıılıarıced rul'llirıg ;ıııd 

pinocytosis. 

A role of ras has bccn reporteel not only in control of eel! 

proliferation and nınlignant transformatian but also in the control of 

cliffcrcntiation proccsses (Olson ct al., 1987). lt has bccn rcportcd that 
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ras oncogene protein promoted the morphological differentiation of 

phcnochronıocytonı:ı ccll (PCt 2) (Bar-Sagi n nd Fr:ınıisco. 19R5; Muroya 

et al., 1992). In centrast ras oncogenes appeared to interfere with the 

differentiation of nıammary epithelial cells (Andres et al., 1988), and 

also the diffcrenti:ıtion of human lynıphohlnsts (Sercnıctis ct al., 1989). 

Thus ras can to both promote or inhibit differentiation. In this study 

transformatian of C025 cells was seen to block their differen tiation, in 

the fusion medium with dexamethasone. Gossett et al. (198 8) als o fo und 

that the induction of N-ras causing transformatian also prevented the 

up-regulation of muscle specific gene products in rnyoblasts. Thus, 

transformed C025 cells may continuously divide without undergoing 

differentiation in spite of the fusion rnedium. Or, N-ras protein could 

have an effect by blocking the expression of muscle-specific genes in 

C025 cells and hence inhibiting differentiation. 
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CHANGES IN MICROTUBULE 
ORGANIZATION DURING MYOBLAST 

DIFFERENTIA TION 



by cooling the solution back to O °C (Parysek et al., 1984 ). 

Polymerisation requires a nucleoside triphosphate (GTP) (Carlier, 1989) 

and magnesium, and the polymer is sensitive to calcium ions (Borisy et 

al, 1975; Olmsted and Borisy, 1975). GTP and GDP bound to a specific 

binding site on 13-tubulin at its N-ternıinus can exchange with nuclcotide 

in the medium. (Linse and Mandelkow, 1988). GTP is hydrolysed here 

to GDP during polyrnerisation. a-tubulin contains a non-exehangcable 

GTP binding site from which GTP cannot be removed except by 

denatmation (Maccioni et al, 1986). Microtubulc asscrnbly is sensitive to 

ionic strength. High concentrations of potassiurn or sodiunı ions inhibit 

microtubule assembly (Kirschner, 1978). High concentrations of 

magncsiunı or glutanıatc indııcc nhcrrant forıns of polyıııcr (Dustin, 

1984). Additionally therc must be a sufficient conccntration of tubulin 

(the critica! concentration). The critica! concentration is reduced by the 

presence of a number of factors which reduce the dissociation constant, 

including MAPs (Murphy et al,1977), glycerol (Yarbrough and Fishback, 

1985), DMSO (Robinson and Engelborghs, 1982), and taxol (Hauser, 

1986). 

Several groups of drugs can birıci to tubulin anel nffcct its 

polymerisation in vitro anel in vivo . Tubulin was origiııally idcııtificd as 

the soluble protein, found in nearly all eukaryotic cells. that tiglıtly 

bound the antinıitotic drug colclıicine. Colchicine, isol:ıtccl from tlıc 

plants, Colclıicum antumnale or Colr./ıicllln specioswn. irılıibits tlıc 

polymerisation of tubulin in vitro anel causes rapid disassembly of nıost 

types of ccllıılar nıicrntııhıılcs in ı·iı•o (Hngcrı :ıııd Hnrisy. J<)S~). Oııc 

drug molecule binds to each dinıcr. Stoichionıctric binding of dimcrs :ırc 

l·rıoııglı lo lılork :ıssl·rıılıly :ıl :ı ıııicrulırlııık l·rHI. Sn·n;ıl otlıc·r drtı!:S, 

sııch :ıs cokcıııid, h~.:ııoıııyl, podoplıyllot(lxiıı, or ııocod:ı;r.nk lıiııd to tlıc 

same site of the tubulin nıoleculc as colchiciııc, and have a sinıilar cffcct 

in disassenıbling nıicrotubules. However the cffccts of nococfazole :ıre 

reversible. 

Vinblastine, isolated from Vinca spcciosum (periwinkle) :ınd 

vincristine (isolated from Vinca rosea ) form arıother group of drııgs 

inhibiting nıicrotubulc polymerisation that also act by blacking tlıc 

polymerisation of tubulin stoichionıetrically. Vinblastinc disassemblcs 

microtubulcs into hclically coilccl protofilanıcnts (Amos et al, 1984). 

Anothcr drug is taxol. Taxol is dcrivcd from Taxus brcvffoia. Tts 

effect on the nıicrotubulcs is in nıany respccts oppositc to those of other 

nıicrotubulc-binding drugs. Low conccntr:ıtions of t:ıxol (5-20 mM) c:ın 



stabilize microtubules (Rowinsky et al, 1990). Taxol not only affccts 

the polymeris:ıtion of nıicrotuhulcs, hut :ılso c:ıuscs :ı rcdistrihution of 

the nıicrotuhules into short, distinct bundles not nuclcatcd from the 

centrosome. The mechanism of bundle formation is not yet understood, 

but it is an energy requiring process (Manfredi et. al., 1982). 

3.1.1.2. GENETICS OF MICROTUBULE SYSTEMS 

We now know, as had long been predicted, that tubulins are 

encoded by multigene families which direct the synthcsis of peptides 

which are both highly conserved and show some variations in scqııcnce 

(Raff, 1984). 

The data from some lower eukaryotic species have clcmonstratcd 

that single gene products are sufficient for the construction of all the 

c s s c n ı i a I nı i c ro t u b u I c a r ray s ( N c f f ct al. , 1 9 8 3 ) . H o w cv c r nı o s ı s pc c i c s 

have nıorc than one gcncs for each type of tubulin monoıncr: For 

example Chlamydomonas (the green alge) has two gencs for a-tubulin 

and two for f3-tubulin (Brunke ct al., 1982), whcrcas Drosophila has 

four genes for a-tubulin and four for f3-tubulin (Sanchcz ct al .. I 9~0). 

Results from lıighcr spccics clearly suggest that multiple gene sequcnccs 

are requirecl (Sullivan et al., 1984), 

The following levels of variation exist for the expresston of the 

different gcnes: 

1. Sclcction of which multiple gencs to be exprcsscd 

2. Conrdination of the synthcsis of a- and f3-tubulins 

3. Control of the !eve! of tubulin expression during the ccll cycle 

and during development and diffcrentiation 

4. Control of post-tr:ınslational ınodificatioıı and att;ıclııııcııı (ır 

Mi\Ps with consequent rcgulaı·ion of ınicroıuhıık st;ıhility. 

Free f3-tubulin regulatcs tubulin synthesis via a nc!:!ativc fcedh;ıck 

!oop. It birHis to any nascent ~-tubulin polypepıidcs on rihosomcs, 

blocking furthcr clongation and causing degradation of the nıRN/\. Tlıe 

synthcsis of a-tubulin may be controllcd ın ;ı rcl:ıted nıanncr 

(Cleveland, 1 9X9). 

Wcil cr al. (I 9X6) idcntificd the gene mipA as a supprcssor of a 

('ııııditioıı:ıl iı'ılı:ıl ll lıılıııliıı ıııııt:llinıı. Tlıı· )'.<'lll' :;ı·qııı·ııtt' \\':ı·. lı1ıııııl tıı 

lw rel:ııed t«' hotlı c~ ;ıııd ~-tııhuliıı, Icading O:ıkky ;ıııd O:ıkkv ( J<)X()) 

iclcntify a new nıenıber of the tubulin family, which is n;ııncd y-tııhulin. 

By iııımunogold clcctron microscopy, y-tubulin appears to he a 

component of the centrosome (Stcarns et al, 1991; Zlıeng ct af., 1 <)<) 1 ı. 
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3.1.1.3. POST-TRANSLATIONAL MODIFICATIONS OF 

TUBULIN 

The complexity of tubulin is further inercaseel by various post

translational modifications. There are three well characterized fornıs of 

post-tran slational ınodification. Firs tly, ~-tu bu lin can be 

plıosphnryl:ıtcd. And the plıosplıate was fouııd to he positioııed on a 

serine residue near the carboxyternıinus (Gard and Kirschncr, 1 985). 
Manınıalian brain ~-tubulin was slıown to be phosphorylatcd by Eippcr 

( 1 974). The carboxy termin us is strongly acidic, witlı the ~-subuııit 

being slightly nıore acidic than the a-subunit. 13-tubulin is also richer in 

glutanıic acid in its sequence composition (Lu and Elzinga, 1978; Field 

et al., ı 9 8 4; S u ll i va n, ı 9 8 8). 

Secondly acetylation occurs on a lysine encoded by a codon at 

position 40 in animal and protistan a-tubulins (L'Hernault and 

Rosenbaum, 1985). Thirdly a tyrosine residue at the C-ternıinus of a

tubulin can be renıoved by a specific carboxypcptidase and replaced by a 

tubulin tyrosine ligase (TTL) (Review, Barra et al., ı988). The 

nıodification involves the addition of tyrosine to the carboxy ternıinus of 

a-tubulin, catalyscd by a-tubulinyl tyrosinc ligasc with tlıc 

concomitant hydrolysis of ATP (Schrocdcr et al., 1985). A spccific 

tuhulinyl tyrosine carboxypcpticlasc (TTC) has also hccn partially 

purified, which renıoves this terminal tyrosinc to yicld o:-tubulin 

ternıinating in glutanıic acid res id uc (Kumar and Flovin, 198 J ). Both of 

these modifications occur primarily on assenıblcd microtubulcs and is 

reverseel on unpolynıerized a-tubulin (dctyrosination, Kumar and Flovin, 

ı98ı; acetylation, Piperno ct al., 1987). 

Subsequent sequence data have clenıonstrated that the terminal 

tyrosine of a-tubulin is cncodccl (Ponstingl ct al. 1981), up to 15% of 

the total tubulin has becn founcl to be clctyrosirıatccl (Ponstingl ct al, 

1 982). Tyrosinatecl and cletyrosinated tubulins polymcrisc cqually in 

vitro (Wehlancl et al, 1983; Gundcrscn ct al, 1984), and this is not 

suprising givcn that tyrosinatcd tubuliıı dif"fcrs from dctyrosiııatcd 

tuhulirı hy only :ı singlc :ımino ;ıcid rcsidue in over 400. ;\ search for, 

ıııodıılatioıı ul tııhııliıı l'ıııırtioıı lıy tyrcısin;ıtitııı lı;ı:.; S<~ loı ııut gin·ıı ;ıııy 

çuııclıısivc rL·sıılts. So Lır ;ı correliıtiuıı iıı tllL' C tL·rıııiıı;ıl tyrcısiııc coııt\·ııt 

(or tubulin tyrosinc lig:ısc activity) lıas bccn nı:ıclc witlı clı;ıngcs in ccll 

s lı ap e, an d d i ffer c n t i at i o n s tat c ( G u rı cl er s c n ct aI. 1 9 8 4 ; 13 ul i rı s k i ;ı n d 

Gundersen. 1991). 
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Gundersen et al. (1984) raisecl polyclonal anel monoclonal 

antibodies that specifically recognized tyrosinatcd a-tubulin (Tyr-) and 

detyrosinated a-tubulin (Glu-). They examined the distribution of Tyr

and Glu-rich microtubules in several tissue culture cell types, in dividing 

and non-dividing cells, and in specific cellular structures containing 

microtubules (Gundcrsen and Bulinski, 1986). Their findings suggest 

that nıicrotulnılcs that are rapiclly turning over tcnd to have a high Tyr

tubulin content whereas those more stable to microtubule 

depolymerization predominantly contain glu-tubulin (Barra et al., 1988; 

Schulze et al., 1987). Acetylated a-tubulin is also prcsent in significant 

anıounts on microtubules that, under depolymerizing conditions are more 

stable than the majority of cytoplasmic microtubules (Piperno et al., 

1987). Microtubules in vitro exist in growing (polymerizing) and 

shrinking (clepolymerizing) populations that interconvert frequently. 

This behaviour is termed dynamic instability (Micthinson and Kirschncr, 

19X4). Schıılzc and Kirschncr, 1986, 19X7) ohscrvcd (hy injccting cells 

with biotin-labelled tubulin) that rapid incorpor;ıtion occurs by 

elongation of existing microtubules. Prescott ct al., (1992) also found 

fast turning over nıicrotubules usirıg 1'/ıysanun tubıılin. J\ second sııb

population of significant1y slowcr turning over nıicrotııbıılcs w;ıs 

discovcrcd by sinıilar nıctlıods (Sclııılze :ınci Kirschncr, 1 9X7), :ıııcl c;ııı 

remain stable for several hours. Thcse slow turning over nıicrotubules 

usually but not always correspondccl to nıicrotubulcs which have 

unclergone post translational nıoclifications (Schulze et al., 1987; Krcis, 

1987). 

3.1.1.4. MICROTUBULE ASSOCTATED PROTEINS 

Protcins that co-polymcrizc witlı tııbıılin ılıroııglı scvcr;ıl cyclcs of 

assenıbly and clisassembly that may pronıotc nıicrotubulc ;ıssenıhly, ;ınci 

bine! with (';ıirly constant stoichiometrics are deseribed ;ıs nıicrotubıılc 

nssocinted protein s (1\1 t\Ps). 

1 Ll S T O ı: M 1\ 1' s 

Protein n anı c: M ol ecu lnr wc i gh t: R cfcrcnccs: 

Dyneins 

Axoncnıal 415-480 

Cytop1asnıic > 400 

Kinesin 65-440 

kD 

" 
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(Gibbons, 1988) 

(Gibbons, 1988) 

(Sawin anel Mitchson, 1990: Sclıliwa, 



1989) 

Dynemin 75-100 ll (Shpetner and Vallee, 1989) 

V esikin 292 ll (Preston ct al, 1990) 

Axolinin 255 ll (Pres ton et al, 1990) 

Brain spectrin 220-240 (Pres ton et al, 1 990) 

Synapsin 76-78 ll (Kim et al, 1979) 

MAPs 1,2,3,4, and 5 70-240 ll (Olmsted, 1986; Lewis et al, 198R) 

Ta u 35-40 ll (Goedert et al, 1989) 

STOPs 60-80 ll (Margolis and Rauch, 1981) 

Buttonin 75 ll (Preston et al, 1990) 

Aster-forming protein 51 ll (Pres ton et al, 1990) 

3.1.1.5. FUNCTIONS OF MICROTUllULES 

Microtubules are involved in the dcternıination of cell shape, the 

position of organcllcs (such as the nuclcus, Golgi apparatus and 

endoplasmic reticulum), and the two-way traffie pattern of vcsieles and 

organelles through the cytoplasm. One of the most İnıportant functions 

of mierotuhulcs is to providc tr:ıcks for tr:ınsrorting subst:ınces in the 

cell body. J\1icrotubules form the spinclle at nıitosis anel nıciosis. As 

deseribed above they also providc the foree for the bcating of cilia and 

flagella. 

The main, functions of microtubulc can be sunımariscd as follows 

(representativc referenecs only are givcn): 

1-) Supporting eell shape (Dustin, 1978; Schliwa, 19R6) 

2-) Intraec1Iular motility 

i\- Or g :ı rı e lle s 

* Tn :ın imal eclis, endosomes and lysosnıııcs (Schrner <~f ol, 1 <)RX) 

*In plant eclis, pigment grantıles (Lloyel anel Scagull, 1<)85) 

B- Axon ;ıl trans port 

* Small anellarge vesielcs (Hollenbeck, 1989) 

* Mitochondria (Hollenbcck, 1989) 

C- Chroıııosonıe seraration 

*During nıitosis, inelividual chromosomcs (Mitclıisoıı ct al,1986) 

3.1.2. THE CENTIUOLE 

Most of cells have a pair of centriotes wlıich are gcncrally locatcd 

elose to the nueleus (Review, Whcatlcy, 1 982). Ccııtriolcs :ıre on avcr:ıgc 

about 0.4-0.7 11nı long and 0.2-0.3 p.nı wielc (J\Ibrcclıt-Buchlcr, 1 990). 

Each ccntriPk isa nc:ırly cylindric:ıl organelle coınposcd or aset or nirıc 



parallel triple-fibres radially arranged about a central space which shows 

some sub-structure in the T.E.M. (Amos and Amos, 1991 ). Each tripJet 

is tilted inward towarcl the central axis at an angle of about 45° to the 

circumference (Albrecht-Buehler, 1990). Glu-tubulin antibodies provide 

an excellent marker for centrioles. The centriole may be able to perform 

several defferent types of function: Centriotes have been found to be 

absent in several animal cell types, e.g. a Drosophila embryonic cell 

line (Debec, 1982), and more significan tly early stage mammalian 

embryos (Schatten et. al. , 1985; Sehatten et. al., 1986). Higher plnnt 

cells (Clayton et. al., 1985), and fungi such as the slime mould 

Dictyostellium (Darnell et. al., 1990) all lack centrioles. Thus they are 

not an obligatory feature of microtubule nucleating centres for all eclis 

and their re al function is unknown at the pres en t time. However they are 

essential for the formatian of the basal bodies of cilia and flagella 

(Anderson and Brenner, 1971). 

3.1.3. CILIA AND FLAGELLA 
These tiny, hair-like structures are about 0.25 p.nı in cliamctcr. 

They are constructcd from microtubules and are found in most animal 

species and some Iower plan ts (Rcviews, Whcatlcy, 1 982; Bcrshadsky 

and Vasilicv, 1988; Preston et al., 1990; Amos and Amos, 1991). 

Flagella are usually much langer than cilia. However the nıolccular basis 

for their structure and mavement is eonsiderccl to be the same. In both 

cili:ı and fl;ıgcll:ı the core sırtıcturc is tlıe axolltllıc. This coıısist.-; ol' a 

hıındlc of microtuhıılcs nrrangcd in ;ı ch:ır:ıctcristic faslıinn vvith nıne 

outer doublets and a central pair (9+2). The "9+2" structure seeıns to 

have been selccted during evalutian as an aptinnını for all groups. The 

lengths of axonemcs are usually about 10 ı.ım anel can be as long as 200 

ı.ım. The outer doublet microtubules are nıacle up of pairs of one 

complete 13 protofilamcnt microtubulc (the A-tubulc), anel an 

incomplete 10 protofilament microtubulc (the B-tubulc). The free edgc 

of the B-nıicrotubule makes a junction witlı the A-tubulc to form a 

doublet, anel they lie synınıetrically araund two central intact singlet 

microtubulcs (c.f. Amos and Amos, 1991). The central pair of fibrcs has 

becn found to originate ina snınll, convex axil<ır grantıle or axosomc 

(Dowbcn, 1 ~ı7 1 ). The fibrils extend coııtinuously aloııg tlıc leııgth of tlıc 

flagelitım without twisting or spiralling. Usually the fibrcs or the 

pcriphcr~ıl ring of fihrcs <ıre longcr than the centr:ıl p;ıir. 
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The eliarneter of cilia is usually around 20 ı.ını. A single ciliunı is 

surrounded by a membrane which is the cell membrane, although it is 

often referred to as the ciliary membrane (Afzelius, 1959). There are 

many other rootile organelles consisting of bundles of stable 

microtubules found in numerous invertebrate species. The number of 

microtubules forming part of such structures has been variously reported 

as between 6 and 3500 (Bloodgood and Miller, 1974). The usual form in 

the animal kingdom is the "9+2" arrangement. In eukaryotes flagella 

differ from cilia only in length, beat, and number per cell. Bends are 

generateel along the Iength of the flageli um by res tricted sliding of the 

nine mlter doublets. In contrast the prokaryote flagcllum is made of 

polyıııcriscd flagcllin, which is a 40 kDa subunit protein and is rotateli 

by a basal body. 

The di arneter of the flageli um is around O. I 4 ı.ım. Flagella as sh ort 

as lı.tm in length have been deseribed by Moestrup (19R2). The other 

extreme is the flagellum of the spermatozoon of Notoneeta which is 

about 10 ı.ım long (Pantel and De-Sinety, 1906). 

3.1.3.1. V ARIANT AXONEMES 
A-) Axonemes composed of varying numbers of outcr doublcts 

and lacking the central pair of microtubulcs. Motilc 3+0, 5+0, 6+0 :ınd 

12+0 axonenıes have been deseribed as well as non nıotilc 9+0, 12+0 

anel 14+0 patterns; 

13-) Axonemcs conıposed of the normal number of outcr douhlct 

nıicrotubules but varying nunıbcrs of central pair nıicrotubules. This is 

the 9+n pattern where "n " is "O'' (eel, cliatonıs), "1" (nıosquitocs, 

scorpions)," 3" (spidcrs) nr "7" (c:ıddis flics): 

C)- i\:-; n n c m c s w lı ic h c o nı :ı i 11 ;ı rı c x ı r ;ı ri rı~~ of nı i cr o ltı h ı ı k s 

surraunding the usual 9+2 arrays to givc the so-callcd 9+0+2 patterns 

(nıutants of Chlamydomonas ); 

D-) Axonemes which contain fcwcr than a outcr doublct 

microtubules such as 8+ 1, or 7+2 cilia. 

(Prensier et al, 1980; Whcatley, 1982; Preston ct a/,1990) 

3.1.3.2. TYPES OF CILIA 

A) Coınpouncl cilia: Cilia wlıich ~ırc groupeel in a bundlc and bcat 

ın unison, as if fuscd, are known as conıpouncl cili:ı. Ctenophorc 

swinınıing- pl:ıtes :ıre ılıe l:ırgçst roınpoııııd rili:ı. cnıısistiııg (ır :ıs m:ıııy 

as 100.000 cilia (Afzclius, 1961) 
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B) Macrocilia: Electron rnicroscopy has shown the nıacrociliunı to 

consist of ahout 3500 axonenıes, which are all joinccl by the same type 

of lanıella as has been found in swimnıing-plate cilia, but which in this 

case occurs in several planes around each axoncmc. Horridge (1965) 

first deseribed a nıacrociliunı on the lips of the ctcnophorc Rcroc. 

3.1.3.3. TYPES OF FLAGELLA 

A) Protozoan flagella: Flagella from protoza may have the usual 

appearance or carry additional components i ncluding s cal es, hairs, or 

other structures (Moestrup, 1982). 

B) Flimmer-flagella: In many protozoa and some nıulticellular 

plants the flagcllum bears one or two rows of hair-likc appcndagcs 

called flimmers or mastigonemes. 

C) Flagella with a 9+ 1 pattern: Turbellaria (Silveira and Portcr, 

1964), and trematodes (Shapiro et al, 1 961) have a 9+ 1 pattcrn in the 

flag ella. 

D) Flagella with a 9+0 pattern: Myzostomum 

flagellum without central filanıents (Afzclius, 1 963). 

has a nıobile 

E) rı:ıgclln with a 9+7 or 0+0 p:ıtterıı: The spernı of Sl'vn:ıl 

spccics of trechoppcrs (llnniprcra ) have sııch ;ı p;ıttern ;ıııd h;ıve hcen 

studicd by Phillips (1966). 

F) Spernı tails: In nıany animal and plant spccics tlıc spcrnı tail 

confornıs to the dcscription of 9 + 9 +2. The spcrnı tails of manınıals, 

birds and snakes have 9 dense fibrils, one inınıediatcly outside c;ıch of 

the pcriplıcr;ıl douhlcts. 

G) The Sciara-type flagellunı: In the flagelluın of Sciara 

coprophila the axial filanıent conıplex consists of approxinı;ıtely 70 

double otltcr filaıncnts (Phillips, 1 966) 

3.1.3.4. OTHER TYPES OF CJLIA-LIKE STRUCTURES 

Sensory hairs: These stnıctnres clctcct stinıuli which nı:ıy be 

nıechanical, chemical, electrical, or visual. Usually their 9+2 fil:ınıcnt 

structure has been corrclated with a clirectional scnsitivity of the sensory 

eel!. Por ex:ınıplc: nıech:ıııoreceptors in tlıe irırın car. 

3.1.3.5. C ILlA FOI{MATION 

A centriole is a pcrnıancnt fcaturc of the ciliary axorıcmc, where it 

is called abasal bocly. The ccntriolcs tlıat form the basal boclics perform 

a spccializcd fıınction in the eel! lc;ıding to ciliunı or flngcll;ı production. 
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In a variety of cell types, centriotes take part in the formatian of cilia 

and flagella to form one or two basa! bodics (Sorokin, 1962). This 

process is c<ılled ciliogenesis. 

A good description of ciliogenesis is found ın Novikoff and 

Holtzman (1970). Large numbcrs of b:ıs:ıl bodics appc:ır :ınd aftcr 

migratian to the surfaces of the cells, Icad to cilia formatian in the cells 

of the respiratory and reproductive tracts of mammals. 

3.1.4. THE DASAL DODY 

3.1.4.1. STRUCTURE OF THE DASAL DODJES 

The base of the cilium has received many designations: basa! 

body, basa! granule, basal corpuscle, kinetosome, blepharoplast, ete. This 

structure takes a cylindrical form which is present at the base of each 

cilium or flagellunı. The ultrastnıcture of basa! bodics consist a ring of 

nine fibres without any central fibres (9+0). The wall of the basal body 

is made up of nine triplets (rather than doublets) of fibrils similar to 

cyntrioles joined by inter-fibrillar linkages. The fibrils are about 24 nm 

in diameter (Dowbcn, 1971). The basa! boclies control in some as yct 

unknown way the assembly of ciliary anel flagellar subunits such that tlıc 

9+0 structurc of the basal body gives rise to the 9+2 stnıcturc of cilia 

and flagella. · 

Reccnt work has slıown that basa! bodics cont:ıin a smail DNA 

ınolccıılc. !ike chloroplasts and ınitochnndri:ı, tlı:ıt co(ks for m:ıny h:ıs:ıl 

hody protcins (Pres ton ct al., 1 990). 

3.1.4.2. DASAL DODY FORMATfON 

In many cells, centrioles appear to duplicate by the growth of <ı 

new procentriole near the old centriolc, which subsequently splits av,·ay 

from the parcnt. The procentriole contains the 9+0 pattcrn but is slıortcr 

( S O- 1 O O n m ) t h an the o I d c e n t ri o l e u n t i I i t ma t u r c s ( D i r k s c n :ı n d 

Crocker, 1965) .. Usually, this occurs in eclis where centriolc duplicatiorı 

is part of ccll division, as well as in sonıc eclis where many basa! bodies 

form. 

A ring of ttıbulcs appears first thcıı fıırther tubulcs adcl on in 

qııick sııccessioıı. In soınc species, a cartwlıecl structıırc :ıppcars bcfnrc 

the cylinder nf tripJet tubulcs (Gould, I 975). In somc ccll typcs forming 

hasal bodics. several proccntriolcs :ıppc:ır nıorc or less simıılt:ıncnusly 

(Wiıcatley, I()X2). ı:irst, ;ı sııı:ıll prolı;ıs;il l)(ldy is l(ırıııcd wlıiclı tlıt·rı 

c 1 p rı g ;ı ı l' s ı P rP r ı ıı ılı c ın ;ı ı ı ı r l' s t rı ı c ı ı ır c ( .1 oıı rı s ı ı rı ; ı rı d ı ' () r ı c r , ı < > (ı X ) . 
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3.1.5. PRIMARY CILIA 

There are several reports about ciliogenesis in a variety of cell 

types but up to now there are few published reports about the primary 

cilium. This is particularly true of situations where a primnry cilitım in 

prest'nt htıt is not nssoci:ıtcd witlı ciliogeııcsis. Up to ııow ıııost :ıııtlıors 

have confined themselves to a description of changes in the primary 

cilium during various phases of the cell cycle. Tn recent times only a few 

workers have been interested in the primary cilium and most reports 

about it are now very old. Therefore rather little is known about many 

aspects of the primary cilium, in partietılar its function(s) when not 

associated with ciliogenesis. 

Bernhard anel De Harwen (1960) first eleseribed an incomplcte 

cilium (9+0 arrangement) in fibroblasts and snıooth muscle eclis from 

neonatal chicken and mammalian tissues in culture. Gallagher (1980) 

studied corneal endothelial cells by transmission electron microscopy 

(TEM), and reporteel that primary cilia are formed of nine transitional 

fibres, four striated satellite arms anel several rootlets. 

Thcrc have rınt heerı ın:ıny reporıs :ıhnııt ılıe nıımhn of prıın:ıry 

c il i a i n c e ı 1 ı yp e s c :ır r y i n g it. S or o k i n ( ı 9 6 X ) r c por ı e d ılı a t ılı c c e 1 1 s 

usually producecl one and rarely two prinıary cilia. I-lc found that nwst 

of the structure of the prinıary ciliunı renıainccl inside the ccll body of 

pulnıonary cclls from the lungs of foetal rats. 

The biological function(s) of prinıary cilia witlıin such eel! types 

are largely ıınknown as yet. According to Barnes (1961), one nı:ıy 

suspect theııı of having a scnsory function in nıamnıary c:ırcinoma 

cnelocrine eclis. A similar conclusion has hecn rcachcd for 3T3 eclis hy 

Albrecht-Buehlcr anel Bushnell (19RO). An alternativc suggcstion due to 

Tu eker anel Pardee ( 1 979) was that primary cilia may be involvcd in 

control of the cell cycle. Albrecht-T3uchlcr <ınci Bushnell (19RO) obscrvcd 

using TEM that microtubules seemed to origin;ıtc from prinıary cilia in 

quicscent 3T3 eclis. All these studies have been done on eultured eclis 

where variable ultrastructural nıorphologies are common. Prescott ct of, 

(1 991) looked at the microtuhule organiz;ıtion or cells within the lcns 

epitlıclium, wlı iclı c:ııı he dct:ıelıed :ıs :ı ıııııııol:ıycr. Tlıcy rouııd c;ıclı kııs 

epitlıclial ccll to cont:ıiıı :ı single :ıpic:ıl priıııary cilitıııı :ıııd reporteel tlı:ıı 

the focus or the nıicrotubule ;ırr:ıy w:ıs :ıt tlıc eel! :ıpcx close to a 

centresome present at the base of tlıc prim<ıry ciliuııı. Some 

nıicrotubulcs. those rich i.n detyrosinatcd and acctylatcd a-tuhulin, 

seemed to be associatcd with tlıc priıııary ciliuııı r:ıtlıer tlıan tlıc 
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centrosomc. This organization suggcsts a possiblc role of the primary 

cilium in microtubule nucleation. 

3.1.5.1. PRIMARY CILIUM FORMATfON 

Sorokin (1962) first proposed that the centrioles are involved in 

primary cilium formation in fibroblasts and smooth muscle cells. 

According to Sorokin' s data, the primary cilia form aftcr a vesicle grows 

around the distal end of one of the centrioles, and the shaft of the cilium 

then elongates into the vesicle. A distinction betwecn primary and 

functional cilia was drawn by Sorokin (1 96R) ,who obscrvcd that 9+0 

primary cilia developed from centriotes at an carlier time than the 9+ 2 

sort appeared. Only the latter type formed the ciliated border. There is a 

similar report about the origin of the prinıary cilium in a fibroblastic ccll 

population in vitro by Wheatley in 1969. Rash et al (1969) made the 

furthcr observation that the prımary cilia wcrc absent during nıitosis ın 

ribroblas ts. 

High cell density or low serum can induce the fornıation of 

primary cilia (Tucker and Pardee,1979). When they examincd 3T3 eclis, 

which had bcen stopped in the G 1 phasc of nıitosis in low serum, or 

where cell division had bcen inhibitcd by lıigh ccll dcnsity, primary cilia 

formed. Further canfirmation that the prinıary cilium forıııs in the 

absence of ccll division caıne from Mori ct al (1979) who reporteel that 

9+0 cilia occur in rat liver cell cultures only aftcr the eclis rc:ıched 

confluence and not before. 

h (' 

DIAGRAM-1 Sinıplificd sclıcınatic di:ıgr:ıms or the ınicrotubuk 

organization of (a) ccntriolc, (b) prim:ıry cilium, :ınd (c) ciliıım nr 

fl<ı gella. 
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3.2. MA TERIALS AND METHOD S 
3.2.1. CELL CULTURE 

3.2.1.1. CELL TYPE 

As deseribed in seetion 2.2.1.1 

3.2.1.2. PREPARATJON OF CULTUHE MEDTUM 

As deseribed in seetion 2.2.1.2 

3.2.1.3. CELL CULTURE 

As deseribed in seetion 2.2.1.3. 

3.2.1.4. TRYPSIN SOLUTION 

As deseribed in seetion 2.2.1.4. 

3.2.1.5. PREPARATJON OF PLASTJC DISCS 

As deseribed in seetion 2.2.1.5. 

3.2.2. BUFFERS 

3.2.2.1. MES BUFFER 

2-(N-I\1orplıoliııo)-ctlıaııc sulplıoııic :ıcid (MES) hurl'cr coıısisıd 

or 0.1 M MES, 2 ml\1 EGTA, 1 nıM l\1gS(Lı. :ıt pl! 6.9. 

3.2.2.2. PllS 

As deseribed in seetion 2.2.2.1. 

3.2.2.3. PEM BUFFER 

PEM buffer eonsistcd of I 00 mM Piperazinc-N ,N'-bis(2-

cthanesulfoııie acid) (PIPES), I mM Ethylcnc glyeol-bis W-anıinocthyl 

ethcr) N,N,N',N'-tctraacctic acid (EGTJ\), 1 mM MgCI2, at plı 6.9. 

3.2.2.4. PERMEABILISATION BUFFERS 

3.2.2.4.1. PERMEABILISATJON BtJFFER-1 

Pt·rnw;ıhilis:ıtinıı hııffcr·-1 cnıısistt•cl of:')() ınJ\11 I'JPFS. :')0 nıM 

I\.Cl, O .. "ı ıııl\1 l\lgCI2. 1 ıııl\l HIT;\, 0.1 ıııl\1 I·.IITi\ (llı~;odıtıııı t'tlıyl\tıt· 

diamiııc tctr;ı;ıcctatc.21120). 1 mM 2-Mcrcaptoctlı:ırıol, ;ıt pll (ı.X, l'fi, 

Tr i ton Xl 00 (S ignıa), 4% Polyct hylcncgl yen 1 (40 K; S ignı;ı). 

3.2.2.4.2. MOPS PERMEABILTSATJON BUFFER 

Morpholinopropaııe Sulphnnic Acid (l'vlOPS) pcrmc;ıbili~;;atinıı 
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buffer consisted of 80 mM MOPS, 5 mM EGTA, 1 mM MgCI2, at pH 

7.4, 0.05% Nonidet (NP40; Sigma), 20% Glyecrol. 

3.2.3. FIXATIVES AND FIXATION 

3.2.3.1. PARAFORMALDEHYDE 

Paraformaldehyde was dissolved in PBS (4% w/v) at 60 oc with 

the aid of lM NaOH added dropwise until the solution clcared. Aftcr the 

solution had coolcd the pH was adjustcd to 7 .4. Cclls grown on glass 

coverslips or in flasks wcre fixed with 4% paraformaldehyde at room 

temperature for 15 minutes. After fixing the cells were cxtracted with 

acetone (-20 °C) for 30 seconds, and thcn washed in 3 changes of 

PBSIBSA. 

3.2.3.2. 90% METIIANOL 

Cells grown on coverslips or ın flas k s wc re fixcd w ith 90% 

methanol in MES buffer at -20 oc for 5 minutes. After fixing the cells 

were extracted with acetone (-20 OC) for 30 seconds, and then washed in 

3 changes of PBS/BSA. 

3.2.4. STAINING FOR FLUORESCENCE MTCROSCOPY 

3.2.4.1. DOUHLE TMMUNOSTAINING FOR GLU- ANO 

TYR-TUB ULIN 

Cells wcrc fixcd with 90% nıcthanol/1 0% M ES bu rrcr ( deseribed 

ın seetion 3.2.3.2). The staining protocol was done seqııcntially :ıs 

rollows; rabbit serum (Dako), 1 :10; TD-5 tissuc cultıırc sııpcrnatant 

(Wchland and Weber, 1987; from Dr. \:Velılaııd,J.), undilutcd, TRTTC 

rabbit anti-mouse, 1 :50; YLl/2 (Kilnıartin et al, 1982; Sercx-Lab), 1:200: 

FTTC rabbit anti-rat, 1:100. The eel ls wcrc cxposccl to all :ıııtibod ics :ıt 

37 oc in a humid clıamber for 1 hour.Aftcr fin:ıl washing prcp:ır:ıts wcrc 

mounted in Citifluor (Citifluor Ltd., London). The cells wcrc cxanıinecl 

using epifluorcsecnce microscopy (as deseribed in seetion 3.2.5.1.). 

3.2.5. MICROSCOPY 

3.2.5.1 EPI-FLUORESCENCE MICH.OSCOPY 

Staincd eclis wcrc nıountcd in Citirlııor (Citirluor Ltd., London), 

and cxamincd using a Zciss Standard R microseopc cquippcd witlı 

l'pi riiiO!TSt'l"ll('l' optirs. 
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3.2.5.2. ELECTRON MICROSCOPY 

3.2.5.2.1. TRANSMISSION ELECTRON MICROSCOPY 

Cells were grown in plastie petri dishes (30 mm dianıeter, Sterilin). 

The eells were washed for 5 minutes with PBS + 0.2% BSA, and fixed 

in 2.5% glutaraldehyde as deseribed in seetion 2.2.3.1 .. They were then 

washed again with PBS for 30 minutes and postfixed with 1% osrnium 

tetroxide in PBS for 30 minutes at room tenıperature. They were washed 

with distilled water for 30 minutes, dehydrated with a series of 

inercasing eoneentrations of ethanol for 30 minutes each (20%, 40%, 

60%, 2X1 00%). They were progressivcly enıbedded in resi n (London 

Resin White) in ethanol at an inercasing eoncentrations for 1 hour for 

cach (20%, 50%, 75%, 2X1 00%), and polymerized in 100% resi n at 60°C 

for 24 hours in plastie dishes or flasks. Seetions wcre eut from the 

bloeks of a thickncss 70-90 ıım with glass knives using an ultra 

microtome (LKB Nova ultraınicrotome) and collectecl on gelatin-coatcd 

copper grids. 

Seetions were examined at 80 kV in a JEOL 100 CX electron 

mieroseope. Photographs were taken as deseribed in seetion 3.2.8 .. 

3.2.5.2.2. SCANNING ELECTRON MICROSCOPY 

As deseribed in seetion 2.2.4.2 .. 

3.2.6. LENSES AND FILTERS 

3.2.6.1. LENSES AND FILTERS FOR EPI-FLUORESCENT 

MICROSCOPY: 

FOR FITC (Fluorcseein Isothioeyanatc): 

LFNSFS: 

Zeiss 

" 

" 

" 

1 (1/0.50 Plan Neoflıı;ır (nil/w:ıtn) 

40/1.00 Plaııapoehroınat (oil) 

63/1.40 PI:ınapoehronıat (oil) 

100/1.25 Aclıromat (oil) 

FILTERS: 

Exeiter filtcr: BP 4R5/20 

Dichroıııatie bc:ını splittcr: FT 510 

Barricr filtcr: 8P 520/560 

FOR TRITC (Tctramethylrhodaminc Isotlıioeyanatc): 

LENSES: 

Zciss 16/0.50 Plan Neofluoar(oil/water) 

·10/1.00 l'l;ııı;ıpoclıroınat (oil) 
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" 

" 

63/1.40 Planapochromat (oil) 

100/1.25 Achromat (oil) 

FILTERS: 

Exeiter filter: 

Dichromatic beam splitter: 

Barricr filtcr: 

3.2.7. DRUG TREATMENT 

3.2.7.1. NOCODAZOLE 

BP 546/12 

FT 580 

LP 590 

Nocodazole (Mw=301.3; Aldrich ) solid was dissolved in DMSO 

and then diluted to give a final concentration of 24 ).lg/ml nocodazole 

using PBS. A control consisted of DMSO diluted to the same final 

concentration as used in the nocodazole containing solutions (fina! 

concentration of DMSO= 0.125%). For cach conccntration, coverslips 

were fixed with 90% methanol ( deseribed in seetion 3.2.3.2.) after 1, 2, 

and 3 hours of cell culture in the presence of nocodazole. The cells were 

double stained (described in seetion 3.2.4.), and examined as deseribed 

in seetion 3.2.5 .. 

3.2.7.2. TAXOL 

Taxol was dissolved ın DMSO and thcn dilııtcd to gıvc n finnl 

solution of 12 ).tM taxol us ing PBS. It was applicd to the eclis for I 2 or 

24 hours, which were ineubateel at 37 oc in 10% carbon dioxidc as 

deseribed previou s ly. 

Taxol was addcd to undiffcrcntiatcd eclis aftcr 1-2 days in gro\vth 

medium, and to myotubcs after two wccks in fusion mccliuın. i\fıcr 

appropriatc incubation periods the cclls wcrc waslıcd oncc in phosph;ıtc 

huffered s;ıline + ().02% bovinc scnım alhıııııin nnd tlıcn fixcd (describcd 

ııı seetion .\.2.3.2.) and dııııhk st;ıiııt·d (lksnilıt·d iıı S\'Cti()ıı .\.·.~.,1.). 

3.2.8. PHOTOMICROSCOPY 

3.2.8. 1. CAMERAS 

Photn,ı,;r:ıphs wcrc takcn ıısıııg aıı Olyıııpus Ol'v12N c:ııııcra for 

fluorescencc and phase contrast ınicroscopy, :ınd a Manıia 50/\ rol! film 

lwldrr l'oı tı:ııısıııissiıııı rkrtrıııı ıııicıos~·ııpy. 

3.2.8.2. FILMS 

Ilford cut film (6.5X9.0 cm) w:ıs usccl for TEM, Koclak T-~v1n 

400 for fluorcscence nıicroscopy. 

48 



3.2.8.3. PHOTOGRAPHIC SOLUTIONS 

For T-Max 400 developer 

lA- Developer solution; 20% T-Max, 80% distillcd water. 

Wash with developer solution for 10 minutes at room 

tcmperaturc, shake evcry 20 scconds for 20 scconds. 

113- Stoppcr soluıion; 19.5'Yl> Jlyp:ım, 2.4% Rapid Il;ırdcncr, 

78.1% distilled water. Wash with stopper solution for 

5 minutes at room temperature, shakc every 20 scconds 

for 20 seconds. 

For APX 25 developer 

2A- Developer solution s; 10% Aculux, 90% distillcd water. 

W as h with developer solution for 7 min u tes at room 

temperature, shake every 20 seconds for 20 seconds. 

2B- Stopper solution; 20% Hypam, 2% Hardener, 78% 

distilled water. Wash with developer solution for 5 

minutes at room temperature, shake every 20 seconds for 

20 seconds. 

Aftcr proccssing, all films wcrc w;ıslıcd witlı warııı water for 30 

minutes. 3 drops of Anti-static wcrc :ıddccl to last rinsc. 

3.2.8.4.,PIIOTOGRAPHIC PAPER 

Ilford MG photographic papcr was uscd. 

3.3. RESULTS 
3.3.1. CHANGES IN THE ORGANIZATION OF 

MICROTUBULES AND CENTRIOLES DUHING 

DIFFERENTIA TION 

3.3.1.1. CHANGES IN THE DISTRIBUTION AND 

LOCATION OF MICHOTlJJHJLES THJHTNG 

ELONGATION OF C025 !\'IYOBLAST CELl .. S 

Flııorı·~;cently l:ılwlkd YLl/~ and ff) .. ) :ıııtihodit's wnl' ııs1·d IP 

study tlıc distribution of cytophısıııic ıııicroıuhıılcs iıı C025 eclis dııriııg 

cliffcrcntiation. The YLI/2 antibody suıiııed tlıc tyrosiııatcd o:-tııhıılin 

prcsent along the microtubulc network, and ılıe !D-5 :ıııtihody st:ıincd 

glu-a-tubulin. Tn general few glu-rich rnicrotubulcs wcrc found anel ID5 

proved to be an excellcnt nıarkcr for the ccnıriolcs in C025 eclis. 
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In this study, it was found that most of C025 cells containcd 1-4 

centrioles, but the number of centriotes in the cells was very variable. 

The numbers of centrioles present could be up to 35. In this chapter, 

some cells which had larger numbers of ccntrioles, wcre choscn to show 

clearly how they were moved, and new structurcs formed during 

d ifferen tiation. 

In general ın the growth medium all the microtubules stained 

strongly with YL 1/2 and appeared to be nıainly nuclcated from around 

the nuclei, radiating out to the cell periphery (Fig. 17a, c). Thus the 

traditional central MTOC does not seem to exist in these cells rather 

there is nucleation from several or many centrosomes. Aftcr staining 

with ID-5 antibody, very few microtubules stained strongly and in 

general they wcre only stained as dots along their lcngth (thin arrow 

shows on Fig. 1 7b, d). The only structurcs wlıich staincd strongly wiıh 

ID5 were the centrioles, or rarely primary cilia,(arrows show on Fig. 

17d) which were identified by their size and position around the nuclei. 

FIG-17: Or<ranization of microtubules in control C025 eclis in ~rowth o ~ 

medium; (a, c) YLl/2 staining (b, d) ID-5 staining; (b) tlıick arrows: 

r ri m ar y c i 1 i a, t h i n a r ro w: d o t- I i k c s ta i n i n g ;ı 1 o n g m i c ro t u b u le s . ( d ) 

arrows, ccntriolcs localizcd around a nuclcııs: B:ırs= 20 p.ın. 
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Sometimes eells showed a horn-Iike prinıary eilia rather than a 

number of eentrioles (Fig. 1 7b). In the growth medium, most eells had 

eentrioles. Primary eilia were found only rarely. The number of eells 

eontaining eentrioles or primary eilia were eounted in a total of 400 eells 

as shown in Table-1. 

ı Number ı 
of ce lls 

Numb~C>r of c ~C> lls 
w mı 

one or moreo 
primary cilia 

24 

6 

Numb~C>r of ce lls Numb~C>r of C ~C> lls 
w ith w ith 

ceontrioles nothing obvious 

347 29 

86.75 7.25 

TAilLE-1 : Frequency of ccntriolcs ;ınd prinı:ıry cili:ı arter one d:ıy in 

the growth medium. 400 eells were eounted in 4 different nrcparations. 

Approximately 87 % of eells eontained ecntrioles. Primary eilia 

wcre 6 % of the population and nothing was obvious in 7% of the eclis 

(see page 63, Graph.- 2-A). 

After replaeing the growth medium with fusion medium, the eclis 

were examined earefully for stages eorrcsponding approximately to 

every 6 hours. Within the first 6 hours, tyr- rich microtubules wcre 

found to fan out seemingiy from around the nuclci. All the nıicrotubulcs 

nın towards the periphery of the cells (Fig. 18a). Somc bundlcs of glu

rich microtubules were sccn in the cclgcs of the eclis (arrows show on 

Fig. 18b). 6 hours aftcr transfer to the fusioıı mccliunı. the centrioles 

were found to begin nıovcmcnt towards each other on the top of the 

ııuclcus to r()rın one or ııwre groups (l .. ig. ı ~h). 

J2 fWlii"S af"tcr rcpJ;ıcing vVİIIJ fusion 11H.:tiitıl11, lll ın;ıııy ccJJs ;ı 

polarized shape with microtubules frcquently nınning along the loııg 

axis of the eell began to be obvious (eoınpare Fig. 19c with 19 a). Tyr

rich mierotubules were observed to have formeel long thin bundlcs, which 

nucleated from around the nueleus, and radi:ıtcd out to hasically two 

sides of the periphery of the eel! (Fig. 18c, 19c). Some nıicrotuhulcs 

were now seen to originate from the top of the nuclci (arrow shows on 

Fig. 18c, 19c). When eclis were stainecl by TD-5, they \Vere stili poor for 

glu-riclı microtubules. Group of ccntriolcs wcre now observcd to be 

congregated on the top of nuclei (Fig. 19b, d). A number of 

nıicrotubulcs wcrc nuclcated from thcm hut the nunıhcrs ohvioıısly 

assoeiatccl with the ccntriolcs wcrc snıall (Fig. 19a, c). In general it 



seemed that rpany microtubules were nucleatcd from arouncl the outcr 

edges of the nuclear envelopes (Fig. 19a, c). 

a 

c 

Ff(;.lS: Dis nıicrotııhıılcs ın the fusinıı ıncdiııııı dıırirıg 

cliffcrcntiatin of C025 eclis; (a, c) YLl/2 staiııirıg, (h, d) ID-5 

staining, (b) rows, glu-rich microtubıılcs at tlıc cdgc of ;ı ccll, (c) :ırrow 

shows sonıc icrotubulcs originating from the top of a nııclcus; Cclls in 

fusion mcdiu aftcr 6 hours (c) YLl/1 (cl) ID-5, ~ınd aftcr 12 hours; 

Bars= 20 ~tm. 

Af ter 

distribution 

6 hours, thcre wcrc no significant chnngcs ııı the 

the tyr- rich nıicrotubulcs in the cell bodics anel the 

amount of gl - tubulin present, but nıore conıpact groups of ccntriolcs 

were present ver the nuclci (Fig. 19 b). Aftcr 24 hours, Fig. 19cl shows 

that a group f ccntriolcs had aggrcgatcd on the top of nuclci (arrows 

s ho w on 'Fig. 

hours ın the fusion nıcdiuın, Figs. 20a-d show th:ıt it was 

possible to nd diffcrcnt stagcs of the diffcrcntiation of C025 eclis. 

Tlı<' r:ıl<' o(:ı ı•.rı·ı•.:ıticııı ·ıl· cı·ııtriok~; dııriııı· dil'fnı·ıııi:ııicııı w:ıs rıııırııl lıı 

he quitc v:ıri le. [n soınc eclis dcrısl' clıııııps of alınost fıısed ccııtrinlcs 

were sccn ( rows show on Fig. 20b, cl) whcrcas in other eclis the 

process of a regation procceded much nıorc slowly (Fig. 20cl). 
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a 

FIG-19 : 

medium (a, 

c, d) after 

of microtubules in C025 cells in the fusion 

1/2 staining; (b, d) ID-5 staining. (a, b) after 16 hours, 

ou of centrioies; Bars= 20 m. 

FIG-20 : 5 myoblast cells after 30 hours in the fusion medium 

using (a, c), . l/2 antibody, and (b, d) JD-5 antibody, (b) arrow shows a 

cluınps of cc iolcs; 13ars= 20 ~ını. 
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3.3.1.2. FORMATTON OF PRIMARY CTLIA 

During the formation of the prinıary cila, there was not a 

significant difference in the distribution of microtubules. However 

nıicrotubules were frequently seen in bundles running along the long 

axis of the cells. Some of the bundles were nssociated with the fusing 

centrioles whilst others seemed to originate from around the nuclei (Fig. 

21a). Glu-tubulin rich microtubules were only rarely seen in cells at 

stage (Fig. 21f). 

le immunofluorescence Iabeliing of C025 myoblast cclls 

in the fusio ediuro using (a, c, e) YLl/2 aııtibody, and (b, d, f) ID-5 

antibody; ( ) after 50 hours, (c, d) after 60 hours, and (c, f) aftcr (ı 1 

hours, (f) w shows an isolated centrio1c during the fornıation of 



ID-5 siaining showed that, around 60 hours it first became evidcnt 

that primary cilia wc re growing out from the fuscd cc n triolc aggregation 

(Fig. 21 b, d, f). The forming primary cilia had seemingiy rather larger 

bases than the fully formed ones (Fig. 2ld). The cells stili showed very 

few glu-rich microtubules indeed. Sametimes there were same bright 

dots near the bases of the primary cilia, which were most probobly either 

individual unfused centriotes or two or three of thenı which have fused 

together but not with the main mass (thin arrow shows on Fig. 21 f). At 

later times these isolated centrioles were Iost. 

The centrioles became progressively aggregated ın most cells with 

inercasing time in the fusion medium to forming progressively more 

primary cilia (Figs. 22a, b). But in sonıe cells the centrioles were stili 

moving togcthcr at the same time as aggrcgation had already occurred in 

other cells (arrow shows at top right of Fig. 22b). The aggregatcd 

centrioles were always localized over the tops of the nuclei (Fig. 22b, d). 

hut r:ırcly t 

ble inımuııofluorescence 1abelling of C025 myoblast eclis 

medium using (a, c) YLl/2 staining, and (b, d) ID-5 

row shows aggregated centrioles; (a, b) after 63 hours, 

66 hours; Bars= 20 ~tm. 

the differentiating myoblast cells had one prinı;ıry ciliunı, 

or three (c.g. Pi[!. 22h). Tlıc prinıary cili:ı wcrc strnngly 
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stained by anti Glu-tubulin and also they usually showeel some weak 

staining with the anti Tyr-tubulin stain (Fig. 22c). Some microtubules 

always radiated out from the bases of the primary cilia but the numbers 

of microtubules associated with the primary cilia were very variable (Fig. 

22a, c). Many microtubules seemed to originate around the nuclei but no 

eliserete foci were evident apart from those microtubules associated with 

the primary. cilium. The primary cilia always had a wider base (Figs. 

22b, d), and the bottom of the shaft was thicker than the upper part 

(Figs. 22b, d). A count of 400 cells showed that 79% of the cells 

contained primary cilia, 17% of thenı still contained centrioles, and 4% 

nothing ohvious in the culturc :ıftcr culturc for one week (Tahle-2; see 

page 63, Graph- 2-B). 

ı Number ı 
ofcells 

[Perce-ntage- 1 

Number of ce lls 
w i tl-ı 

one or more-
primary cilia 

315 

78.75 

Number of ce lls Number of ce lls 
w mı witl'ı 

centrioles nothing obvious 

68 17 

17 4.25 

TABLE-2 : Frequency of centrioles and primary cilia after one week in 

the fusion medium. 400 cells were counted for a total of 4 different 

1 preparation s. 

3.3.1.3. tJLTI~ASTRlJCTtJnE OF PI~IMARY CILIA AS 
SEEN WITI-1 TIIE TRANSMISSION ELECTRON 

MICROSCOPE 

Transmission electron microscopy (TEM) was used to in,vestigate 

the ultrastructure of the primary cilium. The primary cilia were localized 

very close to the nuclei of the cells in all examples observed. 

lnvestigation of both vertical (Fig. 23c), and transverse (Fig. 23a, b, d, 

and e) sections of prinıary cilia indicated that the shafts of primary cilia 

were surrounded by a vacuole (letter "V" shows on Fig. 23b, and Fig. 

23c). Therc wcrc nine doublets tubular fibrils forming a ring around the 

periphery of the primary ciliunı, but there was no central pair as woulcl 

be seen in functional cilia (Fig. 23b). Thus the typical 9+0 structurc of a 

centriole was observed and not the 9+2 structurc of a cilia. TEM imagcs 

showed that at the base of the prinıary ciliunı, therc wcrc sametimes 

1 11 h 11 ) :ı 1' s 1 rı 1 ı· IlliT s f n· q 11 1' rı 1 ) y p t'r p 1' ll d i 1 '1 ıl :1 1' 1 11 ılı \' ı 11 ll ! '. :1 X i •; ll f !lı\' <'i ı i :1 . 
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These might be unfused centriotes or alternatively nıicrotubular rootlets 

(Fig. 23e). 

Scanning electron microscope (SEM) imagcs showcd that the 

surfaces of the elongated cells were quite smooth and there was no h int 

of cilia protruding out of the cells (Figs. 12a, b in chapter 2) . 

. . ~· . ,:: ., ( 

d----------~~------------~L-----------------------~e 

FIG-23 : Primary cilia in C025 myoblast cells as seen with T.E.M.; 

tranverse sections of the upper region (a, d) XlO.OOO, (h, e) X50.000, 

(c) oblique seetion of the :ıpkal region, X(ı6.000. "V" shows the v;ıeııole 

which surrnunds the shaft of cach ciliııııı. 

3.3.1.4. DISTRIBUTION OF MJCROTUBULES DlJI~JN(; 

FORMATTON OF MYOTlJBES 

Af ter 7 O h o u r s b u t b efor c c e ı ı f u s i o n o c c ıı r c d , ;ı 1 1 t lı c t y r- r i c h 

nıicrotubules were observed to nın along the ıong axis of the elongated 

nıyoblasts (Fig. 24a, b, and c). During the fusion stage, most of the tyr-
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rich microtubules seemed to originate from around the nuclei, but sonıe 

microtubules originated from primary cilia localized on top of the nuclei 

(Fig. 24a). As shown on Fig. 24a and b most of the cells had a primary 

cilium on the top of the nuclei. Interestingly, shortly before fusion 

occurred bundles of glu-rich microtubules were observed for the first 

time (Fig. 24b). Some of these were associated with the processes 

forming the ends of the elongated cells. The glu-microtubules were 

incrcased in the clongated cc11 body (Fig. 24b). Fig 24d shows 

distribution of tyr-rich microtubules in a fusing cells. All nıicrotubules 

were running parallel along the long axis up to fusing proccsses. 

a 

c 

FIG-24 : 

b 

of microtubules in elongated C025 cells in the 

(a) microtubules by YLl/2 staining (b) microtubules 

5 after 70 hours, (c) after 78 hours by YLl/2 , (d) by ID

s= 20 ~tm. 

(80-100 hours in the fusion medium) staining of 

YLl/2 antibody indicated clearly that all the 

ow run along the long axis of the nıyotubes (Fig. 25). The 

is trihıı 1 i on nf tlı<• ın i not ll hııl<'s :ıl on)', tlıl' lll)10I lll)(' S \\':lS 

s e e n 1 o h e ı ı ı c ı 1 n e :ı c lı nt h er, :ı n d ri ll c d 1 lı c w lı o ı c ın y nt u h c c x c ep t ılı c 

Sc, d). No nıicrotubulc foci, indicativc of MTOCs. wcrc 

myotuhes, only a rather wc;ık glu-st<ıining along the 
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ınicrotubule:; was now observed (Fig. 25b), and the level of glu-tubulin 

staining rapidly decreased after fusion during myogenesis. Soon after 

fusion the myotube nuclei were stili associatcd with primary cilia (thin 

arrow shows on Fig. 25b ). 

a 

c 

FIG-25 : 

nuclei in 

ohscrvcd 

break up i 

b 

bution of microtubules in myotubes in fusion medium 

of culture. Double immunostaining (a) YLI/2, (b) ID-5, 

rrow show an elongated myoblast, thin arrow shows a 

in the myotube. (c and d) YLl/2 staining; after 90 hours 

) middle level; Bar= 20 m. 

FATE OF THE PRIMARY CILIA 

ly stage after myotube formation, investigation showed 

centrioles were visible again localized near or top of the 

milar position where the primary cilia were previously 

2(lb). Thesc clı:ıııgcs occıırred quidly :ıııd no 

The ınost likcly source of tlı\: ceııtrioles woıılcl 

of the primary cilia the bases of which may 

centrioles. Alternativcly a singlc centriole is release from 

ciliuın which rapidly duplicates. The kinds of structurcs 

ather variable. In Fig 26b what appears to be a group of 

raded primary cilia are visible associatcd with several 

s may rcpresent the first stagc in the process of prinı;ıry 
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cilium breakdown. Fig. 26d shows a very tight cluster of centriolcs. 

"Older" myotubes (e.g. Fig. 27b) frequently had more scattered groups 

of centrioles suggesting that they are released as a group from the 

remains of a primary cilium. However single centriotes were also 

frequently seen in such myotubes (Fig. 26b). 

a 

c 

phalloidin s 

(Fig. 27f). 

paraUel to t 

lnnrı. :ıxis ( 

:ı nı () tl ll 1 

le immunofluorescence labelled C025 myotubcs after 96 

ion medium using (a, c) YL 1/2 antibody, and (b, d) ID-5 

arrows show a group of centriotes or degraded primary 

indicates a of cilia; Bars= 20 m. 

I of them were localized very close to a nucleus in the 

27b). After approximately 2 weeks in the fusion medium, 

were observed standing on a line along the long axis, 

ted with a nucleus (thin arrows show on Fig. 27b). After 

ntiation of the myotubes, actin staining with rh

d a periodic distribution of actin along the myofibrils 

distribution of the bundles of tyr-rich microtubules was 

ewly formed myofibril actin bundles, and ran along the 

771'). Hy the !İilll' ııı:ıtlll'l' ıııyPfilıril~; lı;ı\'1' l'orıııt·d tiH· 

ııbıılin prcscnt alorıg tlıe ıııicrotııhııles lıas lwcn redııced 

ounts and only the ccrıtrioles stain stroııgly with JD5. 
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The pattern of staining corresponds to that seen prior to myoblast 

elongation, and all the glu-rich microtubules disappear. 

a 

c 

e 

FIG-27 : 

antibody, ( · 

after 300 h 

found after 

b 

d 

uble irnrnunofluorescence labeling of C025 myotubes in 

·um using (a, c, e) YLl/2 antibody, and (c, d) ID-5 

hodarnin-phalloidin; (a, b)after 105 hours, and (c, d, e, f) 

s, (b) thin arrows show single isolated centrioles, thick 

of centriolcs; Hıırs= 20 nı. 

weeks in the fusion medium a count of 400 cells showed 

tely 14% of them contained primary cilia, approximately 

centrioles, and nothing obvious was prcscnt 6 % of the 

see page 63, Graph.- 2-C). 

ercentagcs werc significantly, differcnt from the figurcs 

week in the fusion medium, and wcre much morc siıni\ar 
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to the precentage of centrioles present in undifferentiated myoblasts 

(Graph-2A; 2C). Graph-2 shows the dramatic increase in the number of 

prirnary cilia which occurs during cell elongation prior to fusion and 

their rapid disappearance as rnyotubes form. 

ı Number ı 
of eel ls 

ı Percen~age ı 

Number of ce-lls 
wiUı 

one or more-
primary cilia 

58 

14.5 

Number of ce lls Number of cı:> lls 
w mı w ith 

cen~rioles no~hing obvious 

318 24 

79.5 6 

TABLE-3 : Frequency of centrioles and primary cilia after 2 wecks in 

the fusion medium. 400 cells were counted for 4 different preparations. 
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A 

B 

c 

ll Primary cilia 
O l···ıdriıd,··. 

Iili] Nothing obvious 

GRAPH-2 : Proportion of C025 cells showing prinıary cilia or 

centriotes ccntrcs,400 eclis countccl for c:ıch s:ımplc; (/\) :ıfter 2 days in 

the growth medium, (B) after a week in the fusion nıcdiunı, (C) after 2 

weeks in the fusion medium. Data from Tablcs-1, 2, and 3 were u sed to 

lprepare pie cliagrams 2A, 2B, and 2C. 

63 



3.3.2. DISTRIBUTION OF MICROTUBULES IN DRUG 

TREATED C025 CELLS 

3.3.2·.1. MICROTUBULE REGROWTII AFTER 

NOCODAZOLETREATMENT 

In this experiment, myoblasts and myotubes were first treated with 

nocodazole (as deseribed in seetion 3.2.7 .1.) then the nocodazole 

containing nıedium was washcd away to relicvc cells from the effects of 

nocodazole, and the microtubules were allowed to regrow for varying 

periods of time. 

The cehs were treated with 24 Jlg/ml nocodazole for ı hour and 

then stainec;l and examined with the fluorescence rnicroscope. The effcct 

of using 24 Jlg/rnl nocodazole for ı hour on the cells was to 

depolyrneri?-e all the rnicrotubule network (Fig. 28a). As shown in Fig. 

28 ID-5 staining showed that only the centrioles remained visible in the 

myoblasts (arrow shows on Fig. 28b). After 4 minutes rernoval of 

nocodazole from medium, tyr-microtubules started to regrow as starlike 

structures, and to elongate from the tops of the nuclei (arrow shows on 

Fig. 28c, and 29a). 

FIG-28 : M icrotubule patterns ın myoblasts (a, b) aftcr (24 ı.ıg/ml) 

nocodazolc' ( 1 hour) treatment, and (b, c) arter 4 nıinutcs removal 

nococlazole; (a, c) YI 1/2 staining, (b. cl) TD-5 st:ıining, (b) arrow shows 

centriole, (c) arrow shows microtubule regrowth; Bars= 20 Jllll. 
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The results showed that microtubules elongated from one or more 

MTOCs in myoblasts after nocodazole treatment (arrow shows on Fig. 

29a). At this time of regrowth some microtubules appeared to be 

completely : free in the cytoplasm and not associated with any 

centrosonıes (Fig. 29c, e). ID-5 associatcd showed only brightly staincd 

centriotes (Fig. 29b, d, f) as would be expccted. 

FJG-29 : Mlicrotubule pattern in myoblasts after 4 minutcs renıoval 
1 • 

from nocodazolc; (a, c, c) YL1/2 staining, (h, d, f) 10-5 staining, (a) 

:ı r ro w s lı o w s r;c gr o w t h o f m i c ro t tı h ıı 1 c s ; n ;ı r s = 2 O p. m . 

. ! ~ 

By 15 iniınıtes considerable microtubulc rcgrowth had occurred, 
ı· 

although it wıis frequently hard to be ccrtain lıow for the network had 
i 
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regrowth because of the remaining depolymerized tubulin (Fig. 30a), but 

only centrioles were visible using ID-5 staining (Fig. 30b). 

a 

FIG-30 : Microtubule pattern in myoblasts after 15 minutes removal 

from nocodazole; (a) YLl/2 staining, arrow shows regrowth of 

microtubules, (b) ID-5 staining; Bars= 20 Jlm. 

After staining myotubes which had been treated with 24 ~g/ml 

nocodazole for 1 hour, all the microtubules had disappeared (Fig. 31a), 

only centriotes were seen along the long axis (arrows show on Fig. 31 b), 

glu-rich mic tubules were not present either in the myotubes. 

a 

YLl/2 stainin 

b 

otube after 1 hour treatment with 24 Jlg/ml nocodazole (a) 

ID-5 stainin arrows show centrioles; Bars= 20 Jlm. 

nocodazole from the mcdium, regrowth of the 

microtııhııles as very nıpici in thı~ ınyotııhes. ny 5 minııtes it w:ıs foııııd 

Jike distribution of nıicrotubulcs had started to rcgrow 

nıainly from round the nuclei (arrows show on Fig. 32a). Aftcr 1 O 

minutes, the 

nıicrotu bu le s 

yotubes were filled with microtubules (Fig. 32c). Most 

myotubes (Fi . 32c). 

to be distributed parallel to the long axis of the 

But, as best secn at high nıagnification, sorne 
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rnicrotubules initially regrew obliquely in the rnyotubes (arrows show on 

Fig. 32a), ID-5 staining showed that there was no visible glu-rich 

rnicrotubules in the cytoplasm, only single, isolated centriotes along the 

rnyotubes (arrows show on Fig. 32b, d). 

a 

c 

FIG-32 : Myo ubes treated with (24 Jlg/rnl) nocodazole for 1 hour; (a, c) 

distribution tyr-rich microtubules by YLl/2 staınıng, (b, d) 

distribution o glu-rich microtubules by ID-5 staining, (a, b) 5 minutes 

rom nocodazole, (c, d) 1 O min u tes after rernoval from 

nocodazole, _( arrows show a basket-Iike microtubule regrowth, (b, d) 

arrows show· c trioles; Bars= 20 Jlm. 

ROTUBULE DISTRIBUTION AFTER TAXOL 

ating rnyoblasts and myotubes with 12 ı.ıM taxol for 12 

hours (as des ribed in seetion 3.2.7.2.) the cells were double stained 

with YL1/2 an ID-5 antibodies to exanıine the effects of taxol on the 

distribution of microtubules. 

Al'ıcr iıı ub:ıtion wiılı ı:ıxol. ılıc ı.:l'fccıs wcre quiıc spccı:ıcul:ır on 

ılıc nıicrottıl?tı c nctworks, showing obvioııs strııctııral changes in :ıli 

myoblast cells The distribution of tyr- and glu-rich nıicrotubules were 

found always t be identical in taxol treated nıyoblast cells. However the 

bundles of ty rich nıicrotubules werc stained sornewhat nıore strongly 
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than the staining of glu-rich microtubules (Fig. 33a-d). It was mostly 

observed that quite large bundles of microtubules formed throughout the 

cytoplasm in different orientations (Fig. 33a-d). These microtubules 

were much shorter than those found in normal control myoblasts. In 

gent:ral bundles of short paraHcl ınicrotubules were found, but some 

iııuividual ıııicrutubuks ruııııiııg in diffcn.:ııt dirccıioııs wcn.: ubsı.:rvı.:d 

(thin arrows s ho w on r; ig. 3 3a). The bu nd k s s ho wed no re! at i on s h ip 

with the ııuclcus or aııy otlıı.:r sırucıurc (Fig. 33a-d). Somc cı.:ııırioks 

could be seen in taxol treated cells (thick arrows show on Fig. 33b, d), 

although they were difficult to see and often masked by the strongly 

stained glu-microtubules. 

a 

c 

FIG-33 : Myoblasts treated with (l2jJ.M) taxol for 12 hours; (a, c) 

distribution of tyr-rich microtubules by YLl/2 staining, (b, d) 

distribution of glu-rich microtubules by ID-5 st ing, thin arrows 

shows individual microtubules, thick arrows show c trioles; Bars= 20 

jJ.ın. 

After taxol treatment of ınyotubes, all the · icrotubules were 

similarly stained by YL 1/2 and ID5 showing that i ased amounts of 

glu-tubulin were present (Fig. 34 ). In ınyotubes, mos · crotubules were 

observed to run paraHel to each other in short ndles (Fig. 34 ). 

However short bundles of microtubules were seen were not in 
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paraHel (Fig. 34d). The bundles were not centred around the nuclei and 

not seem to have any relationship to the nuclei. Frequently the bundles 

were in some kind of register (Fig. 34). Centrioles could not be easly 

seen in taxol treated myotubes. Most of them were masked by the 

strongly stained bundles of glu-rich microtubules. 

a 

c 

FIG-34 : Myotubes treated with (12mM) taxol for 12 hours; (a, c) 

distribution of tyr-rich microtubules by YLl/2 staınıng, (b, d) 

distribution of glu-rich microtubules by ID-5 staining; Bars= 20ı.ım. 

3.4. DISCUSSION 
3.4.1. NUCLEATION OF l\IICROTUBULES 

Two different microtubules nucleation centres were identified 

during C025 myogenesis as the res u lt of regrowth af ter drug induced 

depolymerization. In myoblasts it was observed that centrioles were 

markers of the primary nucleation centres of the microtubule network, 

Tassin et al. (1985a) also reported similar results using human 

myoblasts in vitro . 

After formation of the myotubes, the nucleation centres of the 

microtubules seemed to be replaced by nucleation at the periphery of the 

nuclei. There was no relationship between microtubule regrowth and the 

position of the centrioles. These striking findings of a major change in 
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the microtubule nucleating centres upon myotube formation confirms the 

previous work of Tassin et al. (1985a). It has also been reported that 

microtubu I es w ere densely aggregat~d around the n uel ei in mature 

skeletal muscle fibres (Kano et al., 199 ı; Cartwright and Goldstein, 

1982), and in cardiac muscle cells (Rappaport and Samuel, 1988; 

Watkin s et al., ı 987), suggesting a nuclear MTOC in these cell types as 

well. The microtubules w ere reported to be n ucleatcd from s ome 

amorphous material around the nucleus in myotubes (Tas sin ct al., 

1985a). This is likely to correspond to the peri-centriolar material which 

has become redistributed. Microtubules which were not associated with 

any obvious nucleating structures have also been observed ın 

erythrocytes (Murphy and W allis, I 986), in melanophores (MeN iv en 

and Porter, 1988), in neurons (Baas et al., 1989), and in epithelial eel! 

extensions (Troutt and Burnside, 1988). Also in this work, sonıe free 

regrown nıicrotubules were found ın nıyoblasts regrowing after 

nocodazoletreatnıent, and possibly also in myotubes. This result 

resenıbles the finding of Bre et al. (1987) that MDCK cells contain nıany 

microtubules apparently free in the cytoplasnı and not associated with 

the ccntrosonıc or any other structure. In addition to Mogenscn and 

Ttıeker ( 19R7), Mogensen et al., (1989) have hypothesicd that 

nıicrotubules grow from henıidesnıosomes located at the apİcal cell 

surface in Drosophila in original disc cells. All these results 

demonstrate that there may not be only one partietılar nıicrotubule 

nucleation centre, but it may take a variety of fornıs. The 

pericentrosomal material may be able to nucleate nıicrotubules on a 

variety of structures within the cell, not associated with a centriole. 

3.4.2. LOCATION OF TYR-TUBULIN 

In this work, the distribution of tyr-tubulin on nıicrotubulcs was 

s imilar to that observed in many other types of proliferating ce lls ( e. g. 

Gundersen and Bulinski, 1986; Gundersen et al., 19R6; Wehland and 

Weber, 1987; Kreis, 1987). But, during the differentiation of C025 

myoblasts, the tyr-microtubules were found to redistribute paralici to 

the lo n g :ı x i s i n my otu bes an d nıyofi br il s. As sc nı b I y of no n- r<ıd i al 

ıııirruııılııık arrays duriııg difl'ercıııi:ııioıı has :ılso lıcL"Il rcpurıl"d lıy 

sevnal aııliıt~rs iııclııdiııg Ilolt7.cr <'1 al. (19X5). T:ıssiıı ('/ol. ( 1 1 >X);ı), 

Antin et ai (1986) observed longitudinally orientatecl nıicrotubulcs in 

nıyotubes in vitro. Daniels and Sandra (1990) also reporteel that early 

s tage my otubes dem on s trated nu cl ei aligned in paralici ro w s w ith 
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all the clcnıents of the cytoskclcton (also F-actin microfilanıents) 

become aligned paraBel to the long axis of the myotubes. How this is 

dctcrnıined and regulatcd is not at all clcar at prcscnt. This study furthcr 

demonstrates that as the microtubules re-grow after drug induced 

disassembly they retain their previous orientation ın general. 

Microtubules, which were initially sornewhat out of register rapidly came 

to conform to the paraHel distribution. Again what forces cause this are 

very unclear. 

Serial focussing has shown that, microtubules run paraUel along 

the long axis and to each other all along the myotubes. This location of 

tyr-rich microtubules was in contrast with Kano et al. 's results (1991 ). 

They reported that microtubules were found more abundantly in the 

periphery of rat and mouse muscle fibres, especially just beneath the 

sarcolemma as compared with deeper regions in vivo. It is known that 

skeletal muscle fibers contain numerous nuclei which are located at the 

fiber periphery in vivo, but the nuclei were not found at the periphery of 

the myofibres in this work. The difference in distribution of 

microtubules and nuclei may be due to the fact that Kan o et al. (1991) 

wcrc looking at tissues in situ whcrcas this study examincd eclis grown 

in vitro. The nıicrotubules secm to be mostly nucleated from the 

periphery of the nuclei in the centres of the myotubes and myifibrils as 

seen in this work. Therefore the location of microtubules in vitro and in 

vivo may well be different. Whether this is an artefact of tissue culture 

or a failure to complete morphological differentiation is not known. 

3.4.3. DISTRIBUTION OF GLU-TUBULIN 

It was clearly observed in this work that an increase in the level of 

glu-tubulin occured during myogenic differentiation shortly before 

myoblast fusion. An increase in glu-tubulin has also been detected at a 

similar stage in microtubules of prefusion L6 myoblast cells by 

Gundersen et al. (1989). The increase in glu- tubulin content at the 

begining of the differentiation would seem to be most likely due either 

to a change in the balance between the detyrosination/tyrosination cycle 

or altcrnativcly to the appcaraııce or a sub-population of longcr livcd 

ıııicroıııhules. In C02S Cl'lls, 1\llllll'I'OliS huııdks or glu rich ınicroııılıuks 

were found in elongating ınyoblasts, especially in the tail-likc processcs. 

Prescott et al. (1989) also rcported that the tails of several motile 

fibroblast cell lines contained conspicuous bundles of glu-riclı 
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microtubules. Furthermore Pres co tt et al. ( 1992) fo u nd that the 

microtubules within the processes of highly motile PtK2 cells, treated 

with seatter factor, turned over more slowly than those elsewhere in the 

cells. Thus the more likely hypothesis is that a sub-population of glu

rich microtubules appears in the elongating myoblasts, particularly in the 

processes. These glu-rich microtubules may have some role in the 

elongation of the processes, either a structural function in maintaining 

them or more simpty a role in the transport of mitochondria and other 

materials to the ends of the processes. 

3.4.4. TRANSLOCA TION OF CENTRIOLES 

Usually translocation of centriotes takes place during mitosis. 

However, it has been found by Wang et al. (1979) that during the 

process of cell fusion and nuctear migration, centrioles were transported 

forming large aggregates in baby hamster kidney cells (BHK21-F) 

syncytia. This study shows that, during differentiation, the centrioles 

first started to translocate to the top of the nuclei to become aggregated 

before fusion. A clustering or aggregation of centriotes has been 

observed in myoblast cells by Connolly et al.(1985), but this occurred 

during and after fusion. In this study, aggregation of centriotes was seen 

to lead to the formation of a primary cilium a short period of time before 

cell fusion. After elongation, myoblasts which had aggregated centrioles 

or a primary cilium did not undergo a further mitosis. So, the centrioles 

may be aggrcgated toprevent the cell dividing or to push the cells into 

differentiation. Alternatively the aggregation of centriotes may simply 

reflect the exit from mitosis or that they are required to do so for 

primary cilium formation. 

When aggregation of the centriotes occurred (associated with 

primary cilium formation), the microtubule nucleation centres became re

localized araund the periphery of the nuclei in the myotubes. Therefore 

aggregation of the centriotes could serve to change the MTOCs by 

releasing the pericentriolar material. 

3.4.5. FOR MA TION OF THE PRIMARY CILTUM 

Primary cilia were clearly visible in a smail proportion of 

mononucleated myoblast cells before fusion so there is not an obligatory 

rclationslıip hctwccn the form:ıtion nf prim:ıry cilia :ınd ınyohlast 

differentiation. However there ccrtainly appears to be some relationship 

between primary cilium formatian and the elongation or fusion of the 
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rnyoblasts. This is based on the further finding that elongated rnyoblasts 

always co n tained one or more primary cilia. Previous report s observed 

that, the primary cilium was present during the G 1 phase of the cell 

cycle in confluent cells (Tucker and Pardee, 1979; Albrecht-Buehler and 

Bushnell, 1980; Vorobjev and Chentsov, 1982; Jensen et al., 1987), but 

no report has linked the appearence of prirnary cilia to a cell 

differen tiation event. Zalin ( 1979) reported that myoblast ce lls fuse 

during the G 1 phase. The role of the primary cil i um in C025 myobhıst 

ce lls during differentiation mig ht be simply to keep the myoblasts in G 1 

phase to allow fusion to occur. On this hypothesis primary cilium 

formation siı:riply absorbs all the centrioles. An alternative hypothesis is 

that the prirnary cilium may have sorne function in elongation or fusion. 

One distinct possibility is that it is involved either in the nucleation or 

organization of the glu-rich microtubules characteristic of the elongating 

myoblasts. 

In these cells the primary cilium seems to be formed from multiple 

centrioles by aggregation, and all the centriotes may contribute to growth 

of the primary cilium. However it is not clear whether jus t the b as es of 

the primary cilia or all the shafts are formed from multiple centrioles. 

T.E.M. results show that primary cilia have nine outer tubules, and no 

central tubules. It is also known that centrioles have nine outer tubules 

without central tubules as well so this does not help in deternıining the 

contribution of the centrioles. Some primary cilia were significantly 

larger than others and the larger forming prinıary cilia were associated 

with many centrioles. Thus the number of centrioles may influence the 

size of the primary cilium formed. 

All previous reports i.e. Sorokin (1968), Tucker and Pardee 

(1979), Albrecht-Buehler and Bushnell (1980), Tassin, et. al. (1985a), 

Prescott, et. al. (1991) reported or showed that there was just one 

primary cilium in the each cell body. I have occasionally found two, or 

even three primary cilia in C025 myoblasts before fusion. So this 

system is the first where multiple primary cilia have been recorded 

within a single cell. However in situations where true cilia are being 

formed, nunıbers of basa! bodies appear simultaneously (Novikoff and 

Holtzman, 1970) 
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MPM-13 AS A PERI-CENTROSOMAL 
MARK ER 



4.1. INTRODUCTION TO MICROTUBULE 
ORGANISING CENTRES 

Microtubule organizing centres (MTOCs) can have a variety of 

different appearances in cells. The most common and best deseribed 

MTOC structure is the centrosome, which is deseribed below in seetion 

4.1.1. 

In some cell types the basa! body is a similar structure to the 

centresome and acts to nucleate the microtubules which form the cilia 

and flagella (Novikoff and Holtzman, 1970). In addition other 

structures can act as MTOCs. One of these is the plasmamembrane. In 

Drosophila pupal wing epidermal cells microtubules run from the 

apical to the basal surfaces directly and centrosomes are lacking (c.f. 

Mogensen and Tucker, 1987). The minus ends of these microtubules are 

associated with hemidesmosomal anehorage points at the apical 

surfaces, which are proposed to act as nuclcation centres (Mogenscn et 

al. ,1989). This system may act as a model for other epithelial cell types 

both in Arthropods and Vertebrates. Other cell types which may well 

possess membrane nucleated microtubules include the inner ear 

supporting cells, neurones and lens cells (Mogensen et al., 1989). 

MDCK cells, a canine kidney line, contain many microtubules which are 

not nucleatccl from the centresome (Bre et al., 1987). This may 

represent an cpithelialline where microtubules were originally nııclcatcrl 

from the plasmamembrane but have lost the organization of the 

nucleating centres upon tissue culture in vitro. For this cell type 

electron microscopy has failed to distinguish which component of the 

cell nucleated the majority of the microtubules. 

4.1.1. THE CENTROSOME 

4.1.1.1. THE CENTROSOME 

Ce n trosomes co n s is t of one or a pa ir of ce n tr i o !es (d i plosonıcs) 

(described in seetion 4.1.1.2.) surrounded by an electron dense cloud of 

the pericentriolar material (PCM) (Reviews, Whcatley, 1982; Brinklcy, 

1985). In most but not all animal eclis a single or pair of ccntrioles, 

surrounded by the pericentriohır matcrial, constitutcs the nıa.ıor 

microtııhııle org;ıniziııg centre (MTO(') :ıs deııınııstr;ıtl·d hy rr-grnwtlı nt' 

microtubulcs after drug induced depolynıerization (DeBrabander et al., 

1 980). Gould and Borisy (1977) reporteel that, on the basis of a TEM 

study, microtubules rarely originatecl from the centriolcs, rather from 

the pericentriolar material. Some cell types, inclucling sonıe mammalian 
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eclis types lack centriotes at critica} times in their life cycle (c. f. Maro 

and Bornens, 1981; I-liraoka et al., 1989), also higher plan ts have no 

obvious morphological structure associated with a MTOC function 

(Cande, 1990). Furthermore Karsenti et al. (1984) and more recently 

Maniotis and Schliwa (1991) have found that cytoplas ts taeking 

centrioles can nucleate microtubules. Thus the concept that each cell 

must have one or more eliserete MTOCs is not clearcut. Brinkley (I 985) 

concludcd that the ccntrosome is not a compact, ccntralizcd body 

stationeel permanently in the centre of the cell but rather a structure that 

can assume different forms and locations in different cell types, and 

within a single eel! type change position and shape during the cell' s 

life. The centrosomal MTOC "cloud" may turn out to be a very Iabile 

entity and İnıpart the ability to form microtubules to a variety of 

structures. Recently y-tubulin, a new form of tubulin, has becn found 

asa constituent of pericentriolar material (Zheng et al., 1991; Stearns 

et al., 1991) and there is now evidence that it has a role in microtubule 

nucleation (Joshi et al., 1992). 

4. 1. 1. 2. PERICENTRIOLAR MA TER IAL ( PCM) 

The pcriccntriolar matcrial is a vcry poorly deriııcd sırııctıırc 

which would seem to have an extraordinary flexibility ın its 

organization, location, and functions. The pericentriolar nıaterial has 

not yct bcen dcfincd hiochenıically. Howcvcr, several group lıavc 

rcccntly dc~cribcd prcp:ırations of ccntrosomcs that retaiıı tlıl·ir MTOC 

activity, given PCM' s (Mitchison and Kirschner, 19R4; Ohı:ı et al., 

1988; Konıesli et al., 1989). Several investigators have u sed isolatcd 

spindles eclis to identify proteins associated witlı the ccntrosonıe 

(Kuriyama and Borisy, 1985; Toriyama et al., 1988). As an altcrnative 

to biochemical purification of the centrosomes, auto-imımınc senını has 

been used on several occasions to identify centrosonıcs, in p;ırticular 

the human scleroderma autoummune centrosomal antiserum 5051 (c. g. 

in plant cell, Clayton et al., 1985; in mouse and sca urclıin cggs, 

Sehatten et u!., 1986). It has been reported that MTOC' s cont;ıin: 

ı PER 1-CENTROSOMAL AREA: 

- ATPasc-dyncin (Anderson, 1977); 

- Stcri)id lıormoncs (Ncnci and Marchctti, 197XL 

- Tubulin (Papcr and Brinkley, 1979); 

- RNA (Rieder, 1979; Snyder, 1980) 
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OTHER PROTETNS: 

- 17 .4, 90, and 180 kDa protein s (Anderson and Floyd, 1980); 

- 35 and 45 or 47 kDa proteins (Turksen et al., 1982); 

- 14 and 17 kDa proteins (Shyamala et al. , 1982); 

- 14, 20, and 34 kDa proteins (Cox et al. , 1983); 

- 15 and 33 kDa proteins (Ayer and Fritzler, 1984); 

- 17 and 114 kDa proteins (Earnshaw et al., 1984); 

- a 195 kDa protein (Guldner et al., 1984); 

- a 70 kDa protein (Nishikai et al., 1984); 

-18 and 80 k Da protein s (Valdivia and Brinkley, 1984 ); 

- a 185 kDa protein (Frash et al., 1986); 

- a 51 kDa protein (Toriyama et al., 1988; Ohta et al., 1988); 

- 43 or 56 kDa protein (Rao et al., 1989); 

- a 180 kDa protein (Kuang et al., 1989; Chevrier et al., 1992); 

- 62 and 64 kDa proteins (Dinsmore and Sloboda, 1989; 

Moudjou et.al., 1991 ); 

- a 74 kDa protein (Buendia et al., 1990); 

- 180 and 210 kDa proteins (Tousson et al., 1991) 

- 39, 85. 190, and 220 kDa proteins (Balczon anel West, 1991) 

Virtually nothing is known about how the ccntrosonıal cloud ıs 

maintained around the centrioles and divided at mitosis. Karsenti and 

Maro (1986) have speculated that the pericentriolar material also 

eontains information for seeding eentrioles and nıaintaining their 

growth. 

4.1.2. THE MPM-13 ANTIBODY 

MPM-13 is a mouse monoclonal IgM antibody raised against 

mitotic HeLa cell extracts (Rao et al., 1989). Rao and co-workcrs 

reporteel that this antibocly was specific to ccntrosomal structures and 

reeognized a perinuclear distribution in interphase eells anel the spindle 

poles in nıitotie spindles. Tnterestingly it stainccl a variety of cell types 

ineluding HcLa eclis, mouse 3T3 eclis, h:ıınstcr CIIO eclis to name only 

:ı rcw, and :ılso the protozo:ııı Tctralıymnıo. lıı all groııps :ı ıııajor 

protein spccics of 43 kDa was iclcntificd. A v:ıriably staining band of 

MW 56.000 was also sonıetimes seen. To us the distribution seemed 

intriguing, partly beeause the distribution seemed to be much more 

peri-centrosomal rather than centrosonıal. Tt was therefore decided to 
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compare the distribution of MPM-13 in myoblasts and myotubes, where 

previous study had determined that the distribution of MTOC activity 

changed markedly during the transition. A further consideration was the 

possibility that some microtubules might originate from a 

pericentrosomal rather a centrosomal MTOC. 

4.1.3. THE GOLGI APPARATUS 

The Golgi apparatus is a key organelle involved in intracellular 

membrane traffic, transport, and secretory functions that interacts 

closely with microtubules (Tartakoff,1982; Kreis, 1990). Many different 

proteins that must ultimately reside in such eliverse cellular 

compartments as the surface membrane, seeretian granules, and 

lysosomes are synthesized or initially found in the same compartment, 

the endoplasmic reticulum and then transporteel via the Golgi apparatus 

(Rothman, 1981; Tartakoff,1982). The structure of the Golgi apparatus 

appear to be simple units closely conserved in all eukaryotes: a stack of 

about a half-dozen or more flattened, membrane-bound cisternae (about 

1 micrometer in diameter) from which many smail vesicles (in the range 

of 5 to 10 nanometers in diameter) bnd off from or fuse to (or both), 

cspecially at the rinıs (Whatley, 1975). 

Jt is bclieved that the Golgi appar:ıtııs ilrı<l tlıe nıirrotuhıılcs in 

many cell typcs nıay direct the transport or new rnemhranc ıniıtcri:ıl rrorn 

the Golgi apparatus to the edges of the cc11 (c.f. e.g. Allan and Kreis, 

1986; Bergnıann et al., 1983). Also Singer and Kupfer (1986) irıdicatecl 

that both the Golgi apparatus and the MTOC change their location in a 

coordinated way during cell loconıotion. In all animal ccll typcs, the 

Golgi apparatus is closely associated with the centrosonıe or MTOC, 

even when the MTOCs are dispersed in the cytoplasnı (c.f. Tassin et al., 

1985b; Thyberg and Moskalewski, 1985). Also, there is a functional 

inter-dependence between detyrosinated microtubules and the structural 

integrity and position of the Golgi apparatus (Skoufias et al., 1 990). 

There are a number of reports which concern the ideı1tification of 

proteins of the Golgi apparatus. Several Golgi specific proteins have 

been described; monoclonal antiboclies have bcen identifiecl whiclı 

recognize the Golgi's peripheral nıenıhrane proteirıs of 54 and Ro kDa in 

natural killer eclis by Clıicheportiche ct al. ( 1 984). Smith ct al. ( 1984) 

have reporteel monoclonal antibodics which recognizc 103-108 kDa 

proteins in the Golgi of rat pancreatic acinar cells. Chevrier et al. 

(1992) have characterized a 180 kDa po1ypeptide and a 58 kDa (Bloom 
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and Brashea.r, ı989) Golgi protein. Allan and Kreis (1986) deseribed 

the M3A5 monoelonal antibody raised against mierotubule-associated 

protein 2 (MAP2), also stained the Golgi apparatus in a variety of tissue 

eulture eell types and using this antibody they identified a Golgi protein 

of about ı ı O kDa. 

It has been reported that drugs whieh induee depolymerization of 

mierotubules eause a re-distribution of the Golgi app::ıratus whieh 

normally has a perinuclear organization (Reaven and Reaven, ı 980; 

Rogalski and Singer, ı984). This demonstrates the close 

interrelationslıip between the two struetures. 

4.2. l\1ATERIALS AND METHODS 
4.2.1. CELL CUL TURE 

4.2.1.1. CELL TYPE 

As deseribed in seetion 2.2. ı. ı 

4.2.1.2. PREPARATION OF CUL TURE MEDIUM 

As deseribed in seetion 2.2. ı .2 

4.2.L3. CELL CUL TURE 

As deseribed in seetion 2.2.1.3. 

4.2.1..4. TRYPSTN SOLTJTTON 

As deseribed in seetion 2.2.1.4. 

4.2.1.5. PREPARATION OF PLASTIC DTSCS 

As deseribed in seetion 2.2.1.5. 

4.2.2. RUFFERS 

4.2.2.1 .MES BU FFER 

As deseribed in seetion 3.2.2.1. 

4.2.2.2. PRS 

/\s deseri hcd in s eel i on 2. 2.2. 1. 

4.2.2.3. PEM BUFFER 

/\s deseribed in seetion :\.2.2.3. 

78 



Ltd., London). The eells were examined using epifluoreseence 

mieroseopy (as deseribed in seetion 3.2.5.1.). 

4.2.4.2. DOUBLE IMMUNOSTAINING WITH MPM-13 

AND M3A5 

Cells were stained with the supposed anti-eentrosomal MPM-13 

antibody and eounterstained with M3A5, used as a marker for the Golgi 

apparatus. The eells were fixed following with 90% methanol/1 0% MES 

buffer (as deseribed in seetion 3.2.2. 1.), and then stain the following 

protoeol; rabbit serum, 1:10; M3A5 antibody (gift of Dr V. Allan), 1:20, 

TRITC rabbit anti-mouse, 1 :50; MPM-13 antibody, 1:500, FITC rabbit 

anti-mouse, 1:100. The eells were exposed to all antibodies at 37 oc in 

a humid ehamber for. 1 hour. After final washing the preparations were 

mounted in Citifluor (Citifluor Ltd., London). The eclis wcre examincd 

using epifluoreseenee mieroseopy (as deseribed in seetion 3.2.5.1.). 

4.2.5. MICROSCOPY 

4.2.5.1. EPI-FLUORESCENCE MICROSCOPY 

As deseribed in seetion 3.2.5 .1. 

4.2.5.2. LENSES AND FILTERS FOR EPI-FLUORESCENT 

MICROSCOPY: 

As deseribed in seetion 3.2.6.1. 

4.2.6. DRUG TREATMENT 

4.2.6.1. NOCODAZOLE 

As deseribed in seetion 3.2.7 .1. 

4.2.6.2. TAXOL 

As deseribed in seetion 3.2.7.2. 

4.2.7. IMMUNOBLOTS 

4.2.7.1. PROTEIN EXTRACTION 

Cells were prepared by seeding into a flask (25 cnı2, 5 ml, Gibco) 

in growth mcdium. When the eells reaehecl 80% confluencc the mcclium 

was ehanged to fusion promoting mecliunı for periocls of time up to 

several weeks. The eell monolayers of one flask wcre used for cach 

experiment, and they were Iysed in 1 ml of Iysis buffer (as deseribed in 

seetion 4.2.2.5.1.) with incubation on ice for 20 minutes with 
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occasional rocking. The Iysed cells were transfered to a 1.5 ml 

Eppendorf tu be, vigorously vortexed for 1 O second s, and the n 

centrifuged at 13 000 g for 10 minutes at 4 oc. The supernatant was 

kept for analysis. The amount of total protein present was determined 

using the method of Bradford (Bradford, 1976). 

4.2.7.2. SDS-POLYACRYLAMIDE GEL 

4.2.7.2.1. STACKING GEL 

The stacking gel consisted of ı M Tris (pH 6.8), 30% 

acrylamide-bisacrylamide mix, ıo% SDS, 10% ammonium persulphate 

(APS), 0.2% N,N,N',N'-tetramethylene diamine (TEMED), H20. 

4.2.7.2.2. RESOLVING GEL 

The resolving gel consisted of 30% acrylamide mix, ı .5 M Tris 

(pH 8.8), ıO% SDS, ıO% APS, 0.4% TEMED, H20. 

4.2.7.2.3. ELECTROPHORESIS AND llLOTTING 

For each sample, 30 !lg of protein in 20 ı-ıl volume was mixed 

with 5 lll of 4 X SDS sample buffer, denatured by boiling for 5 minutes 

and then rcsolved on a 10% SDS-po1yacrylamidc mini-gel. S ome 

samples werc not boiled to compare the effects. To one of the samples n 

cocktail of protein inhibitors was added inciueling 

phenylmethylsulphonyl fluoride (PMSF), leupeptin, aprotinin and 

pepstatin A, all at ı o !lg/ml, 1 O ı-ıM benzanıidinc hydrochloride and 1 

ı-ıg/ml phenarithroline. Electrophoresis was performed at 80 volts 

(stacking g'el) and 100 volts (resolving gel) respectively, using a 

Trisglycine electrophoresis buffer. Proteins wcre transferred to a 0.45 

ı.ım nitrocellulose fi1ter (NEN Research) in a LKB Multiphor TI 

apparatus using the Tris-glycine buffcr containing 20% nıethanol at a 

current of 10-15 volts for 1.5 hours and the blot was tlıen air dricd. 

4.2.7.2.4. IMMUNOLAllELLING 

After rinsing in the rinse buffer the blot was blocked for 1 hour 

in rinse buffcr containing 5% bovinc senını alhunıin (RS/\) and probcd 

for 2 hours in the samebuffer coııı:ıiniııg MPM-13 :ııııihody aı one ol' 

several conccntrations, ı: 1500, ı :2000, or 1:2500. The bıoıs wcre 

washed four times for 5 minutcs eaclı in the rinse buffer, reblockecl for 

10 nıinutcs in the blocking huffcr :ınd incuhatcd wiılı pcroxid:ıse 

conjugated rabbit anti-mouse IgG (HRP; Dako), 1:500, in the rinsc 
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buffcr corııaining U.l';o H.SA ior 1 lıour, <ıııll tııcn waslıcd sıx tııııLS iur 

10 minutes each in the rinse buffer, and finally twice for 10 minutcs 

each in the rinse buffer without Twecn-20 (Sigma). 

4.2.7.2.5. ENHANCED CIIEMILUMINESCENCE 

Detection of proteins was performed using an enhanced 

chemiluminescence technique (ECL), a new and sensitive method for 

protein detection on Western blots. The protocol used was that 

recommended by Arnersham from which the reagents were obtained. 

After washing well in a clark room the blot was drained then incubated 

in a 1:1 mixture of enhanced chemiluminescence W es tern blotting 

detection reagents A and B for 1-2 minutes. The blot was drained again, 

placed ona glass plate ina High-Speed casette and covered with Saran

Wrap. All excess reagent, and air bubbles were squeezed out and the 

blot was exposed to Kodak X-ray film for 3-60 seconds. To determine 

the amount of total protein on the blot, at the end of the experiment, the 

blot was washed for a few times in the washing buffer, then stained with 

amido black stain (0.1% gr amido black, 45% ethanol, 10% glacial 

aectic acid in deionized water) for a 1-2 minutcs. After dcstaining in a 

mixture of 25% ethanol and 8% glacial aeetie acid in dcionized water 

for 30 minutes, blot was air-dried and photographed. 

4.2.8. PHOTOMICROSCOPY 

4.2.8.1. CAMERAS 

As eleseribed in seetion 3.2.8.1. 

4.2.8.2. FILMS 

As deseribed in seetion 3.2.8.2. 

4.2.8.3. PHOTOGRAPHIC SOLUTTONS 

As eleseribed in seetion 3.2.8.3. 

4.2.8.4. PI-IOTOGRAPHIC CARDS 

As deseribed in seetion 2.2.6.4. 
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4.3. RESULTS 
4.3.1. IMMUNOSTAINING DY MPM-13 

4.3.1.1. UNDIFFERENTIATED MYODLASTS 

The localization of MPM-13 was found to be rather variable: 

Granular or dot-like structures were seen showing a different pattern of 

localization in each cell. Their sizes and numbcrs wcre very variable in 

the cells. The cells were classified into three types according to the 

pattern of MPM-13 staining (Fig. 35: Al, A2, A3). 

Al 

Crescent ty pe of 
MPM-1 3 distribution 

A2 

Circular ty pe Of 
MPM-1 3 distribution 

A3 

Seatte-red type of 
MPM-13 distribution 
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FIG-35 : Distribution of M PM- 13 as s ho w n by imm u n os ta in ing of 

undifferentintcd C025 eclis in growth med i um after 1 day. A 1, A2, anel 

A3: schenıatic representation of distribution of MPM-13 proteins for 

each corresponding pictures; Bars= 20 p.m. 

A total of 400 eclis werc counted from 4 different preparations to 

find the frequency of cach typc. D:ıt:ı is giverı in T:ıhlc-3 for coııntiııg 

the types of MPM-13 pattcrn secn in nıyoblast eclis incubatcd in growtlı 

mcdiuın for 1 day. 

The patterns of localization of MPM-13 staining in nıyobl:ısts 

was split into 3 types: (Al) crescent, (A2) circular or (A3) scatterccl. 
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The crescent type was found to be the most common type comprising 

63% of the total (Graph-3) and was seen to stain as a group of gramılar 

structures on one side of the nuclei (Fig. 35). A circular distribution of 

MPM-13 staining was found in the 33% of the cell population (A2, 

Graph-3), MPM-13 in these cells showed asa pattern of fluorescence all 

around the nucleus. The pattern in which the gramdes were dispcrsed 

throughout the cell body (A3, Fig. 35) was found in a very smail 

percentage of cells, about 4% (Graph-3). 

At Type A2 Type A3 Type 
ce lls ce lls ce lls 

ı Number 
253 131 16 of ce lls 

Average 63.25 32.75 4 

TABLE-3: Cell counts to Iocalize each type of MPM-13 distribution. 4 

separate preparations of C025 cells in growth medium for 1 day were 

observed. A total of 400 eclis were counted and the averages calculated. 

UNDIFFERENTIA TED CfLLS 

D A 1 Type of c~ll:ı 

33?. ......... 

D ,\) Tvrw of u~lls 

~ 1\3 Tyrıe rf u· lls 

~~~:_ 

·---··----------------·····-··- --······· . -- --·--------------- ------ ____ .. 

GRAPH-3 : Frequency of MPM-13 patterns in C025 cells in growth 

medium after 1 day. 400 cells were countcd for each sample. 

84 



4.3.1.2. CELLS UNDERGOING DIFFERENTIA TION 

After one week when all the myoblasts were elongated, and in the 

process of fusion, four types of MPM-13 distribution were found 

(Fig.36, Table-4 and see page 87, Graph-4 ). These are deseribed as the 

B ı, 2, 3, and 4 types of cells. The distribution of MPM -13 in the B ı 

type of the eclis was dispersed (1%; Table-4; Fig. 36; see page R7, 

Graph-4). In the B2 type MPM-13 staining granules made a group 

which were close to one side of nucleus forming a crescent (37%; 

Table-4; Fig. 36; see page 87, Graph-4). In the B3 type of cells the 

distribution of MPM-ı3 was observed as two groups on either side of 

the nucleus forming twin crescents (4S%; Table-4; Fig. 36; see page 87, 

Graph-4 ). In the B4 type MPM-13 granules were all around the nucleus 

(8%; Table-4; Fig. 36; see page 87, Graph-4). 

Types BS and B6 represent fused myotubes in the same cultures. 

In the BS type of cells MPM-13 gramıles were di s tributed around the 

nuclear envelopes in a circular pattern in approximately 8S% of the 

myotubes, cresents were never seen (Table-4). In addition, some 

staining was always observed in the more peripheral cytoplasm (Fig. 

36-B6). In the B6 distribution of MPM-13, granııles were dispersed 

throughout the myotubes (16% of the myotubcs formed ; Table-4; Fig. 

36; see page 87, Graph-4). It was cvident that some change was in the 

process of taking placc in the distribution of the granulcs. Ttıere w;ıs 

significantly more dispersion of the granıılcs throughout the cytoplasnı 

in the myotubes and all the granulcs wcrc dispcrscd in about 16% of the 

myotubes. This compares with 4% for undifferentiatcd myoblasts 

(Table-3) and just over 1% in differcntiating myoblasts (Table-4). 
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FIG-36 :Distribution of MPM-13 in differcntiatcd C025 cells in fusion 

nıcdium after 1 or 2 wecks. Four hundrcd ccils wcre countcd at randonı. 

Bars= 20 ı.ım. 
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Bl Typeof 82 Type of 83 Type of 84 Type of 8"5 Ty pe of 86 Type of 
ce lls ce lls ce lls ce lls ce lls ce lls 

1 
Number 

3 146 181 33 31 6 
of ce lls 

Average 0.75 36.5 45.25 8.25 7.75 1.5 

TAHLE-4 : C025 cells in fusion medium after ı week. 400 cells were 

counted for samples. 

' :-.· 
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UNFUSED 
D IFFERENT 1 ATED CELLS 

fJ ı..·ı i /1)~ ui :.:ii·.~~ 
~ 

Oı-.'1/l'':uı,,ıı.~ 

FUSED CELLS 
(Hu1tiouo1•~t•d o•11s) 

~ B5 Type of ce lls .'lıiıiıi:.) .)ji• 
~ __-:"M":::.o..-.....:.:.• ·::.··=--

? .......... : .. ~'if' 
• 66 Type of cell),;)fı!t.:,:.".::~;~::" 

u.: 

GRAPH-4 : Distribution of MPM- ı 3 in to the various patterns in 

differen tiating C025 cells in fusion med i um after ı week. 400 cells were 

co un ted for sanıples. 

A similar count of the variety of patterns of MPM-ı3 distribution 

was performed after 2 weeks in the fusion medium (Fig. 36; Table-5). 

The kinds of pattern seen were similar to those observed after one week 

in fusion medium, but the frequencies had changed. The freq u en ey of 

the B ı type of cell was 2% (Table-5; Fig. 36; see page 88, Graph-5), the 

B2 type was 25% (Table-5; Fig. 36; see page 88, Graph-5), B3 type was 
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29% (Table-5; Fig. 36; G raph-5), and the B4 type of ce ll w as ı ı% 

(table-5; Fig. 36; Graph-5) for unfused elongating cells in fusion 

medium after 2 weeks. The frequency of the B5 type of cell was 13% 

(Table-5; Fig. 36; Graph-5), and for the B6 type it was 20% (Table-5; 

Fig. 36; Graph-5) for ıııultinucleated fused eclis in the same culture. 

Many more myotubcs were observed in two week old cultures than in 

one week old cultures. 

81 Type of 82 Type of 83 Type of 84 Type of 85 Type of 86 Type of 
ce lls ce lls ce lls ce lls ce lls ce lls 

ı Number 7 100 117 44 53 79 of ce lls 

Average 1.75 25 29.25 11 13.25 19.75 

TABLE-S : C025 cells ın fusion medium after 2 weeks. 400 cells were 

counted for samples. 

2% 

13% 

UNFUSED 
DIFFEREHTIATED CELLS 

FUSED CELLS 
(Hultinucleated cells) 

llilJ B5 Type of ce lls ·e": ·J!i': 
~ 

? ....••.•• : ... ~. 
• B6 Type of cells.~·)!ft::ı:.::::J!I!I!t;i 

GRAPI-1-5 : Distribution of MPM-13 into the various patterns in 

differentiating C025 cells in fusion medium after 2 weeks. 400 cells 

were counted for samples. 

There was a significant increase in the numbers of myotubes 

found with the proportion inercasing from 9% of the total to 33%. 

88 



Furtherrnorc the majority of the myotubes showed dispersed granules in 

the cytoplasm (the B6 form) rather than a perinuclear distribution (B5 

form). Thus as myotubcs formed a shift was seen, firstly to a 

pcrinuclcar distrihution of granules and ıhen to a dispersed cytoplasınic 

distribution . 

.ı. J. 2. P IH) TE 1 N S 1 D E NT IF 1 E D U Y M PM- J J 

The proteins binding to MPM-13 were analysed on Western blots 

us ing MP M- 13 antibody. Total protein s were isolated from C025 

myoblas t cells and 30 jlg of protein from each sample was run on 10% 

(w/v)-SDS-polyacrylamide gels. To reduce the effects of proteases on 

the sample proteins, a mixture of protease inhibitors including PMSF, 

leupeptin and aprotinin (e.f. page 9) was added to the protein samples. 

To investigate whether complete reduction by boiling caused the 

appearance of lower molecular weight sub-units, into parallel wells were 

placed samples reduced by boiling for 5 minutes, or unreduced samples 

not boiled which wae then run on gels. 

To distinguish the specific binding of MPM-13 antibody from 

non-spccific bindiııg of the second antibody (a polyclonal rabbit 

antibody), triplicate gels were performed for each protein sample. One 

blot was incubatcd with only MPM-13 antibody (Fig.37a), the second 

blot with only secondary rabbit anti-mouse antibody (.Fig.37b), and the 

third blot sequentially with first and second stage antibodies together 

(Fig.37c), and then all the blots were treated with the detection reagents 

of the ECL system (Fig.37a, b, c). 

As shown the first and second blots did not show any binding 

and were en tirely cl ean. The b lot ine u bated w ith firs t and the n second 

antibody showed both strong and weak bands due to MPM-13 antibody 

staining. To check whether these rather different results (compare with 

Rao et al., 1989) were due to differences in preparation I ran samples 

boiled for 5 minutes and unboiled, but otherwise identical samples. But 

there were no differences between the reduced and unreduced samples 

(Fig. 37c). Total eellular protein was isolated from C025 myoblast cell 

lines in the fusion medium after 5 days (as deseribed in seetion 

4.2.7.1.), and also in the growth medium after 2 days. For a comparison 

3T3-15 fibroblast eells (a gift of R. Russell), and primary chick heart 

eells (a gift of D. Brown) were run at the same time (as deseribed in 

seetion 4.2. 7 .2.5 .. ). 
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Fig. 37c shows a typicalblotand demonstrates that MPM-13 

identified two rather strong bands, (kDa's of 49, 38), and at least eight 

weaker bands which were 56, 42, 40.5, 34, 31.5 30, 28, 24. 5kDa in 

nıolecular weight. Iıı the rcduced gels, the bands were somewhat weaker 

as cornpared with the bands for the unreduced samples but otherwise 

s i ıııi 1 :ır. 

W hcıı proıciııs uf uııdifferentiaLcd and diffcreııLiated C025 eclis 

were compared, the nıajor bands of differentiated C025 cells (49 and 38 

kDa) were seen to be stronger than the corresponding bands of the 

undifferentiated cells. Two weak protein bands seen in the lanes of the 

undifferentiated eclis, both bigger than 49 kDa, were stronger than the 

equivalent protein bands of the differentiated cells. Also the 

undifferentiated cells protein had a band about 34 kDa, but this band 

was very weak in Lhe differentiated cells lane. On the lanes for the 

C025 cells in fusion medium were two weak bands of about 30 and 28 

kDa, but they were stronger than the same bands present in the lanes for 

C025 cells cultured in growth medium. Otherwise undifferentiating and 

differentiating myoblasts gave very similar blot patterns indeed with 

MPM-13. 

The staincd bands of 3T3-15 ccll proteins wcre quite siınilar to 

the bands of C025 myoblast protcins on the gels. One protein, which 

~~ts ı4. kDa, was stronger than that for the C025 cells on the gels. 

Otherwise they were qualitatively identical. 

Primary chick heart fibroblast cells showed significantly fewer 

bands than the other samples under the same conditions. All the bands 

of primary chick heart fibroblas t cell protein s were between 49 and 38 

kDa. The other bands which stained with MPM- ı 3 for 3T3- ı 5 and 

C025 cell extracts were notseenin chick heart fibroblasts. Three of the 

bands were identical to those seen for the other types but there was a 

fourth band, with a molecular weight of about 42 kDa, which was not 

present in the extracts of any of the other cell types. 

FIG-37 (next page) : Proteins of different cell types run on 10% SDS 

polyacrylamide gel and immunoblotted with MPM-13 antibody. (A) Only 

first stage antibody was usedon reduced proteins, (B) only second stage 

antibody was used, (C) first and second antibody was used together on 

unreduced and reduced proteins, and (D) Total proteins of the cells on 

the .gel. 
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C025 cells in fusion medium 

C025 ce lls in growth mtıdium 

Chick he.:ırt fibrobl.:ısts in growth medium 

3T3-15 cells in growth medium 
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4.3.3. EFFECTS OF NOCODAZOLE ON THE 
DISTRillUTION OF STI{UCTURES IDENTIFIED llY 

MPM-13 

Arter various preliıninary experiments, I decided to use 1.5 pM 

ııoçodazuk for 1 huur on tlıe çells to obtain suitable results fairly 

qukkly for tlıe cffects of noçodazole on C025 çells. 

After ı ho ur of nocodazole treatment, when C025 myoblas t ce lls 

were stained using fluorescently labelled YL1/2, all microtubules 

disappeared. There were no polymerized microtubules present, and only 

cloudy fluorescence du e to depolymerized tu bu lin and s ome dot-like 

staining were seen in the cell bodies (Fig. 38a). I could not use 

permeabilisation buffer on the cells, because C02S cells were very 

sensitive to it, and the cells exploded. Because of this the 

depolymerized tubulin was retained. Also some MPM-13 bleed-through 

was visible in these cells. MPM-13 stained gramıles were seen to 

disperse into the cytoplasm in nocodazole treated cells (38b). No 

perinuclear crescent remained at all. After ı ho ur of treatment in ı .5 

!J.M nocodazole, cells were n~leased from the drug by changing the 

medium. Microtubules rapielly starteel to regrow and elongate from 

centrosomes on the top of or beside the nuclei in the myoblasts after 3-

5 minutes (arrow on Fig. 38c). The cytoplasm of the cells stili showeel 

much diffuse staining due to unpolymerized tubulin (Fig.38c). MPM- 13 

stained gramdes were no longer spread out in the cell body. They 

usually formed a variable sizeel group at one side of the nucleus after 3-

5 minutes. No MPM-13 staining of the centrosome region was observed 

(Fig. 38d) altough smail dusters of granules close to the centrosome 

were occasionally found (Fig. 38f). The granules were clearly not 

nucleation centres for newly regrown microtubules. Regrowth only 

occured from the'centrosomes at this time (Fig.38c). 

After ı O min u tes growth following the withdrawal of nocodazole, 

the cell bodies were quite full with microtubules. Two possible 

nucleation centres were seen in these cells (Fig. 38.e). The first one, 

clearly seen on the top of the nuclei, was the centresome (thin arrow on 

Fig. 38e).However, not many microtubules were seen to radiate from the 

centrosome incells such as that of Fig. 38e. Many microtubules seemed 

to originate from around the edges of the nuclei (thick arrows on Fig. 

38e). 

MPM-13 s taining granules very quickly relocalized, 

predoıninanıly aroıınd ılıe ııııcleııs ııı llıl· s:ıııw general :ırl':ı where 
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microtubule regrowth appeared (Fig. 38f). However in some cells, 

group s of MPM- ı 3 staining granules were present in the cell bodies far 

from the nuclei. These granules were not nucleation centres for 

microtubules (arrow in Fig. 38f). 

After 20 miıllıtes recovery from ııocodazole, microtubules were 

found to nın all over the ınyoblast cell bodies (Fig. 3~g). A region to 

one side of the nucleus usually stained more brightly than the other 

s ide s and w as pres u med to be a centrosomal MTOC (arrow on Fig. 

38g). MPM- ı 3 staining showed that a group of MPM- ı 3 staining 

granules were localized very close to one side of the nucleus forming a 

crescent shape in most of the cells and the typical patterns had reformed 

(arrows show on Fig. 38h). The A2 perinuclear distribution was also 

seen in some of the cells (not shown, but see Fig. 35). 

An identical treatment was given to rnyotubes after ı hour 

nocodazole treatment, and no obvious microtubules were seen (Fig. 

39a). But some strongly stained MPM-ı3 granules were visible in the 

tubulin channel because of bleed-through through the filters during the 

microscopy (Fig. 39a). Quite a few MPM-ı3 staining granules were 

localized around the nuclei (thin arrow shown on Fig. 39b), but some 

groups of MPM-13 graıııılcs werc sprcad out in the myotubcs (tlıick 

arrows shown on fig. 39b). The kind of staining patterns seen were in 

general very siınilar to those present in untreated controls (c.f. Fig. B5 

and B6 in Fig. 36). 

Fig.39c shows that, after ı -3 min u tes withdrawal from 

nocodazole, many microtubules had started to appear around the nuclei 

in the myotubes. The areas uround the nuclei were brightly stained 

forming microtubule nucleation centres showing a "basketwork"-like 

arrangement with YLı/2 staining. Most of them ran around the nuclei 

(arrows shown on Fig. 39c). Within 3 minutes, many microtubules had 

already re- grown and it was not eas y to de termine their origin 

(Fig.39c) as deseribed previously in Chapter 3. MPM-ı3 staining 

showed that the granules stili surrounded the nuclei (arrows shown on 

Fig. 39d), but many were dispersed in the cytoplasm of the nocodazole 

treated rnyotubes (Fig. 39d) as in controls. Fig. 39 also shows that 

during the regrowth of microtubules in the myotubes, the paraUel 

arrangement was re-established in the myotubes at the same time. This 

paraUel arrangement of microtubules did not show any correlation with 

the MPM-13 granule distribution (Fig. 39e, f). 
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a 

b 

e 

g h 

ı 
FIG-38 : C025 cells stained by double immuno-fluorescence (a, bl) 

after 1 hour nocodazole treatment left hand column YLl/2 staininJ, 
ı 

right hand column MPM-13 staining in all p;::irs, recovery frorh 

nocodazole, (c, d) 5 minutes, arrow, regrowing of microtubules from a 

centrosome, (e, f) 10 minutes, thin arrow (e) centresome for regrowging 

of microtubules, thick arrows (e) arigination of microtubules from the 

edges of nuclei, (g, h) 20 min., arrows (g) cresent shape of MTOC, (h) 

crescent shape of MPM-13 staining granules; Bars= 20 11-m. 
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a 

c 

e 

FIG-39 : (a and b) Fused C025 Çells (myotubes) stained by double \ 

immunofluorescence after 1 hourf nocodazol.e _treatment (a) YL1/21 

staining, (b) MPM-13 staining, thin arrow, MPM-13 staining granules 1 

around nuclei in a myotube, thicJ arrows, spread MPM- 13 staining l 
granules in the myotube; (c and d) after 3 min u tes recovery from l 
nocodazole. Microtubule regrowth (c) YLl/2 staınıng, arrows,j 

basketwork-like nucleation of microtubules around a nucleus, (d) MPM-! 
1 

13 staining, arrows, MPM-13 staining granules around a nucleus; (e and' 

f) after 15 minutes recovery from nocodazole. l\1icrotubule regrowth (e) 

YLl/2 staining, and (f) MPM-13 staining; Bars=20 J.lm. 

The arrangement of microtubules in myotubes v.•as completely 

reestablished after about 20 minutes (Fig. 40a, c). The number of 
i 

microtubules and their length incr~ased very quickly with the time of 

regrowth. The distribution of all th~ microtubules was parallel to each 
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other, and also they always ran along the long axis. This is true both of 

1 week old myorubes (Fig. 40a) and also 3 week old myotubes (Fig. 

40c). 20 minutes after withdrawal of nocodazole, MPM-13 surrounded 

the nuclei in 1 week old myotubes (Fig. 40b), but al.so was observed in 

the cytoplasm as in the controls (cf. Fig. 36 B5 and B6 for 

coınparison). Iıı the older ınyotubes, more of the MPM-13 stained 

graııuks w~:rc dispasL~d iıı ılıc cytoplasııı, as iıı uııtn.:atcd myoıulıcs 

(Fig. 40 d). 

a 

c 

FIG-40 : C025 myoblast cells 20 minutes recovery 

c) distribution of microtubules by YLl/2 staining, ( 

gramıles by MPM-13 staining. (a and b) 1 week old 

3 weeks old myotubes. Bars= 20 ı.ım. 

4.3.4. EFFECTS OF TAXOL ON MPM-13 G 

DISTRIBUTION 

d 

ı 
m nocodazole, (a, 

ı ) localization of 

otubes, (c and d) 

After taxol treatment (as deseribed in seetion .2.7.2) on C025 

cells, the distribution of the microtubules, and the lo ization of MPM-

13 antigens were found to change in concert. Th 

individual microtubules increasecl in the taxol treatecl 'yoblast cells, but 

they were much shorter than in control cells and fo ; ed short bundles 
ı 

frequently associated with the cell edges (Fig.41a, c, d e). The MPM-

13 staining gramıles often formed a line whic 
1 

appeared to be 
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associated with the microtubule bundles (thin arrows show ır: ?ig.41b, 

d, and f). 

a 

c 

e 

FIG-41 : C025 cells stained by double imunofluorescence; aft;:~ one day 

in growth medium (a) YL/12 staining, and (b) ~IPM-13 sta:::.:ng;after 

one week in fusion med i um (c) YLl /2 staining, and (d) \lPM-13 

staining; after 2 weeks (e) YL1/2 staining, and (f) \IPM-13 sta:::.:ng, thin 

arrows show line formed MPl\1-13 staining granules, thick arr: -;;.-s show 

absence of MPM-13 staining granule region; Bars= 20 IJ.m. 

S ometimes however the granules occurred in regıons betweer. ":Jundles 

of microtubules (thin arrows show in Fig. -+1d, f). Re;-:Jns of 

microtubule bundles were also present lacking MPM-13 ~taining 

granules entirely (thick arrows show on Fig. 41b, d, f). The :.~PM-13 

staining granules were usually seen as groups in different are2:.~ of the 
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cytoplasm. Occasionally, though, isolated granules were seen (Fig. 4 ı b, 

d, f). 

Treatment of myotubes with taxol again caused assembly of short 

microtubule bundles which were established as groups running along 

the long axis of the tubes (Fig. 42a, c). Their distribution \vas also 

localized mainly between the nuclei of the myotubes (Fig. -+2a, c). 

Sometimes bundles of microtubules formed over the nuclei (Fig. 42a, 

c). The distribution of MPM- ı 3 staining s tructures als o changed 

significantly in taxol treated myotubes. The MPM-13 staining granular 

structures were distributed mainly around the nuclei in recently formed 

taxol treated myotubes (Fig. 42b), but older myotubes contained more 

dispersed MP~I- ı 3 staining granules in the cytoplasm of the myotubes 

in varying amounts (Fig.42d). Sometimes there was a correlation 

between MP:\1-13 staining granules and the ends of the bundles (thin 

arrows show on Fig. 42b, d), but sometimes not (thick arrow shows on 

Fig. 42b). 

a 

c 

FIG-42 : .Myotubes treated with taxol for 12 hours, (a, c) distribution of 

microtubules with YL1/2 staining, (b, d) localization of granules by 

MPM-13 staining. (a and b) 1 week old myotubes, (c and d) 2 weeks old 

myotubes, thin arrows, MPM-13 staining granules at the end of 

microtubule bundles, thick arrow, lacking of MPM-13 staining granules 

region; Bars= 20 ı.ım. 
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4.3.5. CO-LOCATION OF THE GOLGI APPARATUS 

\VITH MPM-13 STAINING 

In some ca.ses (e.g. Fig 35 Al) the pattern of staining with MPM-

13 was very reminiscent of the pattern deseribed with various antibodies 

specific for the Golgi apparatus (e.g. M3A5 Allan and Kreis, 1986). To 

investigate whether there was any co-localization of MPM-13 with the 

Golgi apparatus. I obtained a sample of M3A5 and used it with MPM-

1 3 in a double i::nmunostaining experiment. As can be seen in Fig. 43 

the pattern of st3.ining in both myoblasts (a and b) and myotubes (c and 

d) was identical. It was concluded that the MPM- 13 staining granules 

were in fact elements of the Golgi apparatus. Localization of the two 

patterns of antibody staining was very variable in the cells as deseribed 

before. Elements of the Golgi mostly localized very close to the nucleus 

in a crescent shape (Fig. 43a, c). Also in the variety of patterns 

previously described. 

FIG-43 : C025 cells showing a co-distribution of MPM-13 and M3A5 

staining; (a and b) In myoblasts (a) MPM-13 staining, (b) M3A5 

staining; (c and d) In myotubes (c) MPM-13 staining, (d) M3A5 

s taining; Bar s= 20 ı.ım. 
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4.4. DISCUSSION 
4.4.1. IDENTIFICATION OF MPM-13 PROTEINS IN 

WESTERN BLOTS 

Rao et al. (1989) reporteel that on immunob1ots MPM-13 antibody 

r~cognized a nı:ıjor protein hand at 43 kDa and a nıinor hand or 

approximately 56 kDa by staining with a mixture of 5-bromo-4-choloro-

3-indolyl phosphate disodium salt (BCIP) and p-nitro blue tetrazolium 

chloride (NBT). They also mentioneel that some other low molecular 

weight peptides were detectable in all their blots but dismissed them as 

breakdown products. On my immunoblots, MPM-13 recognized many 

more bands than Rao et al.'s bands. I think the reason for this 

difference is that the enchanced chemiluminescence technique (ECL) is a 

much more sensitive method for protein detection on Western blots than 

the method deseribed by Rao et al. (1989). In addition Rao et al. (1989) 

used an ultrasonic technique for the extraction of proteins from the cells, 

but I used a lysis buffer containing a detergent. The effect of the 

detergent is likely to extact more protein from the samples. The use of a 

cocktail of protease inhibitors would seem to rule out protein 

dcgradation as a cause of the additional bands. In addilion reduction by 

boiling for 5 minutes produced little difference as compareel with 

unboiled samples otherwise treated in the same w ay. Thus the difference 

in results is not likely to be due to the separation of sub-units. lt is 

concluded that MPM-13 recognized a number of bands on Western gels 

for a variety of cell types. 

I detected two strong bands in all the samples which were 

approximately 49 and 38 kDa. They may well correspond to Rao et al.'s 

56 and 43 kDa proteins. Variations of 10 kDa or more are not 

uncommon in the molecular weight estimation of proteins on gels, due to 

the difficulties of accurate measurement. If a protein is glycosylated, 

even more variation may occur due to how much of the sugar moieties 

remain bound. 

For both extracts of undifferentiated and differentiated C025 

myoblasts MPM-13 stained basically the same pattern of identical 

bands. MPM- 13 antibody would seem to recognize a group of molecules 

with the same epitopes. W hether this reflects a down regulation of these 

proteins during differentiation is unclear. The major bands ( 49 and 38 

kDa) of the differentiated C025 cells were stronger than the major 

bands of the undifferentiated cells. 
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myotubes, particularly older myotubes, many of the granules were 

dispersed in the cytoplasm. Thus the relationship with established 

microtubule organizing centres was tenuous.Furthermore, drug studies 

s ho wed that the M PM -13 gr an ules were not MTOCs for regrowing 

microtubules after complete depolymerization. Also in taxol treated 

C025 eclis, the lucatioıı of the MPM-13 staining proleins were ııol 

always the ends of the microtubule bundles. Thus even under conditions 

of taxol driven growth there was no relationship with microtubule 

growth. However, the MPM-13 staining granules clearly may have a 

relation with the microtubules. This is because they reformed into 

crescents close to the centrosomes as the microtubule network regrew, 

having dispersed when the network was destroyed by nocodazole. 

My results showed that the staining pattern found with MPM-13 

was identical to that obtained with M3A5, a specific antibody for the 

Golgi apparatus (Allan and Kreis, 1986). It has been previously 

reported that the Go lgi ap paratus is vis ualized by inımunofluorescence 

microscopy to have a peri-centrosomal location (Rogalski and Singer, 

1984). It was therefore very suprising that Rao et a/.,(1989) did not even 

consider the Golgi as a possible structure stained by MPM-13. Lucocq 

et al. (1989) reported that when the interphase microtubules 

depolymerize and the mitotic spindle forms, elements of the Golgi 

apparatus were observed at the mitotic poles in line with Rao et al.'s 

(1989) results for the redistribution of MPM-13 antigens at mitosis. My 

results showed that the staining pattern obtained with an antibody which 

recognized the Golgi apparatus was identical to that obtained with MPM-

13 during differentiation of C025 cells. It is concluded that staining 

with MPM-13 identifies only the Golgi complex. After the granules 

stained by MPM- 13 had been identified as components of the Go lgi 

apparatus a survey of the literature revealed that Tassin et al. (1985b) 

had stained the Golgi apparatus of myoblasts and myotubes with wheat 

germ agglutin and antibodies against a Golgi specific enzyme (~

galactosyltransferase) obtaining very similar results to those observed 

here. The marked similarity further confirms that MPM-13 stains the 

Golgi in this material. 

According to the results fou'nd in this work, MPM-13 does not 

bind to a single protein, but to a number. It is unlikely that some 

proteins were stained nonspecifically. A large increase in beckground 

staining was not seen and only elements of the Golgi were found to 

stain. Thus it is possible that several related proteins within the Golgi 
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were idenlificd, all sharing a common epitope. A number of Golgi

specific proteins have been recognised (as introduced in seetion 4. 1. 3.) 

with diffcrent mokcular wcights. 

4.4.3. TIIE RELATION OF TIIE GOLGI APPARATUS 

TO T ll E M 1 C RO TU ll lJ LE N ET W O 1{ K 

Tlıı:rL~ is no known obligatory association bt:tween tlıe Golgi 

apparatus and the rnicrotubule network and it does not act as a MTOC 

(c.f. Burgess et al., 1991). However there may well be a relation 

between them. As shown here for myoblasts treatment with microtubule 

depolyıncrizing dnıg causes a dispersion of the Golgi elements. Similar 

results havı: bt:ı:ıı fouııd by Rogalski and Singer (19X4). These authors 

have s peculated that lateral association between Go lgi elemen ts and 

microtubules may exist with a preferential interactioıı of the Golgi for 

the minus ends of microtubules. However such a speculation does not 

really explain why elements of the Golgi associate near the MTOC of the 

eel! or how they associate with microtubules. However in this context 

an intringuing finding of Allan and Kreis (1986) is that M3A5 also 

binds specifically to the neural MAP-2. Also Wich~ et al. ( 19X6) have 

rcpurtı:d that a MAP-2 antibody labdled the pcrinuckar region of ımıuse 

3T3 cells. This may well be staining of a Golgi apparatus protein similar 

ııı 1\1;\1' .). ;ı diııın wiılı sıılı ııııiıs of ~·lı :l'> kDa ııııılc~·ııl;ıı wviı•.lıı. ~ts 

reporteel by Valle ( 19H4). These results suggest that MAP-2 and Golgi 

proteins may share an antigenic determinant. It may well be that the 

Golgi contain a microtubule binding protein similar to MAP-2. 

Furthermore MPM-13 identifies two proteins with similar molecular 

weights to MAP-2. It is therefore possible that MPM-13 identifies the 

sub-units of a MAP-2 like protein on Western blots. This intringuing 

possibility suggests MPM- 13 mig ht identify a Golgi MAP. It is not the 

same as that identified by M3A5, which has a different nıolecular 

weight. 

103 



CHANGES IN MICROFILAMENT 
DISTRIBUTION DURING 

DIFFERENTIA TION 



S. I. INTRODUCTION 

5. 1. 1. F- ACTIN MICROFILAMEN TS 

The discovery of cytoskeletal F-actin structures was first ınade by 

investigators studying nıuscular contraction. The fibrillar structures 

respuıısibk for ıııusck conıracıion, the thin actin and the tlıick ıııyusiıı 

filanıents, werc discovercd, and deseribed in early dectroıı ınicroscopic 

studies (ILııısoıı aııd lluxky, 1953). Furthcr studies usiııg ckcıroıı 

microscopy revcaleel actin-like filaments in stress fibres (a network of 

F-actin filaments) (Chang and Goldman, 1973; Goldman, 1975), and in 

lamellipodia (S mail and Langager, 1981). Actin filamen t growth w as 

correlated w ith changes in cell form (Heath and Holifield, 1991 ). 

lt is to be ııoted that stress fibres are more Iabile than myofibrils, 

undergoing cycles of assembly and disassembly during eel! locomotion 

(Wang, 1984), during the cell cycle (Sanger, 1975), and in response to 

a variety of agcnts such as DMSO (Sanger et al., 1 980; Osborn and 

Weber, 1980), azide (Bershadsky et. al, 1980) and cytochalasins (Weber 

et al., 1976) which do not alter myofibril structure (Sanger, 1974). 

5.1.1.1. TIIE ACTIN MOLECULE 

Acıiıı is lıiglıly conserved betwecn spccics wiıh only sınai! 

differeııccs iıı sequence between the polypeptides produced. The protein 

consists of 347-375 amino acid residues (Pollard and Cooper, 1986; 

Stewart, 1986). The 42-43 kDa monomers (0-actin) of all types of actin 

assemble into filaments with a very precise structure (Stewart, 1986). 

Most organisms have more than one isotype with diferences in one or a 

few amino acid residues. The filament is usually deseribed as a right 

handed two-stranded helix with a repeat distance between crossover 

points (13 monomers form a crossover) of 36-40 f.!m (Egelman, 1985). 

Polymerisation or depolymerisation of actin filaments is required 

for many types of cellular activity. Actin filaments can be depolymerised 

in vitro by lowering the ionic strength of the medium to well below 

physiological levels. Polymerisation in vitro can be induced by adding 

suitable concentrations of salts (e.g. 0.1 M KCl and/or 1 mM MgCI2) to 

a solution or 0-actin in water. Magnesium ions bind spccifically to 

the protein, displacing calcium ions. The monomer, also requires bound 

nucleotide (usually ATP) in order to polymerise and during assembly 

ATP becomes hydrolysed to ADP (Carlier, 1 989). 

The iınportance of actin polymerisation and depolymerisation in 

cell movements is indicated by the effect of drugs that prevent changes 
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in the state of actin polymerisation which block such movements, e.g. the 

different cytochalasins-A, -B, and -D (Cooper, ı 987; Stewart, 1986) 

(However in addition to binding actin, cytochalasins-A and -B inhibit 

monosaccharide transport across the plasma membrane). Cytochalasins 

are a group of closely related fungal metabelites that were found to 

specifically affect actin polymerisalion (Casella et u/., 19Xl). 

Cytochalasins act !ike capping agents (Cooper, 1987). The principal 

action of cytochalasin is to bind specifically to the fast-growing plus 

ends of actin filaments, preventing the addition of actin mokcules there 

(Cooper, 1987). Cytochalasin-D affects only the microfilament system, 

and has been widely used in experiments with cultured cells and other 

system to alter the state of actin microfilaments (Review, Cooper, ı987). 

The other important drug which acts on actin is phalloidin. 

Phalloidin is a highly poisonous cyclic heptapeptide, produced by the 

deadly toadstool Amanila phalloides (Reviews, Stewart,ı986; Cooper, 

1987). It stabilizes actin filaments and inhibits their depolymerisation 

(Vandekerckhove et al., 1985). The malecular mechanism of the specific 

action of phalloidin on actin is not yet clear. Fluorescent derivatives of 

the drug are often used instead of anti-actin antibodies to stain actin 

filaments in cdls (Wulf et al., 1979; Faulstich et al., 1 983). 

5.1.1.2. DIFFERENT TYPES OF ACTIN 

On the basis of amino acid sequence, at least six different actins 

have been identified in birds and marnınals depending on species. Four 

classes are included among the a.-actins : 

ı. Unique to striated skeletal muscle 

2. Unique to cardiac muscle 

3. Unique to smooth vascular muscle 

4. Unique to smooth enteric muscles such as those that line the 

in testine. 

Two further types of actins, termed ~-actin and y-actin, are found 

in the cytoplasm of muscle and non-muscle cells (O tey et al., ı 988; 

Ru benstein, 1990). 

The organization and dynamics of microfilaments, in non-muscle 

cells is more complicated than in striated muscle .cells. The individual 

subunits polymerise as in muscle actin but, for reasons not well 

understood, the filaments they form are a great deal less stable than the 

actin filamen ts of muscle (Carraway, ı 990). There are s ome differences 
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between muscle and non-ınuscle actin, both in chemical composition and 

in the properties of the filaments formed from them (Rubenstein, 1990). 

The two protein s are, in fact, products of different gene s. 

Actin has now been found in all the major branches of the 

phylogcııctic trcc, includiııg protozoa, lowcr and higlu:r plants, and nıaııy 

ccll typcs from lıiglıcr animals. Non-musclc actiııs or thcir Scl{ucnccs 

closely resemble muscle actin in its sequence. They polymerize and 

depolymerize more readily, but in the filamentous form they look like 

mu s ele F -actin filaments and, when myosin is added, they act like actin. 

5.1.1.2.1. ACTIN ISOFORM CHANGES DURING 

MYOGENESIS 

During skeletal and cardiac muscle cell differention, nonmuscle 

isoactin synthesis gradually ceases (Rubenstein, 1990). It was reported 

by Pardo et al. (1983) that when the myoblasts fuse to form myotubes, 

a-actin synthesis increases to the extent that P- and y-actins are barely 

detectable. Adult skeletal muscle examined by two-dimensional gel 

electrophoresis and Coomassie blue staining contains only a-actin (Lin 

et al., 1987). 

There is a big difference between muscle cells and nonmuscle 

cells in terms of the actin isoforms they express .. Nonmuscle cells have 

a-, P- and y-actin and the actin filaments are anchored directly to the 

cell membrane. Cardiac muscle cells synthesize only a-actin, skeletal 

muscle cells have only a-actin, and smooth muscle cells have a- and y

actin (Review, Rubenstein, 1990). Antin et al. (1986) observed that 

elongated myoblasts had a cortical meshwork of F-actin forming stress 

fibres. In centrast in the mature skeletal muscle fibres the actin 

filaments are anchored to fiat protein structures called Z-discs or lines 

(zwischen=between), which separate each contractile u nit. The contractile 

units are called sarcomeres. The shortest invertebrate muscle sarcomeres 

are 0.9 ı.ım in length , the longest 30 ı.ım (Chapman and Scully, 1962), 

with all vertebrate sarcomeres measuring approximately 2.3 ı.ım at rest 

length (S anger et al., 1986). There is a prominent, periodic concentration 

of actin staining at the Z-band forming fine filaments paraHel to the long 

axis of the myotubes. In contrast, staining ·for myosin is confined to the 

region between the Z-bands (Review, Muntz, 1 990). 
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5.1.1.3. ACTIN-BINDING PROTEINS 

F-actin filaments interact with many proteins called actin-binding 

proteins. The actin binding proteins regulate the degree of 

polymerisation of actin and the stability, length, and distribution of F

actin filaments. Actin-binding proteins all exhibit spccific binding, but 

are involvcd in dirfercnl fuııctional activities with actiıı. A current list of 

actin binding proteins and their functions is as follows: 

Protein name: Molecular weiaht: References: 

MONOMER SE G-actin): 

Profilin 12-15 kDa (Carraway, 1990; Pollard 

and Co o per, 1986) 

Actobindin 12 ll (Preston et al., 1990) 

IMONOMER SEQUESTERING AND FILAMENT SEVERING PROTEINS : 

Depactin ı 9-20 ll (W ay and Weeds, ı 990) 

19 kD protein/ADF/Cofilin 19 ll (Preston et al., 1990) 

Destirin 19 11 (Way and Weeds,1990) 

Actoforin 

Vitamin D binding protein 

DNase-l 

G elsolin 

Yillin 

Fragmin 1 S e verin 

Capping protein 

Cap Z 

Acumentin 

f)-actinin 

Actophorin 

Brevin 

lsiDE-BJNDING PROTEJNS: 

Tropomyosin 

14 

5 

3 

90 

95 

40-45 

28-3 ı 

32-34 

65 

35-37 

15 

93 

30-40 

107 

ll 

ll 

ll 

ll 

" 

" 
ll 

ll 

ll 

" 
ll 

ll 

ll 

(W ay and Weeds, ı 990) 

(Preston et al., ı990) 

(Stewart,ı 986) 

(Carraway, ı990; Sanger 

et al, ı 987) 

(Bazari et at.,ı 988; 

Friederich et al., ı990) 

(S u to h and Hatano,ı 986) 

(Bershadsky and Vasiliev, 

ı 988) 

(Pres ton et al., ı 990) 

(S o u th wick and 

Hartwig,ı 982) 

(S tewart, ı 986) 

(Pres ton et al., 1 990) 

(Pres ton et al., ı 990) 

(Liu and Bretscher,ı989; 

S tewart, 1986; Lin and 

Lin, ı 986) 



Troponin I,T,C 30 " 

CROS S- LINKING PROTEIN S: 

ISOTOPIC GELATIN PROTEINS: 

Myosin(s) 200 ll 

Actin binding protein 2 X 270 " 

Filamin 2 X 250 ll 

S pectrin a-240 - P-220 " 

TW 260/240 2 X 260 - 2 X 240 11 

Caldes mo n 2 X ı 50 ll 

IANISOTROPIC BUNDLING PROTEINS: ı 
a-actinin 2 X 95 - 2 X ıoo ll 

Actinogelin 2 X 115 " 

Fascin 53-58 ll 

Fimbrin 68 ll 

IMEMBRANE ASSOCIATED PROTEINS: 

Ankyrin/S yndein 440 ll 

B and 4. ı protein a-80 - P-78 ll 

Yine u lin 

Metavinculin 

Fo dr in 

IMISCELLANEOUS: 

ı30 

ı5o 

" 

" 

235-260 ll 

Gelactin 

MAP-2 

23-38 ll 

300 

Ta u 50-68 

Calpactins I,II (Annexin) 30-40 

lsECONDARILY ASSOCIATED (with F-actin): 

Calmod u lin ı 7 

Myosin light-chain kinase 

Tali n 

108 

ı3o 

2ı5 

ll 

ll 

ll 

ll 

ll 

ll 

(Bretsclıer, 1986, Zot and 

Potter, ı 987) 

(Adam s and Po ll ard, 

19R9; Carraway, 1990; 

S tewart, 1 986) 

(Bershadsky and 

Vasiliev, 1988) 

(Kobayashi and Tashima, 

ı 989; S tewart, ı 986) 
(Coleman et al., ı 989; 

Moon and McMahon, 

ı987) 

(Bershadsky and 

Vasiliev, ı988) 

(Fujii et al., ı 987) 

(Terai et al., ı989) 

(Preston et al., ı990) 

(Bretscher, ı986) 

(Bretscher, ı 986) 

(Kunimoto et al., ı99ı) 

(Pres ton et al., ı 990) 

(Terai et al., ı989) 

(Preston et al., ı990) 

(Coleman et al., ı 989) 

(S tewart, ı 986) 

(Lewis et al., ı988) 

(Hirokawa et al., ı 988) 

(Burgoyne, ı 988; 

Glenney, ı987) 

(Bayley et al., 1988) 

(Adelstein et al., ı 982) 

(Izzard, 1988) 



Titin (connectin) 

N ebulin 

2000 
600 

ll 

ll 

(Terai et al., I 989) 

(Maruyama, 1987) 

5.1.1.4. FUNCTIONS OF MICROFILAMENTS 

The runcıioııs of actin filaments are well sumınarizcd and rcporkd 

lı y ;\ı ıı u s a ıı d i\ ı ı ı u:--. ( JI.J.IJ I ) : 

1- a framework defining cell shape; 

2- s trengthening elemen ts; 

3- contractile muscle fibres; 

4- extensile rods in microvilli; 

5- fibrils for guiding transport; 

6- the co n tractile ring for cytokinesis. 

Microfilament-membrane interactions are commonly believed to be 

most important for regulating the shape and dynamics of animal cells 

(e. f. Carraway, 1990). In cultured cells, stres s fibres com po sed of 

bundles of ınicrofilaments, frequently run paraUel to the priınary axis of 

the cell. Thcse sıress fibres terminare at focal adhesioııs bctwccn the edi 

and substratuın. Microvilli and other similar cell surface specializations 

~..~u ll ı" i ll a c\) r c () r lll i cr or i ı a lll c ll ı s as t h c ir s u pp o n i 11 g s ı nı cl u ra ı ı: k ll ı c ll ı. 

Ruffling membranes of morile cells are rich ın actin-containing 

microfilaınen ts in a s u b-membran e network (S mall and Langager, 1981 ). 

It is believed that F-actin bundles develop apparently at random within 

the actin network and then display a complicated pattern of extension 

and retraction, lateral motion, and fusion with one another (lzzard, 

ı 98 8; F is her e ı al., 1988). Traction forces, created by microfilamen ts, 

also serve other important morphogenetic functions, in particular the 

reorganization and alignment of fibronectin and collagen matrices to 

form relatively large-scale anatomical structures (Harris et al.; 198 ı; 

Stopac and Harris, ı 982). Cellular traction forces are known to be 

created as a resLılt of acto-myosin dependent contraction (Cooke, 1986). 

5.1.2. CYTOSKELETAL STRUCTURE OF MYOFIBRILS 

The contractile units of striated muscle myofibrils are called 

sarcomeres. In the light microscope at high magnification a series of 

alternaring b road lig ht and d ark bands can be seen in each sarcoınere. 

Myosin thick filaments are the major constituents of the A (anisotropic) 

bands. On both sides of the I (isotropic) bands, the htads of the myosin 

molecules protrude as laterally forming cross-bridges w ith adjaccnt actin 

filaments. A dense line in the centre of each light band separates one 
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sarcomere from the next, and is known as the Z-band. F-actin filaments 

form the 1-bands and are anchored to flat membrane/protein structures 

which form the Z-band, between every two contractile units. The actin 

filarnents extencl perpendicularly from both surfaces of the Z-band and 

nın in opposiıe direcıioııs oıı opposiıe sides. The slıortesı iııtervt:rtt:brate 

ınuscle sarcomeres are O. 9 ).lın in lcngth, the longest 30 J.lın (C hapman 

and Scully, 1962), with all vertebrate sarcomeres m~.:asurıng 

approximately 2. 3 ).lm at rest length (Sanger, et. al., 1 986). Actiıı and 

myosin filaments overlap almost completely when the muscle fibre 

contracrs so that the ends of the myosin filaments are close to the Z

bands. A major attachınent protein for the actin filaments is a-actinin 

(19 kDa), which is a ınajor component of Z-band in striated ınuscle 

(Davison and Critchley, 1 988). 

During the differentiation process, desmin ıs progressively 

integrared into vimentin filaments present in myoblasts, and both are 

progressively associated with the Z-bands during and after rhe asseınbly 

of the sarcomeres (Cossette and Vincent, 1991). lmmunological 

localization of desmin in embryonic cardiac cells and skdetal myotubes 

in vitro iııdicates that desmin forms an intricate array of filaıneııts in 

botlı uf these eel! types. In mature skeletal and cardiac ınuscle, desmin 

is fouııd in ıhe Z-bands of isolared myofibrils. Wlıen viewed in cross 

section, desmin is observed at the periphery of the each Z- b and w here it 

forms a transverse network encircling and intedinking adjacent Z-baııds. 

Desmin forrns an interconnecting network across each nıuscle fibre, 

perpendicular to the long axis of the fibre. Desmin fibres may also link 

Z-bands to the plasma membrane or to other cytoplasmic organelles. 

Gard and Lazarides (1980) reported that there must be aredistribution 

of desmin from free cytoplasmic filaments to the myofibril Z-band 

during the differentiation of both skeletal and cardiac muscle fibre. 

Two distinct high molecular weight proteins, synemin (230 kDa) 

and paranemin (280 kDa), are associated with desmin filament in muscle 

cells and also with some, but not all vimentin filaments in muscle cells. 

Vertebrate striated muscle contains elastic filaments composed of 

the high molecular weight protein titin (~3000 kDa) (Wang, et. al., 

1979), also called connectin (Maruyama, 1986) which span the region 

from the M-line to the Z-bands and connect the thick filaments to the Z

band; these filaments are about 1-1.3 J.lm long (Furst, et. al., 1988). 

Other large muscle proteins that have been identified are nebulin 

(~600 kDa) in vertebrate striated muscle Z-band (Wang and Williamson, 
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ı980). Integrirı is extracellularly accessible and is at the cell sufface, 

als o, integrin is localized in the Z- b an ds of the differentiated myotube 

(Volk, ct. al., 1990). 

5.1.3. FOCAL CONTACTS 

MusL of tlıe edi surfacc is separaLed from the substratum by gaps 

of more than 50 nın (Burridge et al., ı 988). In certain regions however 

the disıaııcc bctwccıı ılıc cdls surfücc and ılıc subsıratioıı is rcduccd LO 

15-20 nm. These regions appear as dark areas in an interference 

reflection microscope and are termed "focal contacts" or "adhesion 

plaques ". Immunostaining for actin filaments shown that focal contacts 

are closely related to the actin filament attachment sites in the plasma 

membranes of the cells (Geiger, ı979; Burridge, ı983). In cultured, cells 

close contacts are frequently made with the glass or plastic surface 

which forms the s u bs trate. A dense plaque of material is observed at 

cytoplasmic surfaces where the cell membrane makes close contacts 
with the substrate. The plaques contain a-actinin, vinculin (which 

together bind to F-actin), and talin (which interacts strongly with 

vinculiıı) (llurridgc et al., 19X8; Burridge and Fath, 1989; Geiger, 1989). 

It has been shown in vitro that talin (on the inside of the eell) also binds 

to in te gri n s which localize to focal contacts in the membrane (Beekerle 

and Yeh, ı 990). The extraeellular domain s of several integrins are 

reeeptors for several extracellular matrix proteins [ncluding laminin, 

fibronectin, and vitronectin (Hynes, ı 987). These structures provide 

contact points where cell traction can be generated. Alternatively, in 

rootile eells contact via focal eontacts provides substrate adession points 

over which eells move. 

5.2. MATERIALS AND METHODS 
5.2.1. CELL CULTURE 

5.2.1.1. CELL TYPE 

As deseribed in seetion 2.2. ı. ı. 

5.2.1.2. PREPARATION OF CULTURE MEDIA 

As deseribed in seetion 2.2. ı .2. 

5.2.1.3. CELL CULTURE 

As deseribed in seetion 2.2. ı .3. 
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5.2.1.4. TRYPSIN SOLUTION 

As deseribed in seetion 2.2. ı .4. 

5.2.1.5. PREPARATION OF PLASTIC DISCS 

As deseribed in seelion 2.2.1.5. 

5.2.2. B U FFER S 

5.2.2.1. PBS 

As deseribed in seetion 2.2.2. 1. 

5.2.2.2. PEM BUFFER 

As deseribed in seetion 3.2.2.3. 

5.2.2.3. PERMEABILISATION BUFFERS 

5.2.2.3.1. PERMEABILISATION BUFFER-1 

As deseribed in seetion 3.2.2.4. 1. 

5.2.2.3.2. MOPS PERMEAiliLISATION BUFFER 

As deseribed in seetion 3.2.2.4.2. 

5.2.3. FIXATIVES AN D FIXATION 

5.2.3.1. PARAFORMALDEHYDE 

As deseribed in seetion 3.2.3. 1. 

5.2.3.2. 90% METHANOL 

As deseribed in seetion 3.2.3.2. 

5.2.4. STAINING FOR FLUORESCENCE MICROSCOPY 

5.2.4.1. PHALLOIDIN STAINING FOR F-ACTIN 

Cells grown on plastie and/or glass coverslips were fixed with 4% 

paraformaldehyde (as decribed in seetion 3.2.3.1.). The cells were then 

stained with fluorescein labelled phalloidin (5 mg/ml; Wulf et al., 1 979) 

or rhodamine labelkd phalloidin ( 1 ıng/ml; Faulslich et al., 19~3) for 1 

hour at 37 oc in a humid chamber. In both cases the labelled phalloidin 

was a gift from Prof. Th. Wieland. After final washing preparats were 

mounted in Citifluor (Citifluor Ltd., London). The cells were examined 

using epifluore.scence microscopy (as deseribed in seetion 3.2.5. ı.). 
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5.2.4.2. IMMUNOSTAINING FOR VINCULIN 

Cells to be stained for vineulin were first permeabilised for 30 

seeonds with ı% N onidet P-40 in PIPES. The eells were then fixed with 

4% paraformaldehyde (as deseribed in seetion 3.2.3. ı.), and then stained 

using the following protocol; Rabbit serum (Dako), 1: 10; v2g4 mouse 

anti-vinculin (Asijee et ul., 1990; Serotec), 1 :200; FITC rabbit anti

mouse (Dako), 1:100. All antibodies were applied for ı hour at 37 oc in 

a humid ehamber. After fina! washing preparats were mounted in 

Citifluor (Citifluor Ltd., London). The eells were examined usıng 

epifluoreseenee mieroseopy (as deseribed in seetion 3.2.5.1.). 

5.2.3. MICROSCOPY 

5.2.3.1 EPI-FLUORESCENCE MICROSCOPY 

As deseribed in seetion 3.2.5. 1. 

5.2.4. LENSES AND FIL TERS 

5.2.4.1. LENSES AND FILTERS FOR EPI-FLUORESCENT 

MICROSCOPY: 

As deseribed in seetion 3.2.6. 1. 

5.2.5. PHOTOMICROSCOPY 

5.2.5.1. CAMERAS 

As deseribed in seetion 3.2.8. 1. 

5.2.5.2. FILMS 

As deseribed in seetion 3.2.8 .2. 

5.2.5.3. PHOTOGRAPHIC SOLUTIONS 

As deseribed in seetion 3.2.8.3. 

5.2.5.4. PHOTOGRAPHIC PAPER 

As deseribed in seetion 2.2.6.4. 
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5.3. RESULTS 
5.3.1. ORGANIZATION OF MICROFILAMENTS 

5.3.1.1. DISTRIBUTION OF MICROFILAMENTS DURING 

DIFFERENTIATION 

Rhodamine lahelled phalloidin (rh-phalloidin)' was used for these 

experiıııeııts whiclı n;acıed in vitro wiıh only F-actin. Fig. 44a, b, and c 

show llıal C025 cdls iıı Llıe J diffcrcııl mcdia slıowcd vcry diffcrcııl 

patterns of stress fibre organization. 

c 

FIG.-44 : Rh-phalloidin stained C025 cells in the erent media after 

2 days. (a) Cells in the growth medium, (b) cells in e fusion mcdiunı 

after 2 days, (c) cells in the fusion medium with (1 ) dexamethasone 

after 2 days; thin arrows, localization of F-actin the processes of 

transformed cells; thick arrows, localization of F-ac around the lateral 
ed es of transformed cells; Bars= 20 ı.ım. 
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Phalloidin staining showed the presence of large numbers of 

stress fibres within the undifferentiated myoblasts. Characteristically 

they displayed a high degrce of organization; The majority of flattened 

mononucleated myoblas ts dis play ed prominent parallel running 

microfilament bundles in the growth medium (Fig. 44a). This tendeney 

for most of the microfilament bundles to run in paraUel was much more 

apparent in fully formed nıyotubes (Fig. 44b). In contrast the actin 

bundles of cells transformed by dexamethasone were quite disorganized 

by comparison. Phalloidin brightly stained the edges and also the Iong 

processes of the smaller transformed cells (Fig. 44c). 

Further experimen ts were done to observe in detail the changing 

distribution of microfilament bundles step by step during myogenesis. 

After the myoblast became obviously spindle-shaped, the stress fibres 

were increasingly orientated paraHel to the long axis in each of the 

elongating myoblasts (Fig. 45b). Using rh-phalloidin staining the 

parallel alignment of the microfilament bundles can be seen during cell 

fusion (Fig. 45c, d). The microfilaments formed a network parallel to 

each other and frequently spaned the whole length of the cell. The high 

power detail in Fig 45d shows that only a smail number of actin bundles 

were present in the fusion area. Actin cables ran throughout the body of 

all newly fused myotubes (Fig. 45e, f). N ewly fused cells contained 

suprisingly few microfilament bundles (Fig. 45e, f). The lateral sictes of 

newly formed myotubes stained very brightly and appeared to contain 

most of the stress fibre bundles (Fig. 45e, f). 
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FIG.-45 : Distribution of F-actin in C025 cells stained with Rh

phalloidin during myogenesis. (a) control cells before replacing with 

fusion medium, (b) first day after replacing with fusion medium, (c), 

cells starting to fuse after 2 days in fusion medium under the low power, 

arrow shows actin bundles in the fusion area, (d) fusion area of (c) 

under the higher power, (e) fused cells after 3 days under low power, 

and (f) fused cells under higher power; Bars= 20 J..lm. 

The actin cables were all oriented at right angles to the long axis 

of the myotubes after a week in the fusion medium (Fig. 46a, b). Also 

the actin bundles seemed to increase in number in a week old myotubes 

as compared newly formed my otu bes (Fig. 46a, b). Af ter approximately 

2 weeks, the stress fibres had either disappeared or become 

redistributed in a periodic organization in the myotubes (Fig. 46c, d). 

Some periodic sarcomere pattern was apparent (thick arrow shows on 
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Fig. 46d) and also some stress fibres were still present in the same 

myotübe (thin arrow shows on Fig. 46d), demonstrating the replacement 

of stress fibres by sarcomeres. 

FIG.-46 : (a and b) F-actin distribution in a week old myotube (a) low 

power, (b) higher power; (c and d) After 2 weeks periodic actin pattern 

in the myotube (c) low power, (d) higher power, ~hin arrow shows the 
1 

stress fibres, thick arrow shows the periodic orga~ization of F-actin; (e 

and f) S areomeres after 3 weeks in fusion medium (e low power, and (f) 

higher power; All rh-phalloidin stained; B ars= 20 Jlm. 

After approximately 3 weeks, fully formed sa, comeres were seen 

by rh-phalloidin staining in C025 myofibrils (Fig 1 46e). Periodic F

actin I- b an ds were organized along the myofibrils ( .( e, f). 

U sually myofibrils began to appear in fuse C025 cells after 2 

weeks and began to show contractile behaviour afte 3 weeks in culture. 
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Pniodic coııtr:ıctioııs or ılır ıııyofihrils rorııH·d hy C025 cdls hcgıın 

after 3 weeks (not shown). 

5.3.1.2. DISTRIBUTION OF MICROFILAMENTS DURING 

TRANSFOR MA TION 

The distribution of actin cables in C025 cells was dramatically 

changed in cells transformed by dexameth<isone. After 1 day, some 

parallcl distributed actin cables were still present in the cell bodies (Fig. 

47b). However the organization was begining to break down and clumps 

of F-actin were present. A dense concentration of f.lactin became clearly 

visible in the processes and at the edges of the cells (thin arrows show 

on Fig. 44c; 47c). 

FIG.-47 : Rh-phalloidin stained C025 cells in the; medium with 

( 1 J..LM) dexamethasone. (a)control cells before rep ing with medium 

containing dexamethasone, (b) first day after repla 

with that containing dexamethasone, (c) second y after replacing 

fusion medium with that containing dexamethason~ show 

localization of F -actin in the process es of trans thick 

arrows show localization of F-actin in the edges o transformed cells, 

and (d) after 4 da s transformed cells have formed fo ·. Bars= 20 m. 
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Stress fibres became largely replaced by a diffuse bright fluorescence, in 

the cells after 2 days treatment with dexamethasone and those that 

remained were much reduced in size as compared with cells grown in the 

absence of dexamethasone (Fig. 47c). Transformed cells in clumps had 

no detectable cables of stress fibres in the central area; and they showed 

only a bright diffuse fluorescence. In those cells 1 which were at the 

bottom level of the clunıps and attached foci to the substratum, cortical 

F-actin was present at the edges of cells (thick arrows show on Fig. 44a, 

47c). Sırcss fihrcs wcrc not at all obvious in the foci formed by the 

transformed C025 cells after 4 days, but the cells were brightly stained 

by diffusc fluon.:sccııcc (foig. 47d). 

5.3.2. FOCAL CONTACT ORGANIZATION 

C025 cells were grown in growth medium or fusion medium for 

periods of time, and were then stained with V284, a mouse anti-vinculin 

antibody, to investigate the localization of a major constituent of focal 

adhesion plaques. This experiment was to determine where the paraUel 

bundles of F -actin bundles may attach during myotube formation. 

U ndifferentiated cells had many focal adhesion plaq ues of varying sizes 

which were found to localize mainly around the periphery of the ventral 

surfaces of the undifferentiated cells (Fig. 48a, b). 

After two days in the fusion medium, there was a significant 

change in the distribution of vinculin (Fig. 48c, d). The adhesion 

plaques were seen not only around the periphery of the cells, but along. 

the ventral surfaces of the elongated cell bodies . (Fig. 48d). During 

myotube formation, adhesion plaques were seen to redistribute forming 

a linear pattern (Fig. 49a, b). After myotube formation, the adhesion 

plaques were seen to localize mainly to the edges of the bottom 

surfaces of the myotubes (Fig 49b, d). A comparison of Figs. 48 and 

49 shows that the adhesion and also possible decre:ased in number and 

became organİsed in a linear pattern during differentiation. Thus the 

adhesion plaques became more organized in distribution in the 

myotubes. 
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a 

c d 

d 

Vinculin localization of C025 cells durin yogenesis. (a, b) 

after three days in the fusion medium, (a) low po (b) higher power, 

(c, d) after a week in the fusion medium, (c) lo 'ower, (d) higher 
power; Bars= 20 jlm. 
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5.4. DISCUSSION 
5.4.1. REDISTRIBUTION OF F-ACTIN DURING 

DIFFERENTIA TION 

This study demonstrated that the distribution and structure of the 

F-actin stress fibres of C025 myoblast cells changed very significantly 

d ur ing differen tiation. 

The first significant change in actin distribution was the 

reorganization of stress fibres paraHel to the· long axis during 

elongation. Also, as elongation became apparent the numb.er of stress 

fibres was reduced and there was an apparent increase in the intensity of 

fluorescence around the edges of the cells. However it is considered that 

the increase in brightness at the edges is at least partially an artefact due 

to the rounding up of the cells when they adopt a spindle form. 

It is well known that in eukaryotic cells actin filaments and 

filament bundles are attached to the inner surfaces of the plasma 

membrane at focal contacts where a variety of actin binding proteins are 

localized (Geiger, 1979; Burridge, 1983). Therefore, these proteins have 

been suggested to have key roles in the attachment of actin filaments to 

the cell membrane. The distribution of actin filaments and also 

microtubules in the cells in general correlated well with the shape of the 

cells. The changing of myoblast shape from fiat to spindle, appeared to 

be proceded by loss or change in the distribution of focal centacts 

present on the basal cell surfaces. The change in vinculin distribution 

along the long axis of the elongating ce lls m ay reflect a los s of 

anchorage. In turn the decrease in anehorage during myoblast 

differentiation, is likely to be closely correlated with a decrease in 

number of F-actin filaments in the cells. Thus, the r~ason for decreasing 

of F-actin during elongation and fusion stages may be loss of 

anchorages by changing of .C025 cell shape. When cell shape changed 

to spindle, the polarized paraUel actin bundles may be generated between 

the two poles of the cells. Terai et al. (1989) reported similar results for 

polarization of vinculin and a.-actinin in cardiac myocytes in vitro. 

In early stage myotubes the number of stress fibres significantly 

increased again. It has been reported that proliferating skeletal 
myoblasts contain mostly P- and y-actins (Vandekerckhove et al., 1986), 

but begin to express a.-actins ın the multinucleate myotube 

(Buckingham, 1985). Olson and Capetanaki (1989) studied the 

expres si on of the mR N As which en code the actin which form s 

microfilaments during myoblast differentiation, and they observed that 
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differen tiation w as accompanied by down-regulation of ~- and y-actins 

und accuınulation of u- sarcomeric actins. Caplan l~t. al. (ı 9R3) also 

reported that there was a transient expressian of a.-sınooth actin before 

a.-sarcomeric actin appeared in L6 myoblast cultures. These results 

suggest one explanation of the increase in actin content and in the 

number of stress fibres may be due to the synthesis of new gene 

products as a result of genetic switch on as differentiation proceeds. 

The alternative hypothesis in that the stress fibres act as precursors 

and/or templates for myofibril formation. 

As actin periodicity gradually appeared, the stress fibres 

gradually disappeared during the maturation of myotubes. The actin 

fibrils w hich resemble s tre ss fibres in s ome w ay came to form the 1-

bands of the s areomeres (Antin et al., 1986; Sanger eta/., 1987; Otey et 

al., 1988; Lin et al., 1989; Eberhardt et al., 1990). Thus the presence of 

pre-existing bundles of F-actin filaments which increasc with ınyotube 

formation, may be precursors of myofibrils. 

5.4.2. DISTRIBUTION OF F-ACTIN DURING 

TRAN S FORMATI ON 

It is comınonly believed that a loss of F-actin stress fibres is a 

general marker for transformation. In this study, rh-phalloidin staining 

showed two kinds of F-actin structures in transformed C025 cells in the 

same culture: a fairly normal but somewhat reduced distribution of F

actin in the cells which were attached on the substratum, and completely 

dispersed F-actin in the rounded up cells which were without attachment 

with the substratum. A comparison of normal cells and their transformed 

variants has been reported by Watt et al. (1978) and by Yerderame et al. 

(1980). They found that some transformed cell lines had few or no actin 

cables but some others an essentially unaltered stress fibre pattern. 

These results suggest that the distribution of actin cables is not directly 

related to transformution but more to other factors such as shape of the 

cell and the adhesiveness to the substrate. Willingham et al. (ı 977) 

confimed this suspıcıon by demonstrating that the degree of 

development of stress fibres within cells can be manipulated by altering 

the adhesiveness of the cells to the culture dishes by various means. 

From such experiments it has been concluded that it is the degree of 

adhesion which determines whether stress. fibres will form. It is 

concluded that a few transformed C025 cells retain some residual 

substrate adhesiveness to the substratum. These cells also contain F-
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actirı mainly in the form of stress fibres. The majority of the cells have 

entirely Jost any substratuın adhesiveness but remain attached to those 

which do retain some thus forming foci. The cells not attached to the 

substratum losc all F-actin stress fibres as a consequencc. 

It is not known yet how activated ras gene product acts on the F

actin cytoskeleton in transformed cells. However it is reported that 

activated ras oncagene causes persistent activation of intracellular 

growth through GTPase activity (Sternberg et al., 1 989). In this w ay 

activated ras genes in C025 cells act as internal growth factors causing 

continuous cell division (Gossett et al, ı988). Actin filaments change in 

form during the mitotic G2 phase of a normal cell cycle, and 

depolymerization of microfilament bundles occurs (Wang and Goldberg, 

1976; Celis et al., 1986). Thus continuous entry in to mitosis may have 

soıne cffect on the number of stress fibres present. The actin binding 

protein troponıyosin may be a major target of the changes which occur 

upon transformaıion rcsulting in a loss of stress fibrcs. lı has bcen 

observed that tropoınyosin is a component of stress fibres, and acts in 

stabilising F-actin palyıners (Fattoum et al., 1983; Urbancikova and 

Grofova, 1990). Several group s (Matsumura et al., 1983; Hendricks and 

Weintraub, 1984; Cooper et al., 1985) have demonstrated that changes 

in the pattern of tropomyosin isotypes and als o their mR NA levels 

accompany cell shape changes occurring upon transformation. There is a 

dowıı regulation of the higher malecular weight forms and an up 

regulation of the lower malecular weight forms. Given the known 

properties of tropomyosin as a actin polymer stabilizing agent it may 

well to that changes in tropomyosin isoform lead to a des tabilization of 

the s tress fibre. 

An actin binding protein, profilin, w hi ch bin ds to 

phosphatidylinositol 4,5-biphosphate ı (PIP2) on the inner surface of 

the plasma membran e forms a s tab le ı: ı complex w ith G-actin and keeps 

actin in the ınonomeric form (Goldschmidt -Clermont et al., I 991 ). 

Expressian of N -ras in 3T3 cells has been fo und to increase the 

hydrolysis of PIP2 (Bishop, 1988), and this causes the release of 

profilin from plasma membranes .. lt is therefore reasonable to s peculate 

that the release of profilin may sequester actin as · G -actin and thus 

prevent new stress fibre formation. This activation of profilin by ras 

may be an alternative mechanism by which changes in the actin 

cytoskeleton occur upon transformation. 
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