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ABSTRACT

The cytoskeletal changes accompanying CO25 myoblast
differentiation, and transformation 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 formation 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
distribution of peri-centrosomally located granules was
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 transformed CO25 myoblasts, the distribution of F-actin
was very variable. A few actin cables were seen in some 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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GENERAL INTRODUCTION



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 (5-10 um in diameter),
microtubules (22-25 um), and intermediate filaments (7-11 um).

Cytoskeletal fibres carry out a very wide 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 movement of organelles within the cell; divide
chromosomes at mitosis, and separate daughter cells at cytokinesis, and
many others. These and other sorts of movement arise through the
activities of two basic systems, one of them involving microtubules and
the other involving microfilaments.

The polymerisation of fibres from the protein subunits and the
reverse process, depolymerisation, constitute one class of molecular
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 cytoskeleton can be regarded as part of a dynamic cytoplasmic
matrix, surrounding and embedding other intracellular structures. This
matrix may determine 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 myogenesis, 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 mesenchyme that has its origin in the somatic
layer of the lateral plate mesoderm in mammals (Charles, 1968; Gerald
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and Berrill, 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 parallel and to stretch out into spindle-shaped cells
and then form motubes and myofibrils. This bipolar 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 myoblasts become aligned in rows lying
parallel 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 positions 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, fuse into multinuclecated cells, and initiate
synthesis of specialised contractile proteins;

4-  Maturation, in 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 er al., 1990).
Developmental biologists often use the term dctermination to

describe 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 potential, and that differences among embryonic cells occur as a
ccll or group of cells begin to show a limited capacity to cxpress the full
genomic potential. The cells of the primary germ layers arc already

determinated to a considerable extent and the event that causes such



determination must have occurred during gastrulation, or earlier (Review,
Gurdon, 1977).

The earliest stages of differentiation remain poorly understood,
but at some point during development a population of mesenchymal
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 some of the
characteristic proteins of muscle. In these 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 single myotube can be 10-15 wm in diameter and over 300 pm
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 G1 phase (Bruce et al., 1983). Myotubes
engage intensively in the synthesis 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 at a number of different levels. New nuclei are added to
the myotube by the fusion of additional myoblasts. The nuclei of a
myotube are large and contain prominent nucleoli, as would be expected
of cells intensively engaged in RNA and protein synthesis (Review,
Muntz, 1990). The contractile proteing of the myotube undergo a process
of scll-assembly into myofibrillar units, starting at the periphery of the
myotube. As the myotube matures and a greater proportion of its volume
is occupied by contractile proteins, the nuclei become morc compact, the
nucleoli lose their prominence, and the nuclei migrate from the centre of
the myotubes toward the periphery. Only when the nuclei become
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peripherally located, can the differentiating 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, 1986; Campion, 1984). The satellite cells
have mitogenic potential and are involved in both the growth and
regeneration of skeletal muscle. Following a variety of insults, skeletal
muscle fibres break down and replacement 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 response. One type of regeneration, epimorphic
regeneration, is found mainly in those amphibians capable of
regenerating an entire limb after amputation (Carlson and Faulkner,
1983; Feldman and Stockdale, 1991). In epimorphic regeneration the
tissues near the plane of amputation lose their adult structure and form a
regeneration blastema, which is roughly the equivalent of the embryonic
limb bud. A new limb develops from the blastema, and within that limb a
new musculature develops in a manner that is both grossly and
cytologically very similar to the normal ontogenetic sequence of events.

In mammals skeletal muscle regencrates in a manner different
from that seen in the rcgenerating limbs of amphibians. A major
difference is that regenerating mammalian muscle utilises the remnants
of the original muscle fibre complex (Carlson and Faulkner, 1983).
Mammalian muscle regencration has been classically divided into two
types, discontinuous and continuous. In discontinuous regeneration the
entire muscle fibre or a portion thereof is completely destroyed, and a
ncw muscle fibre is Tormed from myoblastic cells. Continuous muscle
recgeneration is described as the budding or outgrowth from the end of a
partially damaged muscle fibres.

Muscle regeneration begins with some type of damage to the
muscle fibre. The initial event consists of an intrinsic degeneration
within the muscle fibre itsclf. This process is characterised by the
breaking up of the myoflibrils into individual sarcomeric units, the

disruption of the mitochondria and the sarcoplasmic reticulum, and the
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interruption of the continuity of the sarcolemma. After some types of
initial damage such as ischaemia essentially all of the myofibrils and cell
nuclei die and ultimately undergo dissolution. Whether all myonuclei die
after all form of initial trauma has not been determined and remains
controversial. Satellite cells, which are located beneath the largely intact
basal lamina, then undergo an initial activation reaction (Bischoff,
1986). The activation reaction involves enlargement of the nuclei 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 basal lamina 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 ordered arrays of
actin and myosin. In fact, skeletal muscle cells do not divide. Most
skelctal muscle cells probably survive for the lifetime of the animal, but
some arc likely to be destroyed in one way or another. Replacements can
be produced 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 as satellite cells
(Nathanson, 1986).

1.3. INTRODUCTION TO THE CO25 CELIL LINE
To investigate changes in the cytoskeletal organisation of
differentiating muscle cells, it was decided to use the CO25 ccll line.
CO25 is derivative of a mouse line capable of diffecrentiating into
striated muscle cells, originally isolated by Yaffe and Saxel (1977) and
called C2. C2 was derived as follows: the cell line was established from
primary cultures taken from thigh muscle of 2-month-old mice 70 hours
after injury. Whether it was derived from satellite cells or some other
cell type was not known.
~ The CO25 Tine was obtained from C2 cells by transfection with a
plasmid containing several copies of the human N-ras oncogene under
transcriptional control of the steroid-sensitive promoter of the mouse
mammary tumor virus long terminal repeat (MMTV-LTR) (Olson and
Capetanaki, 1989). This promoter renders myoblasts sensitive to the
induction of a transformed state and the inhibition of differentiation by
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dexamethasone. Non-transformed CO25 cells have been found to be
morphologically indistinguishable from nontransfected C2 myoblasts. In
the absence of dexamcthasone, fusion and induction of muscle-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., 1988). Ras inhibited myogenic differentiation through a transient
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).



MORPHOLOGICAL CHANGES DURING
THE DIFFERENTIATION OF CO25
CELLS



2.1. INTRODUCTION TO MYOBLAST MORPHOLOGY

In order to investigate the roles of the cytoskeleton in the shape
changes which accompany differentiation of muscle cells, it was first
necessary to -briefly characterize the manner in which CO25 cells
differentiate. At the same time some study was made of the effects of
transformation upon the cells as the result of the switch on of the N-ras
gene using dexamethasone. The changes which occur during myoblast
differentiation and transformation, are described in this chapter and
compared with what is known for other cell types. An introductory
description of myotube and myofibril formation has alrcady been given
in the General Introduction.

2.2. MATERTIALS AND METHODS

2.2.1. CELL CULTURE

2.2.1.1. CELL TYPE
_ The CO25 myoblast cell line, which contains a few copies of the
human N-ras oncogenc encoded on a plasmid, was originally obtained
from Dr. E. N. Olson (The University of Texas, U.S.A.).

2.2.1.2. CULTURE MEDIA

Cells were cultured in Dulbecco’s Modification of Eagles
Medium (DMEM) (Gibco) supplemented with 10% Foctal Calf Serum
(FCS) (Gibco), which is described as the growth medium, in 10% Horse
Serum (HS) (Gibco) which is described as the fusion medium, or in 10%
Foetal Calf Serum or in 10% Horse Serum with 1uM dexamethasone
(Sigma). Both these media were used to cause transformation of the
cultures. 100 U/ml penicillin, and 100 mg/ml streptomycin were added to

the media which were stored at 4 0C,

2.2.1.3. CELL CULTURE

The cells were cultured in either the growth medium or the fusion
medium. Tn hoth media, the cells were grown in an atmosphere of 90%
air, 10% carbon dioxide at 37 9C. After cells rcached 70-80% confluence
in the growth medium, it was replaced with fusion mcdium to allow
differentiation to occur. Cells grew and differentiated only very slowly if
they were seeded directly into fusion medium containihg 10% horse
serum. Cells were cultured in flasks (25 cm2, 5 ml, Gibco) or plastic



petri dishes (30 mm diameter, Sterilin) and the medium was changed
once per day.

2.2.1.4. TRYPSIN SOLUTION

Trypsin solution consisted of 10 ml Puck A saline (0.7 ml 5%
NaHCO3, 0.33 ml 300 mM EDTA in 100 ml sterile distilled water), plus
25 ml 10X Trypsin/EDTA (Gibco). It was stored at -20 © C.

FIG.-1 : The cork borer (a and b) and plastic discs (arrows on b) are
obtained by melting the flasks.

2.2.1.5. PREPARATION OF PLASTIC DISCS
After growing the cells in a flask, picces of the flask were removed

by melting through the flask surface with a heated cork borer (30




seconds heating with a bunsen) to remove a disc (2 ¢m diameter). The
cork borer and some plastic discs made from the flasks are shown in
Fig. 1 . 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 fluorescence
microscopy.

2.2.2. BUFFERS

2.2.2.1. PBS

Phosphate buffered saline (PBS) consisted of 137 mM NaCl, 2.7
mM KCl, 1.5 mM Ki12PO0y4, 8§ mM NapllPOy, at pll 7.3, PBS/BSA

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

2.2.3. FIXATIVES AND FIXATION
2.2.3.1. GLUTARALDEHYDE
Cells grown on glass or on plastic coverslips were washed with
PBS and then fixed with 2.5% glutaraldehyde in PBS (pH 7.2) at
room temperature for 15 minutes. 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

2

Nikon TMS inverted microscope equipped with optics as described in

section 2.2.5.. Photographs were taken as described in section 2.2.6..

2.2.4.2. SCANNING ELECTRON MICROSCOPY

Cells were grown on round glass coverslips (13 mm diameter) and
washed with PBS for 3 X 30 seconds at room temperature. They were
fixed with 2.5% gllxtalrzlidehyde in PBS described in section 2.2.3.1,,
then washed with PBS for 15-30 minutes at room temperature, and
postfixed with 1% osmium 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%, 90%, 100%) for
5 minutes. The cells on the coverslips were placed in the chamber of a
pressure bomb using a Poleron critical point drier. The bomb was filled
with liquid carbon dioxide and the temperature of the pressure bomb was
raised. The critical pressure was approximately 1081 1b/m?2 for carbon

dioxide in the Poleron critical point drier. After critical point drying, the
| | ying
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samples were coated with a thin layer of gold (approximately 200
angstroms thick) in an argon atmosphere for 5 minutes. An Edwards S
150 B Sputter Coater was used to coat with gold. _

Samples were examined in a Hitachi S 800 séz-mning electron
microscope. Photographs were taken as described in section 2.2.6..

2.2.5. LENSES AND FILTERS
2251 LENSES AND FILTERS FOR INVERTIED
MICROSCOPY »

X10/0.25 Phl 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 microsope. A green filter was used to enhance
resolution and visualization of the cells.

2.2.6. PHOTOMICROSCOPY
2.2.6.1. CAMERAS
Photographs were taken using a Nikon F-301 camera for inverted
microscopy, and Mamia 50A roll film holder for transmission and

scanning electron microscopy.

2.2.6.2. FILMS
The following films were used: Kodak Tri X-Pan 400 for inverted
microscopy, and Ilford FP4 120 and FP5 (6.5X9.0 ¢cm) for SEM,

2.2.6.3. PHOTOGRAPIIC SOLUTIONS

A- Developer solutions; 12.5% Acuspeed, 87.5% distilled water.
The films were washed with developer solution for 8 minutes at room
temperature, and shaken every 20 seconds for 20 seconds.

B- Stopper solution; 20% Hypam, 2% Hardener, 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
IlIford multigrade 111 RC rapid photographic paper was used.
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2.3. RESULTS

2.3.1. INDUCTION OF MYOTUBE FORMATION

2.3.1.1. RESOLUTION OF CULTURE PROBLEMS WITH

CO25 CELLS TO INDUCE DIFFERENTIATION

Cells were seeded onto glass coverslips in petri dishes and
allowed to proliferate in growth medium (as described in section 2.2.1.).
CO25 cells grew rapidly in this medium when supplemented with 10%
FCS but did not differentiate. After the cells reached until 70-80%
confluence, this medium was replaced with the fusion medium (as
described in section 2.2.1.2.), and the medium was changed once a day.
Under these conditions, cells ceased proliferation but did not form
myotubes. The problem was not due to either the pH or to problems with
particular batches of horse serum, since a variety of plls and horse sera
were examined. A further approach to stimulate differentiation was the
use of DNA replication inhibitors (Tomasz et al, 1987; Lin ¢t al., 1989;
Hinterberger and  Barald, 1990 ). Miiomicin-C (Sigma) at a
concentration of 0.05 mg/ml or Cytosine B -D- Arabinofuranoside -5'-
Monophosphate (Sigma) at a concentration of 15 mM were added to the
myoblasts in the fusion media. No myotubes were formed as the result
of the addition of these molecules.

A further problem was the lack of adhesion of the cells to the
surfaces. 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 changed or while the cells were washed during
immunostaining the cells became detached in sheets. It was an evident
that  the  normal  way of growing ccells for immunoflluorescence
microscopy was not satisfactory for this cell type.

One possibility was that coating the coverslips might overcome the
adhesion problem and also provide a better anchorage of the cells for
differentiation. Coverslips were coated with one of the following: poly-
Folysine (00095 w/vy Sipgoag Leiler er ol CTORD) Ctype TV collupen (0,17
in 0.1 N acctic acid; Sigma; Goldberg ¢t al, 1989; Sanderson et al,
1986), gelatin (2%; Sigma; Yaffe, 1973), or fibronectin (1-5 mg/cm?2;
Sigma; Grant and Tseng, 1986) before the cells were sceded. However
better adhesion of the cell was not obtained and no formation of
myotubes was observed using any of the above.

Eventualy the cells were grown in tissue culturc flasks in the
prescence of 10% horse serum in DMEM, and the medium was changed

7-10 times o week, Under these condition, the cells formed myotubes
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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
described in scction 2.2.1.5. Thus positivé results were obtained simply

with uncoated flasks. So, cells seeded into flasks were mainly used in
this study.

2.3.1.2. OBSERVATIONS OF CELL GROWTH IN
DIFFERENT MEDIA

Approximately 3.5x103 of cells in I ml. volume were sceded 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 scrum plus 1puM
dexamethasone. Cells were then fed for up to two weeks in these media.
The medium was replaced to fresh medium every day. The numbers of
the cells grown in these different media were counted aftcr one, three,
five, ten, and fourteen days (Table-1; Graph-1). Counting of cclls was
done five times for each sample and the average was taken.

. Fusion
Medium Growth Fusion megium
Time DMEM medium medium Dexame-
thasone
At start 36.864 36.864 36.864 36.864

After 1 day 74.400 110.080 61.520 98.768

After 3 days 13.520 218.896 103.040 236.816
After 5days | 15136 463.008 | 103.856 | 504.688
After 10 days| 17.568 578.112 | 104016 | 768.736
After 14 days{ 19.584 621.024 | 104.128 | 965.232

TABLE-1 : Growth characteristics of CO25 cells grown in the different
media. The cells were counted S times for cach sample and the average
taken.

In the first day in the media, no significant differences were observed in
the proliferation of the cells and all cultures showed significant cell
doubling. However, during consecutive days in culture, the effects of the
medin on cell profiferation becnme clear: proliteration incireased by over

approximately twofold on the second day in all media.
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Growth characteristics of CO25 cells grown in different
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FIG.-2 ¢

Culture of CO2S5 cells in DMEM alone,. Cells were directly

obscrved in the inverted phase microscope (a) soon after plating out, (b)
after 24 hours, (¢) 3 days, and (d) 14 days; Bars= 100 um .
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Graph-1 demonstrates that little growth occurred in the medium
containing only DMEM, as would be expected. In DMIEM, the number of
cells only increcased on day 1, significant cell death occurred by three
days(Fig. 2). After 3 days, some cells became sticky and formed clump
or colonies (Fig. 2b). These clumps of the cells stayed together in the
clumped form. The morphology of the surviving cells became aberrant
after three days. Suprisingly some odd clumped cells were still present
after 14 days culture in DMEM alone (Fig.2d). Individual cells had no
processes, and also many dead cells were seen in cells cultured in
DMEM alone (Fig. 2¢, d). When the cells were cultured in DMEM with
10% foetal calf serum, the number of cells was increased approximately
ten-fold after four days (Table-1; Graph-1; Fig. 3). Cell proliferation
continued until they reached confluence, which occurred between 4-7
days, after which growth reached a plateau but continued up more
slowly (Table-1; Graph-1).
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FIG.-3 : Culture of CO25 cells in the growth medium (DMEM + 10%
foetal calf serum), (a) soon after plating out, (b) after 24 hours, (¢) 3
days, and (d) 2 weeks; Bars= 100 um:.

The cells were polygonal in shape (Fig. 3b), and they had one or
more long processes (Fig. 3b). In the growth medium, the cells became
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smaller when they reached confluence in the culture (Fig. 3¢). At high
cell densities there was some cell overgrowth (Fig. 3d).

The number of cells in the horse serum, increased rapidly over the
first three days and then reached a clearcut plateau, representing
cessation of growth. The cells were dividing rapidly for the first 3 days,
they then stopped dividing (Table-1; Graph-1; Fig. 4). This ccessation 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 low densities. After 3 days this was halted completely.
The shape of the cells was polygonal and they also had processes after 3
days when they became confluent (Fig. 4c¢). Their shapes changed from
polygonal to ovoid, and they became progresively localized parallel to
each other (arrow on Fig. 4¢). Then they fused to form myotubes in the

culture (arrow on Fig. 4d).
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FIG.-4 : Culture of CO25 cells in the fusion medium (DMEM + 10%
horse serum), (a) soon after plating out, (b) after 24 hours, (¢) 3 days,

arrows, ovoid cells became parallel to cach other, and (d) 2 weceks,

arrows, a formed myotube by fusion of cells; Bars= 100 um

In contrast, cells grown in horse serum containing dexamethasone
continued rapid proliferation (Graph-1) even after they reached
confluence ( at about 5 days cf. Table-1, and Fig. 5). Thec shape of the
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cells was polygonal, and they had long thin processes, also most of them
were localized by sticking together (Fig. 5b). Their shape became
thinner, and also they grew on the top of each other (Fig. 5c).
Transformed cells formed foci after 3 days. The cells which were in the
foci had a more rounded shape (Fig. 5d), but the cells under the foci
which adhered to the flask were seen as long thin cells (Fig. 5d). This is
typical of transformed cclls where overgrowth, associated with foci
formation occurs (Fig. 5d).

ld

FIG.-5 : Culture of CO25 cells in the differentiation medium (DMEM +
10% horse serum + 1uM dexamethasone), (a) soon after plating out, (b)
after 24 hours, (¢) 3 days, and (d) 2 weeks; Bars= 100 um

2.3.2. CHANGES IN CELL MORPHOLOGY DURING
DIFFERENTIATION _
During myogenesis, three main morphological stages of
differentiation could be identified in CO25 cells; elongating myoblasts,

fusing to form myotubes, and maturating to myofibrils.
2.3.2.1. ELONGATION

Undifferentiated CO25 myoblasts exhibited a flattened stellate
shape in DMEM containing 10% foetal calf serum (Fig. 6a).
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After two days when the cells reached 70-80% confluence, the
growth medium was replaced by fusion medium. As a consequence
withdrawal from the cell cycle occurred and the cells underwent
clongation and differentiation. A consideration of FFig. 6b shows that,
after two days in the fusion medium, many of the cells became
considerably clongated and they were in the process of aligning one
with the next. The polygonal shape of the undifferentiated cells was
lost. Such cells had a rather round cell body, and the long thin terminal
processes were drawn out at either end. There was no particular area
where elongation of the cells started, but there must be some influence
which aligns the cells as they lengthen (Fig. 6b). First, their shape
became ovoid but without any significant processes.
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FIG.-6 : The cells were grown (a) in the growth medium for two days,
(b, ¢, d) in the fusion medium for 2 days showing clongation, arrow
shows the processes of elongating myoblasts stretched over the other
cells: Bars - 50 pm

Usually phase-bright edges . to the cclls were obscerved in the
elongation phase. In this stage of differentiation the cells became raised
above the surface of the culture (Fig. 6¢). Then long thin processcs

formed as tails from the two opposite termini of the ovord cell bodics.
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So spindle shaped cells appeared in the culture (Fig. 6d). The processcs
of elongating myoblasts strecthed over the other cells (Arrow Fig. 6d).

2.3.2.2. FUSION

2 days after transfer to fusion medium, the cells made 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 became 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 processes of elongated cells
were seen to touch together and fuse at the cnds (arrows Fig. 7a, b, ¢).
The other cells were beneath the touching cells (cf. Fig. 7c, d). After the

fusion stage, the processes of the cells became thicker (arrows show on
Fig. 7d).
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FIG.-7 : CO25 myoblasts during fusion in the fusion medium after 2
days; region of fusion (a) low power, (b) high power, (¢) ficld showing
cells in various stages of elongation and two newly fused cclls above,
arrows, touching of the thin processes ol clongated cells, (d) ficld

showing a later stage with more fusced cells, arrows show that the

processes hecame thicker after fusion: Bars= 20 um.
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2.3.2.3. FORMATION OF MYOTUBES

During fusion, the forming myotubes appeared as phase bright as
unfused cells (Fig. 7c, d). After fusion, the phase bright edges of the
cells gradually disappeared (Fig. 8a, b, ¢, d). The fusion region in these
cells became thicker, thus the cells became shorter or seemed to be
shorter than before (Arrows Fig. 8a, b). Normally by 4 days in the
fusion medium, the cells ceased proliferation and colonies of cells
contained the dense networks of long multinucleated fibres. This
process did not occur simultaneously in all cells in the same culture.
More and more myoblasts gradually fused into myotubes which became
progressively larger (Fig. 8b, c). During myotube formation 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).

FIG.-8 : CO25 myoblasts during formation of myotubes and then
myofibrils in fusion medium; (a) fusion progress after 4 days, (b) carly
stages of myotubes, arrows, showing the fusion region of the cells
became thicker, (c) late stage myotube after 5 days, thin arrow, lateral
fusion, thick arrow, clumping of nuclei in a new formed myotube, (d)
maturation of myotubes to myofibril after 2 weeks, thin arrows, spaces
between nuclet in a myofibril, thick arrows, striated pattern of a
myofibril; Bars= 20 pm.
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The clumping of nuclei were seen in the some of the new formed
myotubes (thick arrow shows on Fig. 8c). In the older myotubes 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 middle of the
myotube (Fig. 8d). 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
TRANSFORMATION

As described previously, CO25 cells had a polygonal shape in
foetal calf serum and formed a monolayer in this medium with only a
few cells overlapping by occasional thin processes(fig. 3d, 6a). After
one or two days of culture in the presence of 1M dexamethasone, the
shape of some of the cells was triangular (Fig. 9a). The cells became
smaller than before and the cell bodies rounded up. Many thin long
processes wcre also visible (Fig. 9a). Transformed cells usually form
multilayered sheets and spherical aggregates and CO235 cells followed
this rule to form foci. After two days, the cells began to overgrow cach
other, forming multilayers and their average size became further reduced
(Figs. 9a).
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F1G.-9 : Effects of dexamethasone in fusion medium on morphology of
CO25 cells after (a) 2 days, and (b) 4 days, thin arrow, roundcd cells in
a foci, thick arrows, long thin processes of the cclls under the foci:
Bars= 20 um.

By four days, the foci were much larger (Fig. 9b). In this stage,
there were two different morphologies of the transformed cells in the

culture: cells in a rounded shape which were in the foci (thin arrow
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shows on Fig. 9b), and some cells with long thin processes which were
under the foci (thick arrows show on Fig. 9b).

2.3.3.1. REVERSIBILITY OF MORPHOLOGY AFTER
TRANSFORMATION

The action of various oncogenic agents, 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 cell morphology are usually designated morphological
transformations. In the presence of dexamethasone, suppression of
differentiation occurred rapidly. Dexamethasonce was withdrawn from the
fusion medium to observe what change in the behaviour of the cells

might occur.
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FIG.-10 : Effects of the removal of dexamethasone on CO25 cells where
foci were formed after 3 days in fusion medium followed by 4 days in
fusion medium lacking dexamethasone. (a) low power, (b) high power,
arrows, showing a myotube, (c) after 4 days CO25 myoblasts formed to
myotubes in the fusion medium, arrows show myotube, (d) after addition
of dexamethasone in the fusion medium, the myotubes aflter 1 day,

arrows show deformed myotube; Bars= 100 pum .

The medium was changed to the fusion medium without

desamethasone after the formation of foci by transformed cells, Ax oo

ansdolu Onlversites)
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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
differentiation (Fig. 10 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. 10c¢). After
four days forming myotubes in the culture, 1uM dexamethasone was
added 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 dexamethasonc (Fig. 10d). The myoblasts changed to a more rounded,
and smaller shape than before addition of dexamethasone (Fig. 10d).
The myotubes were seen to be deformed by the effects of dexamethasone
(arrow shows on Fig. 10d).

2.3.4. OBSERVATIONS BY S.E.M.

2.3.4.1. S.E.M. OBSERVATIONS OF THE SURFACE OF
CO25 CELLS DURING MYOBLAST
DIFFERENTIATION

In the growth medium, undifferentiated CO25 myoblast cells had
plasma membrane surfaces which had numerous microvilli on them (Fig.
11a, b).

During elongation, when cells were observed using the S.E.M.,
they had some small thick microvilli on their surfaces, but otherwise
their surfaces were comparatively smooth after two days in the fusion
medium (Fieo Tle, Y. The elongated cells had Tlongitudinal pleats on
their processes (thin arrows in Fig. Tle, d), and also these pleats
extended onto the cell body (thin arrows in Fig. 11c, d). These spindle
shaped cells were seen to have some very small lateral processes present
close to the basal surfaces (thick arrows in Fig. Tlc, d).

The fusion followed on from and accompanicd clongation.
Differentiating myoblasts started to fusc forming multinucleated
myotubes in tissue culture after three days. Cylindrical or conical ccll
processes were present which had a Iength much greater than their width
(Figs. 12a). As fusion proceeded, the cells becamc attached to the

syncytium by lateral fusion (Fig. 12a,b).
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FIG.-11 : S.E.M. of CO25 cells after 2 days (a, b) in the growth
medium, (¢, d) in fusion medium, thin arrows, longitudinal pleats, thick
arrows, lateral processes; Bars= 20 pm.

The clongated cells were initially distinct from the irregularly
fused cells (arrows show on Fig. 12a), but gradually disappcared as all
the cells fused. They were attached to the surlaces of marginal

processes, but not to the upper surfaces of the cells (Fig. 12a,b).

b

FIG.-12 : S.E.M. of fusing CO25 cells in fusion medium after 2 days
(1) low power, (b) high power, arrows, syncytium of the processes of the

cells by Lateval Tuston;, Bars - 20 jom,
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SEM observations showed that when the free processes of a myoblast
cell met a similar processes of another 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-like
microvilli on the surfaces all the way along (arrows in Fig. 13c), and this
remained as fusion proceded. After four days, the myotubes increased in
their average width. The surfaces of the cclls were still scen to be fairly
smooth, with no microvilli, but cytoplasmic structurcs resembling
ribbing were present at right angles to the long axis of the cells, and
parallel to each other, all along the surfaces of the myotubes (arrows in
Fig. 13d).

d

FIG.-13 : CO25 cells during formation and maturation of myotubes in
fusion medium (a) early stage of myotube formation after 3 days (h)
high power, (¢) myotube after 5 days, arrows show a few microvilli on

the myotube, (d) myofibril after 2 weeks, arrows, cytoplasmic structures

resembling ribbing on the surface of the myofibril
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2.3.4.2. S.E.M. OBSERVATIONS DURING
TRANSFORMATION

After cells were grown in the growth medium or fusion medium,
(IuM) dexamethasone was added to the each medium to examine the
effects of dexamethasone on the cells.

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 medium, the shapes
of the cells changed to a more rounded form (Fig. 14c). Conspicuous
mcembrane ruffles were visible around the edges of the cells (Fig., 14¢)

and all the surfaces of the cells were seen to be irregular (Fig. 14d).

FIG.-14 : Effects of dexamethasonc on CO25 cells observed by S.E.M.
after 2 days; (a and b) Control cells in growth medium not exposed to
dexamethasone (a) low power, (b) high power, (¢ and d)cclls in the
growth medium with dexamethasone (¢) low power, (d) high power, thin
arrows, holes on the cell surface, thick arrows, blch-like microvilli;

Bars=2 um.

However, thev were much more convoluted than cells grown in the

absence of dexamethasone, and there were some holes on the surfaces of
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some of the cells (thin arrow in 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 small 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 processes were
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 quite triangular form (Fig. 15c¢). These cells lost the long thin
processes (Fig. 15¢). Some ruffles were seen on their edges (arrow in
Fig. 15c¢). The surfaces of the cells were quite smooth, and lincar
microvilli appeared on them. Also a few small bleb-like microvilli were

observed (arrows in Fig. 15d).

FIG.-15 : Aflter 2 days the cffects of dexamethasone on differentiating
CO25 cells Werc observed by S.E.M.. (a, b) control cells in fusion
medium not exposed to dexamcthasone, arrows, lateral processcs, (¢, d)
cells grown in fusion medium for 2 days, then dexamethasone was added

and the cells were grown for further 2 days, arrows on (c¢), ruffles on the

cdges of the cell, arrows on (d), bleb-like microvilli; Bars= 20pm.
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A further experiment was carried out to sece what the effects of
dexamethasone were on growing cells in the fusion medium from the
beginning. The cells were grown in the growth medium until they became
confluent, then the medium was changed to fusion medium with 1 uM
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 complete 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 pm in diameter. 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).

I B L e it

FIG.-16 : S.E.M. micrographs showing dctails of the clfects of
dexamethasone on CO25 cells in fusion medium; (a) after 3 days, (b, c,
d) after 1 wcék, arrows show long thin processes of the cells under the
foci; Bars= 20 um.
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reported that low pH in endosomes activates a fusogenetic protein
(fusogen) in the viral envelope which catalyzes the fusion of the viral
and endosomal membranes. Thus during differentiation, the pH level of
elongated myoblasts could change to a lower pH activating one or more
myoblast fusogenic proteins at the myoblast surface. This could occur
by endocytosis. Although there is no direct evidence for such a
mechanism triggering myoblast fussion, Kalderon and Gilula (1979)
observed the presence of wvesicles ncar the apical and lateral
plasmamembranes of myoblasts at fusion sites.

During differentiation, only the membranes of elongated
myoblasts seem to have a capacity for fusion. Elongated CO25 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 alteration of membrane receptors by a genetic switch or a
dircct cffect of the environment for a short period during the fusion,
Experimentally, substances such as polyethylene glycol (between muscle
cells and fibroblasts or keratinocytes, or hepatocytes) (Pavlath er al.,
1989) and subtilisin (between erytrocytes) (Ahkong et al., 1978) have
been found to induce fusion. During fusion, elongated cells may produce
either enzymes or other molecules to stimulate fusion.

It is known that lectins, are present on the cell surfaces and are
thought to he involved in cell-cell recognition (Lis and Sharon. 1986).
Also bindin protein, thought to be responsible for the specics-specific
adhesion of the sperm to the cgg, was found to be a receptor on the cell
surface (Lis and Sharon, 1986). CO25 myoblast cells may have specific
lectin- or bindin-like proteins on their surfaces which confer specificity
to elongated myoblasts during fusion. Sawyer and Akenson (1983) have
found that the relative amount of a 200-250 kDa surface protein
increased during L6 myoblast fusion. The function of this interesting
protein remains to be determined.

Elongated CO25 cells were obscrved to be always parallel to each
other and also to other myotubes during the fusion stage. Membrane
fusion did not take place in all arcas but initially was only restricted to
arcas at the ends of the myoblast processes. Nathason (1986) reported
that fusion was rclated to position of the fusion myoblasts and the
myotubes. Thus, the position of the cclls or specific region of the cclls
(the ends of the processes) are likely to he ervitieal Tor myvoblbast fusion,
It was obscrved in this study that membrane fusion of CO25 myoblasts

scemed to be irreversible. Knudsen and Iorwitz (1977) have reported
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rounded. Transformed CO25 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 transformation
was the appearance of many conspicuous microvilli. This was in sharp
contrast to the comparative loss of microvilli as fusion and
differentiation proceeded. A similar formation of extensive microvilli has
also been seen in a variety of transformed cells including fibroblasts
transformed by the expression 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 induction of diffecrentiation
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 et al. (1979), who
reported that it exactly doubles between the start of a new cell cycle
(early G1) and the onset of cytokinesis (late G2). Also, morphological
assessment by scanning clectron microscopy showed that there was an
approximatcly 2 or 3 times (Pasternak er al., 1979) rceduction in the
number of microvilli after cytokinesis. Thus, the incrcased amount of
microvilli on the surface of the transformed cells may be at least partly
due to enhanced new membrane synthesis for daughter cells.

A second possible hypothesis is that the increase in microvilli is
associated with increased membrane ruffling and micropinocytosis. Bar-
Sagi and Feramisco (1986) reported that transformation of fibroblasts
by the induction of H-ras was followed by a major incrcase in membrane
ruffling and associated fluid phasc pinocytosis. Furthcrmore Dowrick
and Warn (1991) have demonstrated a causal relationship between
ruffling and pinocytosis as a conscquence of the addition of scatter
factor to MDCK cells. In this study a number of small holes or pits were
found on the apical surface of the transformed cells. Because they were
secen only on transformed cells it was not thought that they were
artefacts of preparation, rather pinocytotic vesicles. Thus CO2Z5 cells
may Dbe responding 1o transformation by cnhanced  ruffling  and
pinocytosis.

A tole of ras has been reported not only in control of cell
proliferation and malignant transformation but alse in the control of

differentiation processes (Olson er al., 1987). 1t has been reported that
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ras oncogene protein promoted the morphological differentiation of
phenochromocytoma cell (PC12) (Bar-Sagi and Framisco, 1985; Muroya
et al., 1992). In contrast ras oncogenes appeared to interfere with the
differentiation of mammary epithelial cells (Andres er al., 1988), and
also the diffcrentiation of human lymphoblasts (Sercmetis ¢r al., 1989).
Thus ras can to both promote or inhibit differentiation. In this study
transformation of CO25 cells was seen to block their differentiation, in
the fusion medium with dexamethasone. Gossett et al. (1988) also found
that the induction of N-ras causing transformation also prevented the
up-regulation of muscle specific gene products in myoblasts. Thus,
transformed CO25 cells may continuously divide without undergoing
differentiation in spite of the fusion medium. Or, N-ras protein could
have an effect by blocking the expression of muscle-specific genes in
CO25 cells and hence inhibiting differentiation.
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CHANGES IN MICROTUBULE
ORGANIZATION DURING MYOBLAST
DIFFERENTIATION



by cooling the solution back to 0 ©OC (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 B—tubulin at its N-terminus can exchange with nuclcotide
in the medium. (Linse and Mandelkow, 1988). GTP is hydrolysed here
to GDP during polymerisation. a—tubulin contains a non-exchangeable
GTP binding site from which GTP cannot be removed except by
denaturation (Maccioni et al, 1986). Microtubule assembly is sensitive to
ionic strength. High concentrations of potassium or sodium ions inhibit
microtubule assembly (Kirschner, 1978). High concentrations of
magnesium or glutamate induce aberrant forms of polymer (Dustin,
1984). Additionally therc must be a sufficient concentration of tubulin
(the critical concentration). The critical 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 bind to tubulin and affect its
polymerisation in vitro and in vivo . Tubulin was originally identified as
the soluble protein, found in nearly all ecukaryotic cells. that tightly
bound the antimitotic ‘drug colchicine. Colchicine, isolated from the
plants, Colchicum antumnale or Colchicum speciosum, inhibits the
polymerisation of tubulin in vitro and causes rapid disassembly of most
types of cellular microtubules in vivo (Bergen and Borisy, 1083). One
drug molecule binds to each dimer. Stoichiometric binding of dimers are
cnough to block assembly at a microtubule end. Scveral other drugs,
such as colcemid, benomyl, podophyllotoxin, or nocodazole bind to the
same site of the tubulin molecule as colchicine, and have a similar cffect
in disassembling microtubules. However the cffects of nocodazole are
reversible.

Vinbiastine, isolated from Vinca spcciosium (periwinkle) and
vincristine (isolated from Vinca rosea ) form another group of drugs
inhibiting microtubule polymerisation that also act by blocking the
polymerisation of tubulin stoichiometrically. Vinblastinc disassembles
microtubules into helically coiled protofilaments (Amos et al, 1984).

Another drug is taxol. Taxol is derived from Taxus brevifoia. lts
effect on the microtubules is in many respects opposite to those of other

microtubule-binding drugs. Low concentrations of taxol (5-20 mM) can
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stabilize microtubules (Rowinsky et al, 1990). Taxol not only affects
the polymerisation of microtubules, but also causes a redistribution of
the microtubules into short, distinct bundles not nucleated 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 synthesis of peptides
which are both highly conserved and show some variations in scquence
(Raff, 1984).

The data from some lower eukaryotic species have demonstrated
that single gene products are sufficient for the construction of all the
essential microtubule arrays (Neff er al., 1983). However most species
have more than one genes for each type of tubulin monomer: For
example Chlamydomonas (the green alge) has two genes for a~tubulin
and two for B—tubulin (Brunke et al., 1982), whercas Drosophila has
four genes for a—tubulin and four for B—tubulin (Sanchez ¢t «l., 1980).
Results from higher species clearly suggest that multiple gene scquences
arc required (Sullivan et al., 1984),

The following levels of variation exist for the cxpression of the
different genes:

1. Sclection of which multiple genes to be expressed

2. Coordination of the synthesis of oo— and B—tubulins

3. Control of the level of tubulin expression during the cell cycle

and during development and differentiation

4. Control of post-translational modification and attachment of

MAPs with consequent regulation of microtubule stability.

Free B-tubulin regulates tubulin synthesis via a negative feedback
loop. It binds to any nascent B—tubulin polypeptides on ribosomes,
blocking further clongation and causing degradation of the mRNA. The
synthesis of o—tubulin may be controlled in a rclated manner
(Cleveland, 1989).

Weil ¢r al. (1986) identified the gene mipA as a suppressor ol a
conditional Tethal 8 tabolin muatation, The pene sequence was tound (o
be related to both o and B-tubuting leading Oakley and Oakley (1989)
identify a ncw member of the tubulin family, which is named y—tubulin,
By immunogold electron microscopy, Yy-tubulin appcars to bhe 2

component of the centrosome (Stearns et al, 1991; Zheng et al.. 1991 ).
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3.1.1.3. POST-TRANSLATIONAL MODIFICATIONS OF
TUBULIN

The complexity of tubulin is further increased by various post-
translational modifications. There are three well characterized forms of
post-translational modification. Firstly, B—tubulin can be
phosphorylated.  And the phosphate was found to be positioned on a
serine residue near the carboxyterminus (Gard and Kirschner, 19853).
Mammalian brain B-tubulin was shown to be phosphorylated by Eipper
(1974). The carboxy terminus is strongly acidic, with the B-subunit
being slightly more acidic than the a—subunit, B-tubulin is also richer in
glutamic acid in its sequence composition (Lu and Elzinga, 1978; Ficld
et al., 1984; Sullivan, 1988).

Secondly acetylation occurs on a lysine encoded by a codon at
position 40 in animal and protistan oa-tubulins (L'Hernault and
Rosenbaum, 1985). Thirdly a tyrosine residue at the C-terminus of o—
tubulin can be removed by a specific carboxypeptidase and replaced by a
tubulin tyrosine ligase (TTL) (Review, Barra et al., 1988). The
modification involves the addition of tyrosine to the carboxy terminus of
o—tubulin, catalysed by o-tubulinyl tyrosine ligase with the
concomitant hydrolysis of ATP (Schrocder er al., 1985). A spccific
tubulinyl tyrosine carboxypeptidase (TTC) has also becen partially
purified, which removes this terminal tyrosinc to vyicld o—tubulin
terminating in glutamic acid residue (Kumar and Flovin, 1981). Both of
these modifications occur primarily on assembled microtubules and is
reversed on unpolymerized o-tubulin (detyrosination, Kumar and Flovin,
1981; acetylation, Piperno et al., 1987).

Subsequent sequence data have demonstrated that the terminal
tyrosine of a-tubulin is encoded (Ponstingl ct al, 1981), up to 15% of
the total tubulin has been found to be detyrosinated (Ponstingl ct al,
1982). Tyrosinated and detyrosinated tubulins polymerise equally in
vitro (Wehland et al, 1983; Gundersen ct al, 1984), and this is not
suprising given that tyrosinated tubulin differs from dctyrosinated
tubulin by only a single amino acid residue in over 400, A scarch for,
modulation of tubulin function by tyrosination has so for not given any
conclusive results, So far a correlation in the Coterminal tyrosine content
(or tubulin tyrosine ligasc activity) has been made with changes in cell
shape, and differentiation state (Gundersen et al, 1984; Bulinski and
Gundersen, 1991).

36



Gundersen er al. (1984) raised polyclonal and monoclonal
antibodies that specifically recognized tyrosinated a—tubulin (Tyr-) and
detyrosinated o—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 (Gundersen and Bulinski, 1986). Their findings suggest
that microtubules that are rapidly turning over tend 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 present in significant
amounts 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 (polymer'izing) and
shrinking (depolymerizing) populations that interconvert frequently.
This behaviour is termed dynamic instability (Micthinson and Kirschner,
1984). Schulze and Kirschner, 1986, 1987) obscrved (by injecting cells
with biotin-labelled tubulin) that rapid incorporation occurs by
elongation of existing microtubules. Prescott ¢t al., (1992) also found
fast turning over microtubules using Physarum tubulin. A sccond sub-
population of significantly slower turning over microtubulcs was
discovered by similar mcthods (Schulze and Kirschner, 1987), and can
remain stable for several hours. These slow turning over microtubules
usually but not always corresponded to microtubules which have
undergone post translational modifications (Schulze et al., 1987; Kreis,
1987).

3.1.1.4. MICROTUBULE ASSOCIATED PROTEINS

Protcins that co-polymerize with tubulin through scveral cycles of
assembly and disassembly that may promote microtubule assembly, and
bind with fairly constant stoichiometrics arc described as microtubule

associated proteins (MAPS).

ILIST OFF MAPs :

Protein name: Molecular weight: References:
Dyneins
Axonemal 415-480 kD (Gibbons, 1988)
Cytoplasmic > 400 " (Gibbons, 1988)
Kinesin 65-440 " (Sawin and Mitchson, 1990; Schliwa,
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1989)

Dynemin 75-100 " (Shpetner and Vallee, 1989)
Vesikin 292 " (Preston et al, 1990)

Axolinin 255 " (Preston et al, 1990)

Brain spectrin 220-240 " (Preston et al, 1990)

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

MAPs 1,2,34,and 5 70-240 " (Olmsted, 1986; Lewis et al, 1988)
Tau 35-40 " (Goedert et al, 1989)

STOPs 60-80 " (Margolis and Rauch, 1981)
Buttonin 75 " (Preston et al, 1990)
Aster-forming protein 51 " (Preston et al, 1990)

3.1.1.5. FUNCTIONS OF MICROTUBULES
Microtubules are involved in the determination of cell shape, the
position of organelles (such as the nucleus, Golgi apparatus and
endoplasmic reticulum), and the two-way traffic pattern of vesicles and
organelles through the cytoplasm. One of the most important functions
of microtubules is to provide tracks for transporting substances in the
cell body. Microtubules form the spindle at mitosis and meiosis. As
described above they also provide the force for the beating of cilia and
flagella.
The main, functions of microtubule can be summarised as follows
(representative references only arc given):
1-) Supporting cell shape (Dustin, 1978; Schliwa, 1986)
2-) Intracellular motility
A— Organclles
* Tn animal cells, endosomes and lysosomes (Schrocer er al, 198%)
* In plant cells, pigment granules (Lloyd and Seagull, 1985)
B- Axonal transport
* Small and large vesicles (IHollenbeck, 1989)
* Mitochondria (Hollenbeck, 1989)
C- Chromosome separation

* During mitosis, individual chromosomes (Mitchison ¢t al,1986)

3.1.2. THE CENTRIOLE

Most of cells have a pair of centrioles which are gencrally located
close to the nucleus (Review, Wheatley, 1982). Centrioles are on average
about 0.4-0.7 um long and 0.2-0.3 um wide (Albrecht-Buchler, 1990).

Each centriole is a ncarly cylindrical organclle composed of a set of nine
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parallel triple-fibres radially arranged about a central space which shows
some sub—structure in the T.E.M. (Amos and Amos, 1991). Each triplet
is tilted inward toward the central axis at an angle of about 459 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: Centrioles have been found to be
absent in several animal cell types, e.g. a Drosophila embryonic cell
line (Debec, 1982), and more significantly early stage mammalian
embryos (Schatten ez. al. , 1985; Schatten et. al., 1986). Higher plant
cells (Clayton er. 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 cells
and their real function is unknown at the present time. However they are
essential for the formation of the basal bodies of cilia and flagella
(Anderson and Brenner, 1971).

3.1.3. CILTA AND FLAGELLA

These tiny, hair-like structures arc about 0.25 um in diameter.
They are constructed from microtubules and arc found in most animal
species and some lower plants (Reviews, Whecatley, 1982; Bershadsky
and Vasilicv, 1988; Preston et al., 1990; Amos and Amos, 1991).
Flagella arc usually much longer than cilia. However the molccular basis
for their structure and movement is considered to be the same. In both
cilia and flagella the core structure is the axoneme . This consists of a
bundle of microtubules arranged in a characteristic fashion with ninc
outer doublets and a central pair (9+2). The "9+2" structure seems 10
have been sclected during evolution as an optimum for all groups. The
lengths of axonemes are usually about 10 um and can be as long as 200
um. The outer doublet microtubules are made up of pairs of one
complete 13 protofilament microtubule (the A-tubule), and an
incomplete 10 protofilament microtubule (the B—tubule). The free edge
of the B—microtubule makes a junction with the A-tubule to form a
doublet, and they lie symmetrically around two central intact singlet
microtubules (c.f. Amos and Amos, 1991). The central pair of fibres has
been found to originate in a small, convex axilar granule or axosome
(Dowben, 1971). The fibrils extend continuously along the length of the
flagellum without twisting or spiralling. Usually the fibres of the

peripheral ring of fibres are longer than the central pair.
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The diameter of cilia is usually around 20 pm. A single cilium 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 motile 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
generated along the length of the flagellum by restricted sliding of the
nine outer doublets. In contrast the prokaryote flagellum is made of
polymerised flagellin, which is a 40 kDa subunit protein and is rotated
by a basal body.

The diameter of the flagellum is around 0.14 pm. Flagella as short
as 1um in length have been described by Moestrup (1982). The other
extreme is the flagellum of the spermatozoon of Notonecta which is
about 10 um long (Pantel and De-Sinety, 1906).

3.1.3.1. VARTANT AXONEMES

A-) Axonemes composed of varying numbers of outer doublets
and lacking the central pair of microtubules. Motile 3+0, 5+0, 6+0 and
12+ 0 axonemes have been described as well as non motile 9+0, 12+0
and 14+ 0 patterns ;

B-) Axonemes composed of the normal numbcer of outer doublet
microtubules but varying numbers of central pair microtubules. This is
the 9+n pattern where “n “ is “07 (ecl, diatoms), “ 17 (mosquitocs,
scorpions), “ 37 (spiders) or “ 77 (caddis flies):

CY-Axonemes  which contain an  cxtra ring  of  microtubules
surrounding the usual 9+2 arrays to give the so-called 9Y+9+2 patterns
(mutants of Chlamydomonas );

D-) Axonemes which contain fewer than a outer doublet
microtubules such as 8+ 1, or 7+ 2 cilia.

(Prensier et al, 1980; Wheatley, 1982; Preston ¢t al,1990)

3.1.3.2. TYPES OF CILIA

A) Compound cilia: Cilia which are grouped in a bundle and beat
in unison, as if fused, are known as compound cilia. Ctenophore
swimming--plates are the largest compound cilia, consisting of as many

as 100.000 cilia (Afzclius, 1961)
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B) Macrocilia: Electron microscopy has shown the macrocilium to
consist of about 3500 axonemes, which are all joincd by the same type
of lamella as has been found in swimming—plate cilia, but which in this
case occurs in several planes around each axoneme. Horridge (1965)
first described a macrocilium on the lips of the ctenophore Beroe.

3.1.3.3. TYPES OF FLAGELLA

A) Protozoan flagella: Flagella from protoza may have the usual
appearance or carry additional components including scales, hairs, or
other structures (Moestrup, 1982).

B) Flimmer-flagella: In many protozoa and some multicellular
plants the flagellum bears one or two rows of hair-like uppéndugcs
called flimmers or mastigonemes.

C) Flagella with a 9+1 pattern: Turbellaria (Silveira and Porter,
1964), and trematodes (Shapiro et al, 1961) have a 9+1 pattern in the
flagella.

D) Flagella with a 9+0 pattern: Myzostomum has a mobile
flagellum without central filaments (Afzelius, 1963).

E) Flagella with a 9+7 or 949 pattern: The sperm of several
species of trechoppers (Hemiptera ) have such a pattern and have been
studied by Phillips (1966).

F) Sperm tails: In many animal and plant species the sperm tail
conforms to the description of 9 + 9 +2. The sperm tails of mammals,
birds and snakes have 9 dense fibrils, one immediately outside each of
the peripheral doublets.

G) The Sciara—type flagellum: In the flagellum of Sciara
coprophila the axial filament complex consists of approximately 70
double outer filaments (Phillips, 1966)

3.1.3.4. OTHER TYPES OF CILIA-LIKE STRUCTURES

Sensory hairs: These structures detcct stimuli which may be
mechanical, chemical, electrical, or visual. Usually their 9+2 filament
structure has been correlated with a directional sensitivity of the sensory

cell, For example: mechanorcceptors in the inner car,

3.1.3.5. CILIA FORMATION
A centriole is a permanent feature of the ciliary axoncme, where it
is called a basal body. The centrioles that form the basal bodies perform

a specialized function in the cell Ieading to cilium or flagella production.
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In a variety of cell types, centrioles take part in the formation of cilia
and flagella to form one or two basal bodies (Sorokin, 1962). This
process is called ciliogenesis.

A good description of ciliogenesis is found in Novikoff and
Holtzman (1970). Large numbers of basal bodics appecar and after
migration to the surfaces of the cells, lead to cilia formation in the cells

of the respiratory and reproductive tracts of mammals.

3.1.4. THE BASAL BODY

3.1.4.1. STRUCTURE OF THE BASAL BODIES

The base of the cilium has received many designations: basal
body, basal granule, basal corpuscle, kinetosome, blepharoplast, etc. This
structure takes a cylindrical form which is present at the base of each
cilium or flagellum. The ultrastructure of basal bodies 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
centrioles joined by inter-fibrillar linkages. The fibrils are about 24 nm
in diameter (Dowben, 1971). The basal bodies control in some as yet
unknown way the assembly of ciliary and flagellar subunits such that the
9+0 structurc of the basal body gives risc to the 9+2 structurc of cilia
and flagella.

Recent work has shown that basal bodics contain a small DNA
molecule, like chloroplasts and mitochondria, that codes for many basal

body protcins (Preston ¢t al., 1990).

3.1.4.2. BASAL BODY FORMATION

In many cells, centrioles appear to duplicate by the growth of a
new procentriole near the old centriole, which subsequently splits away
from the parent. The procentriole contains the 9+0 pattern but is shorter
(50-100 nm) than the old centriole until it matures (Dirksen and
Crocker, 1965).. Usually, this occurs in cclls where centriole duplication
is part of cell division, as well as in some cells where many basal bodics
form.

A ring of tubules appears first then further tubules add on in
quick succession. In some speeies, a cartwheel structure appears before
the cylinder of triplet tubules (Gould, 1975). In somc cell types forming
basal bodics. several procentrioles appear morc or less simultancously
(Wheatley, 1982). First, a small probasal body is tormed which then

clongates to Yorm the mature structure (Johnson and Porter, TOOR).
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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 primary cilium in
present but is not associated with ciliogenesis, Up to now most authors
have confined themselves to a description of changes in the primary
cilium during various phases of the cell cycle. In recent times only a few
workers have been interested in the primary cilium and most reports
about it arc now very old. Therefore rather little is known about many
aspects of the primary cilium, in particular its function(s) when not
associated with ciliogenesis.

Bernhard and De Harwen (1960) first described an incomplete
cilium (9+0 arrangement) in fibroblasts and smooth muscle cells from
neonatal chicken and mammalian tissues in culture. Gallagher (1980)
studied corneal endothelial cells by transmission electron microscopy
(TEM), and reported that primary cilia are formed of nine transitional
fibres, four striated satellite arms and several rootlets.

There have not been many reports about the number of primary
cilia in cell types carrying it. Sorokin (1968) reported that the cells
usually produced one and rarely two primary cilia. I1c found that most
of the structure of the primary cilium remaincd inside the cell body of
pulmonary cells from the lungs of foetal rats.

The biological function(s) of primary cilia within such cell types
are largely unknown as yet. According to Barnes (1961), one may
suspect them of having a sensory function in mammary carcinoma
endocrine cells. A similar conclusion has been rcached for 3T3 cells by
Albrecht-Buehler and Bushnell (1980). An alternative suggestion due to
Tucker and Pardee (1979) was that primary cilia may be involved in
control of the cell cycle. Albrecht-Buchler and Bushnell (1980) obscrved
using TEM that microtubules scemed to originate from primary cilia in
quiescent 3T3 cells. All these studies have been done on cultured cells
where variable ultrastructural morphologies arc common. Prescott ¢t al,
(1991) looked at the microtubule organization of cells within the lens
epithelium, which can be detached as a monolayer. ‘They found cach Tens
epithelial cell to contain a single apical primary cilium and reported that
the focus of the microtubule array was at the cell apex close to a
centrosome present at the basc of the primary cilium. Some
microtubules. those rich in detyrosinated and acctylated o—tubulin,

scemed to be associated with the primary cilium rather than the
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centrosome. This organization suggests a possible role of the primary

cilium in microtubule nucleation.

3.1.5.1. PRIMARY CILIUM FORMATION

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 after 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 between primary and
functional cilia was drawn by Sorokin (1968) ,who obscrved that 9+0
primary cilia developed from centrioles 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 primary cilium in a fibroblastic cell
population in vitro by Wheatley in 1969. Rash et al (1969) made the
further obscrvation that the primary cilia werc absent during mitosis in
fibroblasts.

High cell density or low serum can induce the formation of
primary cilia (Tucker and Pardee,1979). When they examined 3T3 cells,
which had been stopped in the G1 phase of mitosis in low serum, or
where cell division had been inhibited by high cell density, primary cilia
formed. Further confirmation that the primary cilium forms in the
absence of cell division came from Mori ¢t al (1979) who reported that
9+0 cilia occur in rat liver cell cultures only after the cells rcached

confluence and not before.

al o bl ¢

DIAGRAM-1 : Simplificd schematic diagrams ol the microtubule
organization of (a) centriole, (b) primary cilium, and (¢) cilium or

flagella.
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3.2. MATERIALS AND METHODS
3.2.1. CELL CULTURE

3.2.1.1. CELL TYPE

As described in section 2.2.1.1

3.2.1.2. PREPARATION OF CULTURE MEDIUM
As described in section 2.2.1.2

3.2.1.3. CELL CULTURE
As described in section 2.2.1.3.

3.2.1.4. TRYPSIN SOLUTION
As described in section 2.2.1.4.

3.2.1.5. PREPARATION OF PLASTIC DISCS
As described in section 2.2.1.5.

3.2.2. BUFFERS

3.2.2.1. MES BUFFER

2-(N-Morpholino)-cthane sulphonic acid (MIES) bulfer consisted
of 0.1 M MES,2 mM EGTA, I mM MgSO., at pIl 6.9.

3.2.2.2. PBS
As described in section 2.2.2.1.

3.2.2.3. PEM BUFFER

PEM buffer consisted of 100 mM Piperazine-N /N'-his(2-
ethanesulfonic acid) (PIPES), 1 mM Ethylene glycol-bis (f—aminocthyl
ether) N,N,N'N'-tetraacctic acid (EGTA), 1 mM MgClp, at ph 6.9.

3.2.2.4. PERMEABILISATION BUFFERS

3.2.2.4.1. PERMEABILISATION BUFFER-1

Permenhilisation buffer-1 consisted of S0 mM PIPES, 50 mM
NCL OS5 mN MgClp, oM EGTA, O mN EDTA (Disvodiom ethylene
diamine tetraacctate.2120) , I mM 2-Mcrceaptocthanol, at pll 6.8, 1%
Triton X_l()()' (Sigma), 4% Polyethyleneglycol (40 K; Sigma).

3.2.2.4.2. MOPS PERMEABILISATION BUFFER
Morpholinopropane Sulphonic Acid (MOPS) permeabilisation
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buffer consisted of 80 mM MOPS, 5 mM EGTA, 1 mM MgClp, at pH
7.4,0.05% Nonidet (NP40; Sigma), 20% Glycerol.

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 1M NaOH added dropwise until the solution cleared. After the
solution had cooled the pH was adjusted to 7.4. Cclls grown on glass
coverslips or in flasks were fixed with 4% paraformaldehyde at room
temperature for 15 minutes. After fixing the cells were extracted with
acetone (-20 ©°C) for 30 seconds, and then washed in 3 changes of
PBS/BSA.

3.2.3.2. 90% METHANOL
Cells grown on coverslips or in flasks were fixed with 90%
methanol in MES buffer at -20 ©C for 5 minutes. After fixing the cells

were extracted with acetone (-20 ©C) for 30 seconds, and then washed in
3 changes of PBS/BSA.

3.2.4. STAINING FOR FLUORESCENCE MICROSCOPY
3.2.4.1. DOUBLE IMMUNOSTAINING FOR GLU- AND
TYR-TUBULIN

Cells were fixed with 90% mecthanol/10% MES buflfer (described
in section 3.2.3.2). The staining protocol was donce sequentially as
follows; rabbit serum (Dako), 1:10; ID-5 tissue culturc supernatant
(Wehland and Weber, 1987; from Dr. Wehland,J.), undiluted, TRITC
rabbit anti-mouse, 1:50; YL1/2 (Kilmartin ¢zt al, 1982; Sero—Lab), 1:200;
FITC rabbit anti-rat, 1:100. The cclls were exposed to all antibodics at
37 ©C in a humid chamber for 1 hour.After final washing preparats werce
mounted in Citifluor (Citifluor Ltd., London). The cells were cxamined

using epifluorescence microscopy (as described in scction 3.2.5.1.).

3.2.5. MICROSCOPY

3.2.5.1 EPI-FLUORESCENCE MICROSCOPY

Staincd cells were mounted in Citiftuor (Citifluor Ltd., London),
and examined using a Zeiss Standard R microscope cquipped with

epifluorescence optics,
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3.2.5.2. ELECTRON MICROSCOPY
3.2.5.2.1. TRANSMISSION ELECTRON MICROSCOPY
Cells were grown in plastic petri dishes (30 mm diameter, Sterilin).
The cells were washed for 5 minutes with PBS + 0.2% BSA, and fixed
in 2.5% glutaraldehyde as described in section 2.2.3.1.. They were then
washed again with PBS for 30 minutes and postfixed with 1% osmium
tetroxide in PBS for 30 minutes at room temperature. They were washed
with distilled water for 30 minutes, dehydrated with a series of
increasing concentrations of ethanol for 30 minutes each (20%, 40%,
60%, 2X100%). They were progressively embedded in resin (London
Resin White) in ethanol at an increasing concentrations for 1 hour for
cach (20%, S0%, 75%, 2X100%), and polymerized in 100% resin at 60°C
for 24 hours in plastic dishes or flasks. Scctions were cut from the
blocks of a thickness 70-90 pm with glass knives using an ultra
microtome (LKB Nova ultramicrotome) and collected on gelatin-coated
copper grids.
Sections were examined at 80 kV in a JEOL 100 CX electron
microscope. Photographs were taken as described in section 3.2.8..

3.2.5.2.2. SCANNING ELECTRON MICROSCOPrY
As described in section 2.2.4.2..

3.2.6. LENSES AND FILTERS
3.2.6.1. LENSES AND FILTERS FOR EPI-FILUORESCENT
MICROSCOPY:
FOR FITC (Fluorescein Isothiocyanate):
LENSES:
Zeiss 16/0.50 Plan Neofluar (oil/water)
“ 40/1.00 Planapochromat (oil)
“ 63/1.40 Planapochromat (oil)
“ 100/1.25 Achromat (oil)

FILTERS:
Exciter filter: BP 485/20
Dichromatic beam splitter: FT 510
Barricr filter: BP 520/560
FOR TRITC (Tetramethylrhodaminc Isothiocyanate):
LENSES:

Zeiss 16/0.50 Plan Neofluoar(oil/water)
40/1.00 Planapochromat (oil)
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“ 63/1.40 Planapochromat (oil)
“ 100/1.25 Achromat (oil)

FILTERS:
Exciter filter: BP 546/12
Dichromatic beam splitter: FT 580
Barrier filter: LP 590

3.2.7. DRUG TREATMENT

3.2.7.1. NOCODAZOLE

Nocodazole (Mw=301.3; Aldrich ) solid was dissolved in. DMSO
and then diluted to give a final concentration of 24 pg/ml nocodazole
using PBS. A control consisted of DMSO diluted to the same final
concentration as used in the nocodazole containing solutions (final
concentration of DMSO= 0.125%). For cach concentration, coverslips
were fixed with 90% methanol (described in section 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 section 3.2.4.), and examined as described
in section 3.2.5..

3.2.7.2. TAXOL

Taxol was dissolved in DMSO and then diluted to give a final
solution of 12 pM taxol using PBS. It was applied to the cells for 12 or
24 hours, which were incubated at 37 ©C in 10% carbon dioxide as
described previously.

Taxol was added to undifferentiated cells after 1-2 days in growth
medium, and to myotubes after two wecks in fusion medium. After
appropriate incubation periods thc cells were washed once in phosphate
buffered saline + 0.02% Dbovine serum albumin and then fixed (described

in scction 3.2.3.2) and double stained (described in section 3.2.4)).

3.2.8. PHOTOMICROSCOPY

3.2.8.1. CAMERAS

Photographs were taken using an Olympus OM2N camera for
fluorescence and phase contrast microscopy, and a Mamia 50A roll film

holder for transmission clectron microscopy.

3.2.8.2. FILMS
Ilford cut film (6.5X9.0 ¢cm) was uscd for TEM, Kodak T-Max

400 for fluorcscence microscopy.

48



3.2.8.3. PHOTOGRAPHIC SOLUTIONS
For T-Max 400 developer
1A- Developer solution; 20% T-Max, 80% distilled water.
Wash with developer solution for 10 minutes at room
temperature, shake every 20 scconds for 20 seconds.
IB— Stopper solution; 19.5% Hypam, 2.4% Rapid Ilardener,
78.1% distilled water. Wash with stopper solution for
5 minutes at room temperature, shake every 20 scconds

for 20 seconds.

For APX 25 developer
2A— Developer solutions; 10% Aculux, 90% distilled watcr.
Wash with developer solution for 7 minutes 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.
After processing, all films were washed  with warm water lor 30

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

3.2.8.4..PHOTOGRAPHIC PAPER
Ilford MG photographic paper was uscd.

3.3. RESULTS
3.3.1. CHANGES IN THE ORGANIZATION OF
MICROTUBULES AND CENTRIOLES DURING
DIFFERENTIATION
3.3.1.1. CHANGES IN THE DISTRIBUTION AND
LOCATION OF MICROTUBULES DURING
ELONGATION OF CO25 MYOBLAST CELLS
Fluorescently labelled YLL1/2 and 1D-5 antibodics were used 1o
study the distribution of cytoplasmic microtubules in CO25 cells during
differentiation. The YL1/2 antibody stained the tyrosinated o-tubulin
present along the microtubule network, and the 1D-5 antibody stained
glu-o-tubulin. Tn general few glu-rich microtubules were found and 1D5

proved to be an excellent marker for the centrioles in COZS cells.
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In this study, it was found that most of CO25 cells contained 1-4
centrioles, but the number of centrioles 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 centrioles, were chosen to show
clearly how they were moved, and new structures formed during
differentiation.

In general in the growth medium all the microtubules stained
strongly with YL 1/2 and appeared to be mainly nucleated from around
the nuclei, radiating out to the cell periphery (Fig. 17a, c¢). Thus the
traditional central MTOC does not scem to exist in these cells rather
there is nucleation from several or many centrosomes. After staining
with ID-5 antibody, very few microtubules stained strongly and in
general they were only stained as dots along their length (thin arrow
shows on Fig. 17b, d). The only structurcs which stained strongly with
ID5S 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 : Organization of microtubules in control CO25 cclls in growth
medium; (a, ¢) YL1/2 staining (b, d) ID-5 staining; (b) thick arrows:
primary cilia, thin arrow: dot-like staining along microtubules. (d)

arrows, centrioles localized around a nucleus: Bars= 20 pm,
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Sometimes cells showed a horn-like primary cilia rather than a
number of centrioles (Fig. 17b). In the growth medium, most cells had
centrioles. Primary cilia were found only rarely. The number of cells
containing centrioles or primary cilia were counted in a total of 400 cells
as shown in Table-1.

Number of cells

wit

Number of cells

Number of cells

one or more witl with
primary cilia centrioles nothing obvious
tene | 24 347 29
Percenvtage 6 86.75 725

TABLE-1 : Frequency of centrioles and primary cilia after onc day in

the growth medium. 400 cells were counted in 4 different preparations.

Approximately 87 % of cells contained centrioles. Primary cilia
were 6 % of the population and nothing was obvious in 7% of the cells
(see page 63, Graph.- 2-A).

After replacing the growth medium with fusion medium, the cells
were examined carefully for stages corresponding approximately to
every 6 hours. Within the first 6 hours, tyr- rich microtubules were
found to fan out seemingly from around the nuclei. All the microtubules
run towards the periphery of the cells (Fig. 18a). Some bundles of glu-
rich microtubules were scen in the edges of the cells (arrows show on
Fig. 18b). 6 hours after transfer to the fusion medium. the centrioles
cach other
18b).

12 hours after replacing with fusion medium, in

were found to begin movement towards on the top of the
nucleus to l'urm onc or more groups (g,
many cells a
polarized shape with microtubules frequently running along the long
axis of the cell began to be obvious (compare Fig. 19c with 19 a). Tyr-
rich microtubules were observed to have formed long thin bundles, which
nucleated from around the nucleus, and radiated out to basically two
sides of the periphery of the cell (Fig. 18c, 19¢). Some microtubules
were now seen to originate from the top of the nuclei (arrow shows on
Fig. 18c, 19¢). When cells were stained by ID-5, they were still poor for

glu-rich microtubules. Group of centrioles were now observed to be

congregated on the top of nuclei (Fig. 19b, d). A number of
microtubules were nucleated from them but the numbers obviously

associated with the centrioles were small (Fig. 19a, ¢). In general it
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seemed that many microtubules were nucleated

edges of the n

from around the outer

uclear envelopes (Fig. 19a, c¢).

FIG-18: Dist
differentiation

staining, (b) a

ribution of microtubules in the fusion medium during
of CO25 cells; (a, ¢) YL1/2 staining, (b, d) ID-5

rrows, glu-rich microtubules at the edge of a cell, (¢) arrow

shows some microtubules originating from the top of a nucleus; Ceclls in
fusion medium after 6 hours (¢) YL1/1 (d) ID-5, and after 12 hours;
Bars= 20 pum.

After 16 hours, there werc no significant changes in the

distribution oL‘f the tyr- rich microtubules in the cell bodies and the

amount of gl
were present (
that a group

show on Fig.

After: 3@ hours in the fusion medium, Figs. 20a-d

possible to f
The rate ()I"i:l
be quite vari
were seen (4

process of ag

:Ilr)
rows show on Fig.

- tubulin present, but more compact groups of centrioles
19 b). After 24 hours, Fig.

top of nuclei (arrows

ver the nuclei (Fig. 19d shows
of centrioles had aggregated on the
19d).

show that it was

cells.

nd different stages of the differentiation of CQO25

grrepation of centrioles daving differentiation was found to

le. In some cells dense clumps of almost fused centrioles
20D,

cregation proceeded much more slowly (Fig. 20d).

d) whereas in other cells the
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t

FIG-19 : Of microtubules in CO25 cells in the fusion
medium (a, ¢ MI/Z staining; (b, d) ID-5 staining. (a, b) after 16 hours,
(c, d) after 24}hours, (d) arrow, a group of centrioles; Bars= 20 um.

ganization of

FIG-20 : C 25 myoblast cells after 30 hours in the fusion medium
using (a, ¢) Y

§1/2 antibody, and (b, d) ID-5 antibody, (b) arrow shows a
clumps of cenfrioles; Bars= 20 um.
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3.3.1._2.-FORMATION OF PRIMARY CILIA

Durihg the formation of the primary cila, there was not a
significant difference in the distribution of microtubules. However
microtubules were frequently seen in bundles running along the long
axis of the cells. Some of the bundles were associated with the fusing
centrioles whilst others seemed to originate from around the nuclei (Fig.
21a). Glu-tudulin rich microtubules were only rarely seen in cells at
stage (Fig. 21f).

FI1G-21 : Dguple immunofluorescence labelling of CO25 myoblast cells
in the fusior:-Lredium using (a, c, ¢) YL1/2 antibody, and (b, d, f) ID-5
antibody; (a} ) after 50 hours, (c, d) after 60 hours, and (¢, f) after 61
hours, (f) arr¢w shows an isolated centriole during the formation of

primary ciliymf Bars= 20 nm.




ID-5 siaining showed that, around 60 hours it first became evident
that primary cilia were growing out from the fuscd centriole aggregation
(Fig. 21b, d, f). The forming primary cilia had seemingly rather larger
bases than the fully formed ones (Fig. 21d). The cells still showed very
few glu-rich microtubules indeed. Sometimes there were some bright
dots near the bases of the primary cilia, which were most probobly either
individual unfused centrioles or two or three of them which have fused
together but not with the main mass (thin arrow shows on Fig. 21f). At
later times these isolated centrioles were lost.

The centrioles became progressively aggregated in most cells with
increasing time in the fusion medium to forming progressively more
primary cilia (Figs. 22a, b). But in some cells the centrioles were still
moving together at the same time as aggregation had alrcady occurred in
other cells (arrow shows at top right of Fig. 22b). The aggregated
centrioles were always localized over the tops of the nuclei (Fig. 22b, d).

FI1G-22 : Dcﬂble immunofluorescence labelling of CO25 myoblast cells
in the fusigp|{medium using (a, ¢) YL1/2 staining, and (b, d) ID-5
staining, (b)|drrow shows aggregated centrioles; (a, b) after 63 hours,
and (c, d) aftpt 66 hours; Bars= 20 um.

Usually]the differentiating myoblast cells had one primary cilium,

or three (e.g. Fig. 22b). The primary cilia were strongly

2
=

but rarcly ty
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stained by anti Glu-tubulin and also they usually showed 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
discrete 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 them still contained centrioles, and 4%
nothing obvious in the culture after culture for onc week (Table-2; sce

page 63, Graph- 2-B).

Number of cells
with

Number of cells

Number of cells

one or more witl wi i
primary cilia centrioles nothing obvious
Number
of cells 315 68 17
Percentage 78.75 17 425

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

preparations.

JJ.L3ULTRASTRUCTURE OF PRIMARY CILIA AS
SEEN WITH THE TRANSMISSION ELECTRON
'MICROSCOPE
Transmission electron microscopy (TEM) was used to investigate
the ultrastructure of the primary cilium. The primary cilia were localized
very close to the nuclei of the cells in all examples observed.
Investigation of both vertical (Fig. 23c), and transverse (Fig. 23a, b, d,
and e) sections of primary cilia indicated that the shafts of primary cilia
were surrounded by a vacuole (letter "V" shows on Fig. 23b, and Fig.
23¢). There were nine doublets tubular fibrils forming a ring around the
periphery of the primary cilium, but there was no central pair as would
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 images
showed that at the base of the primary cilium, there were sometimes

tubular stractures frequently perpendicular to the Tong axiv of the eilia,
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These might be unfused centrioles or alternatively microtubular rootlets
(Fig. 23e).

Scanning electron microscope (SEM) images showed that the
surfaces of the elongated cells were quite smooth and there was no hint
of cilia proiruding out of the cells (Figs. 12a, b in chapter 2).

al__ e L e

FIG-23 : Primary cilia in CO25 myoblast cells as seen with T.E.M;
tranverse sections of the upper region (a, d) X10.000, (b, ¢) X50.000,
(¢) oblique section of the apical region, X66.000. "V" shows the vacuole

which surrounds the shaft of cach cilium.

3.3.1.'4. DISTRIBUTION OF MICROTUBULES DURING
FORMATION OF MYOTUBES
After 70 hours but before cell fusion occured, all the tyr-rich
microtubules were observed to run along the long axis of the elongated

myoblasts (‘Fig. 24a, b, and ¢). During the fusion stage, most of the tyr-
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rich microtubules seemed to originate from around the nuclei, but some
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
increased in the elongated cell body (Fig. 24b). Fig 24d shows
distribution of tyr-rich microtubules in a fusing cells. All microtubules
were running parallel along the long axis up to fusing processes.

F1G-24 : Orghanization of microtubules in elongated CO25 cells in the
fusion mediumjm (a) microtubules by YL1/2 staining (b) microtubules
stained by |ID5 after 70 hours, (c) after 78 hours by YL1/2 , (d) by 1ID-

5 staining; Bafrs= 20 um.

After{ fision (80-100 hours in the fusion medium) staining of
CO25 celly: |with YL1/2 antibody indicated clearly that all the

microtubulé

A

now run along the long axis of the myotubes (Fig. 25). The

longitudinal: distribution of the microtubuales along the myotubes was

scen to be parfllel 1o cach other, and filled the whole myotube except the
~

nuclei (Fig] 45c¢, d). No microtubule foci, indicative of MTOCs, were

visible. In jthe myotubes, only a rather wecak glu-staining along the
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microtubules 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 still associated with primary cilia (thin

arrow shows on Fig. 25b).

FIG-25 : 0}i

after 80 ho

(a, b) thicq

primary cili
(c) top leve

1§

i’

tribution of microtubules in myotubes in fusion medium
b of culture. Double immunostaining (a) YL1/2, (b) ID-5,
jrrow show an elongated myoblast, thin arrow shows a

1 in the myotube. (¢ and d) YL1/2 staining; after 90 hours
d) middle level; Bar= 20 um.
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FATE OF THE PRIMARY CILIA

arly stage after myotube formation, investigation showed
F centrioles were visible again localized near or top of the
milar position where the primary cilia were previously
26h).

were seen. The most likely source of the centrioles would

. These changes  occurred  quickly and  no

sassembly of the primary cilia the bases of which may

centrioles. Alternatively a single centriole is release from

the base ofﬁtfhc cilium which rapidly duplicates. The kinds of structurcs

observed arg

somewhat ¢

nuclei, and

-

=

ather variable. In Fig 26b what appears to be a group of
rraded primary cilia are visible associated with several

s may represent the first stage in the process of primary

59




cilium breakdown. Fig. 26d shows a very tight cluster of centrioles.
"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 centrioles were also
frequently seen in such myotubes (Fig. 26b).

FIG-26 : D
hours in the
antibody, (a;

cilia, (d) arre

bu
fu
b
W

ple immunofluorescence labelled CO25 myotubes after 96
sion medium using (a, c¢) YL1/2 antibody, and (b, d) ID-5
) arrows show a group of centrioles or degraded primary
indicates a group of cilia; Bars= 20 pm.
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myotubes (F}

single centri

and each ass

terminal diﬁﬁe

phalloidin s}
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parallel to th
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amount of ¢

to very low

hd

|l
B

U

i
3

i
|

all of them were localized very close to a nucleus in the
27b). After approximately 2 weeks in the fusion medium,
bs were observed standing on a line along the long axis,
jated with a nucleus (thin arrows show on Fig. 27b). After

rentiation of the myotubes, actin staining with rh-

opved a periodic distribution of actin along the myofibrils

distribution of the bundles of tyr-rich microtubules was

e Inewly formed myofibril actin bundles, and ran along the

27¢). By the time mature myofibrils have formed the
tubulin present along the microtubules has been reduced

nounts and only the centrioles stain strongly with 1D5.
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The pattern of staining corresponds to that seen prior to myoblast
elongation, and all the glu-rich microtubules disappear.

FIG-27 : Dquble immunofluorescence labeling of CO25 myotubes in
the fusion mgdium using (a, ¢, e) YL1/2 antibody, and (c, d) ID-5
antibody, (f Rhodamin-phalloidin; (a, b)after 105 hours, and (c, d, e, f)
after 300 hou}s, (b) thin arrows show single isolated centrioles, thick
arrow shows

As

group of centrioles; Bars= 20 pum.

After|2|weeks in the fusion medium a count of 400 cells showed
that approxjmptely 14% of them contained primary cilia, approximately
80% containel\ centrioles, and nothing obvious was present 6 % of the
cells (Table33] see page 63, Graph.- 2-C).

Thesg lercentagcs were significantly, different from the figures

D

found after week in the fusion medium, and were much more similar
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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
primary cilia which occurs during cell elongation prior to fusion and
their rapid disappearance as myotubes form.

N”m'if,'ﬁﬁf cells Number of cells | Number of cells
one or more wit Wi )
| primary cilia centrioles nothing obvious
Number
of cells S8 318 24
Percentage 14.5 795 6

TABLE-3 : Frequency of centrioles and primary cilia after 2 weeks in
the fusion medium. 400 cells were counted for 4 different preparations.
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Primary cilia

[:] Coptrgodes,

B3 Nothing obvious

GRAPH-2 : Proportion of CO25 cells showing

o

primary cilia or

centrioles centres, 400 cells counted for cach sample; (A) after 2 days in

the growth medium, (B) after a week in the fusion medium, (C) after 2

weeks in the fusion medium. Data from Tables-1, 2, and 3 were used to

prepare pie diagrams 2A, 2B, and 2C.
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3.3.2. DISTRIBUTION OF MICROTUBULES IN DRUG

 TREATED CO25 CELLS

3.3.2?.1‘1?. MICROTUBULE REGROWTH AFTER

- NOCODAZOLE TREATMENT

In this experiment, myoblasts and myotubes were first treated with
nocodazole (as described in section 3.2.7.1.) then the nocodazole
containing medium was washed away to relicve cells from the effects of
nocodazole, and the microtubules were allowed to regrow for varying
periods of time.

The éeils were treated with 24 pg/ml nocodazole for 1 hour and
then stained and examined with the fluorescence microscope. The effect
of using 24 pg/ml nocodazole for 1 hour on the cells was to
depolymeri‘;'zei all the microtubule network (Fig. 28a). As shown in Fig.
28 ID-5 sta‘ining showed that only the centrioles remained visible in the

“myoblasts (arrow shows on Fig. 28b). After 4 minutes removal of
nocodazole‘fr:om 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).

FF1G-28 : Microtubule patterns in myoblasts (a, b) after (24 pg/ml)
nocodazolcf(l hour) treatment, and (b, ¢) alter 4 minutecs removal

nocodazole; (a, ¢) YI1/2 staining, (b, d) ID-5 staining, (b) arrow shows

centriole, (¢) arrow shows microtubule regrowth; Bars= 20 pm.
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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 f?ee in the cytoplasm and not associated with any
centrosomes (:Fig. 29c¢c, e). ID-5 associated showed only brightly stained
centrioles (Fig. 29b, d, f) as would be expected.

FI1G-29 : M}icrotubule pattern in myoblasts after 4 minutes removal

x c O .
from nocodazole; (a, ¢, ¢) YL1/2 staining, (b, d, f) 1D-5 staining, (a)

arrow shows:regrowth of microtubules: Bars= 20 um.
b4

o d

By 15 minutes considerable microtubule regrowth had occurred,
1

although it wqs frequently hard to be certain how for the network had
wd
o
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regrowth beca;use of the remaining depolymerized tubulin (Fig. 30a), but
only centrid]e;‘s were visible using ID-5 staining (Fig. 30b).

FIG-30 : Microtubule pattern in myoblasts after 15 minutes removal
from nocoda_'zole; (a) YL1/2 staining, arrow shows regrowth of
microtubules,;(b) ID-5 staining; Bars= 20 um.

e

After stammg myotubes Wthh had been treated w1th 24 ug/ml
nocodazole for 1 hour, all the microtubules had dlsappeared (Fig. 31a),
only centrioles were seen along the long axis (arrows show on Fig. 31b),

glu-rich micr(?tubules were not present either in the myotubes.

i

]
1
[

FIG-31 : A myotube after 1 hour treatment with 24 pg/ml nocodazole (a)
YL1/2 staining (b) ID-5 stammg, arrows show centrloles Bars= 20 pm.

After rgmoving nocodazole from the medium, regrowth of the
microtubules Was very rapid in the myotubes. By § minutes it was found
that a basket{like distribution of microtubules had started to regrow
mainly from around the nuclei (arrows show on Fig. 32a). After 10
minutes, the myotubes were filled with microtubules (Fig. 32c). Most
microtubules were seen to be distributed parallel to the long axis of the
myotubes (Fig. 32c¢). But, as best seen at high magnification, some
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microtubules initially regrew obliquely in the myotubes (arrows show on

Fig. 32a), ID

-5 staining showed that there was no visible glu-rich

microtubules in the cytoplasm, only single, isolated centrioles along the
myotubes (arrows show on Fig. 32b, d).

FIG-32 : Myot
distribution . g
distribution of]
after removal

nocodazole, (a
arrows show ¢

ubes treated with (24 pg/ml) nocodazole for 1 hour; (a, c)
£ by YL1/2 (b, d)
glu-rich microtubules by ID-5 staining, (a, b) 5 minutes

tyr-rich microtubules staining,
from nocodazole, (¢, d) 10 minutes after removal from
) arrows show a basket-like microtubule regrowth, (b, d)
entrioles; Bars= 20 um.

3.3.2.2.

After ire_
hours (as desq
with YL1/2 ang
distribution of

After ing
the microtubu]
myoblast cells
found always t
bundles of tyr

MICROTUBULE DISTRIBUTION AFTER TAXOL
TREATMENT

:ating myoblasts and myotubes with 12 uM taxol for 12
tribed in section 3.2.7.2.) the cells were double stained
1 ID-5 antibodies to examine the effects of taxol on the
‘microtubules.

cubation with taxol, the effects were quite spectacular on
c nctworks, showing obvious structural changes in all
The distribution of tyr- and glu-rich microtubules were
o be identical in taxol treated myoblast cells. However the
trich microtubules were stained somewhat more 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
general bundles of short parallel microtubules were found, but some
imdividual microtubules running in different directions were obscerved
(thin arrows show on Fig. 33a). The bundles showed no relationship
with the nucleus or any other structure (IFig. 33a-d). Some centrioles
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. |

FIG-33 : Myoblasts treated with (12uM) taxol for 12 hours; (a, ¢)
distribution of tyr-rich microtubules by YL1/2 |staining, (b, d)
distribution of glu-rich microtubules by ID-5 staining, thin arrows
shows individual microtubules, thick arrows show antrioles; Bars= 20
pm.

After taxol treatment of myotubes, all the {ficrotubules were
similarly stained by YL 1/2 and ID5 showing that incpeased amounts of
glu-tubulin were present (Fig. 34). In myotubes, most fmicrotubules were
observed to run parallel to each other in short blndles (Fig. 34).
However short bundles of microtubules were seen W}\’liCh were not in

68




parallel (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.

FIG-34 : Myotubes treated with (12mM) taxol for 12 hours; (a, ¢)
distribution of tyr-rich microtubules by YL1/2 staining, (b, d)
distribution of glu-rich microtubules by ID-5 staining; Bars= 20um.

3.4. DISCUSSION

3.4.1. NUCLEATION OF MICROTUBULES

Two different microtubules nucleation centres were identified
during CO25 myogenesis as the result of regrowth after drug induced
depolymerization. In myoblasts it was observed that centrioles were
markers of the primary nucleation centres of the microtubule network,
Tassin er 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
microtubules were densely aggregated around the nuclei in mature
skeletal muscle fibres (Kano et al.,1991; Cartwright and Goldstein,
1982), and in cardiac muscle cells (Rappaport and Samuel, 1988§;
Watkins et al., 1987), suggesting a nuclear MTOC in these cell types as
well. The microtubules were reported to be nucleated from some
amorphous material around the nucleus in myotubes (Tassin ¢t 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 in
erythrocytes (Murphy and Wallis, 1986), in melanophores (McNiven
and Porter, 1988), in neurons (Baas et al., 1989), and in epithelial cell
extensions (Troutt and Burnside, 1988). Also in this work, some free
regrown microtubules were found in myoblasts regrowing after
nocodazoletreatment, and possibly also in myotubes. This result
resembles the finding of Bre ez al. (1987) that MDCK cells contain many
microtubules apparently free in the cytoplasm and not associated with
the centrosome or any other structure. In addition to Mogenscn and
Tucker (1987), Mogensen et al., (1989) have hypothesied that
microtubules grow from hemidesmosomes located at the apical cell
surface in Drosophila in original disc cells. All these results
demonstrate that there may not be only one particular microtubule
nucleation centre, but it may take a variety of forms. The
pericentrosomal material may be able to nucleate microtubules 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 microtubules was
similar to that observed in many other types of proliferating cells ( e.g.
Gundersen and Bulinski, 1986; Gundersen et al., 1986; Wehland and
Weber, 1987; Kreis, 1987). But, during the differentiation of CO25
myoblasts, the tyr-microtubules were found to redistribute parallel to
the long axis in myotubes and myofibrils. Assembly of non-radial
microtubule arrays during differentiation has also been reported by
several authors including Tloltzer er al. (1985), Tassin ¢r al. (19K85a),
Antin et a/ (1986) observed longitudinally orientated microtubules in
myotubes in vitro. Daniels and Sandra (1990) also reported that early

stage myotubes demonstrated nuclei aligned in parallel rows with
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all the elements of the cytoskeleton (also F-actin microfilaments)
become aligned parallel to the long axis of the myotubes. How this is
determined and regulated is not at all clear at present. This study further
demonstrates that as the microtubules re-grow after drug induced
disassembly they retain their previous orientation in general.
Microtubules, which were initially somewhat out of register rapidly came
to conform to the parallel distribution. Again what forces cause this are
very unclear.

Serial focussing has shown that, microtubules run parallel 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 Kano er al. (1991)
were looking at tissues in situ whercas this study examined cclls grown
in vitro. The microtubules 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 alternatively to the appearance ol a sub-population of longer lived
microtubules. In CO2S cells, numerous bundles of glu-rich microtubules
were found in elongating myoblasts, especially in the tail-like processes.
Prescott et al. (1989) also reported that the tails of several motile
fibroblast cell lines contained conspicuous bundles of glu-rich
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microtubules. Furthermore Prescott er al. (1992) found that the
microtubules within the processes of highly motile PtK2 cells, treated
with scatter 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 simply a role in the transport of mitochondria and other
materials to the ends of the processes.

3.4.4. TRANSLOCATION OF CENTRIOLES

Usually translocation of centrioles takes place during mitosis.
However, it has been found by Wang er al. (1979) that during the
process of cell fusion and nuclear 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 clﬁstering or aggregation of centrioles has been
observed in myoblast cells by Connolly er al.(1985), but this occurred
during and after fusion. In this study, aggregation of centrioles 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 aggregated to prevent the cell dividing or to push the cells into
differentiation. Alternatively the aggregation of centrioles may simply
reflect the exit from mitosis or that they are required to do so for
primary cilium formation.

When aggregation of the centrioles occurred (associated with
primary cilium formation), the microtubule nucleation centres became re-
localized around the periphery of the nuclei in the myotubes. Therefore
aggregation of the centrioles could serve to change the MTOCs by

releasing the pericentriolar material.

3.4.5. FORMATION OF THE PRIMARY CILIUM

Primary cilia were clearly visible in a small proportion of
mononucleated myoblast cells before fusion so there is not an obligatory
relationship between the formation of primary cilia and myeblast
differentiation. However there certainly appears to be some relationship
between primary cilium formation and the elongation or fusion of the
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myoblasts. This is based on the further finding that elongated myoblasts
always contained one or more primary cilia. Previous reports observed
that, the primary cilium was present during the G1 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 primary cilia to a cell
differentiation event. Zalin (1979) reported that myoblast cells fuse
during the G1 phase. The role of the primary cilium in CO25 myoblast
cells during differentiation might be simply to keep the myoblasts in G1
phase to allow fusion to occur. On this hypothesis primary cilium
formation simply absorbs all the centrioles. An alternative hypothesis is
that the primary cilium may have some function in elongation or fusion.
One distinci 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 centrioles may contribute to growth
of the primary cilium. However it is not clear whether just the bases 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 determining the
contribution of the centrioles. Some primary cilia were significantly
larger than others and the larger forming primary cilia were associated
with many centrioles. Thus the number of centrioles may influence the
size of the primary cilium formed.

All prévious 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 CO25 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, numbers of basal bodies appear simultaneously (Novikoff and
Holtzman, 1970)
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MPM-13 AS A PERI-CENTROSOMAL
MARKER



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 described
MTOC structure is the centrosome, which is described below in section
4.1.1.

In some cell types the basal body is a similar structure to the
centrosome 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 anchorage points at the apical
surfaces, which are proposed to act as nucleation centres (Mogensen ¢t
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 nucleatcd from the centrosome (Bre et al., 1987). This may
represent an epithelial line where microtubules were originally nucleated
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

Centrosomes consist of onc or a pair of centrioles (diplosomes)
(described in section 4.1.1.2.) surrounded by an electron dense cloud of
the pericentriolar material (PCM) (Reviews, Wheatley, 1982; Brinkley,
1985). In most but not all animal cells a single or pair of centrioles,
surrounded by the pericentriolar material, constitutes the major
microtubule organizing centre (MTOC) as demonstrated by re-growth of
microtubules after drug induced depolymerization (DeBrabander er al.,
1980). Gould and Borisy (1977) reported that, on the basis of a TEM
study, microtubules rarely originated from the centrioles, rather from

the pericentriolar material. Some cell types, including some mammalian
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cells types lack centrioles at critical times in their life cycle (c.f. Maro
and Bornens, 1981; Hiraoka et al., 1989), also higher plants 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 cytoplasts lacking
centrioles can nucleate microtubules. Thus the concept that each cell
must have one or more discrete MTOCs is not clearcut. Brinkley (1985)
concluded that the centrosome is not a compact, centralized body
stationed 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 cell type change position and shape during the cell's
life. The centrosomal MTOC "cloud” may turn out to be a very labile
entity and impart the ability to form microtubules to a variety of
structures. Recently y-tubulin, a new form of tubulin, has been found
as a 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 MATERIAL (PCM)

The pericentriolar material is a very poorly deflined structure
which would seem to have an extraordinary flexibility in its
organization, location, and functions. The pericentriolar material has
not yct been defined biochemically. However, scveral group have
recently described preparations of centrosomes that retain their MTOC
activity, given PCM's (Mitchison and Kirschner, 1984; Ohta e¢r al.,
1988; Komesli et al., 1989). Several investigators have used isolated
spindles cells to identify proteins associated with the centrosome
(Kuriyama and Borisy, 1985; Toriyama er al., 1988). As an alternative
to biochemical purification of the centrosomes, auto-immunc serum has
been used on several occasions to identify centrosomes, in particular
the human scleroderma autoummune centrosomal antiserum 5051 (e.g.
in plant cell, Clayton et al., 1985; in mouse and sca urchin cggs,
Schatten et «l., 1986). It has been reported that MTOC's contain:

PERI-CENTROSOMAL AREA:
ATPase-dynein (Anderson, 1977);

Steroid hormones (Nenci and Marchetti, 197%):
Tubulin (Paper and Brinkley, 1979);

RNA (Rieder, 1979; Snyder, 1980)
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OTHER PROTEINS:
- 17.4,90, and 180 kDa proteins (Anderson and Floyd, 1980);
35 and 45 or 47 kDa proteins (Turksen et al., 1982);

14 and 17 kDa proteins (Shyamala ez 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 er al., 1984);

a 70 kDa protein (Nishikai et al., 1984);

-18 and 80 kDa proteins (Valdivia and Brinkley, 1984);

a 185 kDa protein (Frash ez 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 er al., 1990);

- 180 and 210 kDa proteins (Tousson et al., 1991)

- 39, 85.190, and 220 kDa proteins (Balczon and West, 1991)

Virtually nothing is known about how the centrosomal cloud is
maintained around the centrioles and divided at mitosis. Karsenti and
Maro (1986) have speculated that the pericentriolar material also
contains information for seeding centrioles and maintaining their
growth.

4.1.2. THE MPM-13 ANTIBODY

MPM-13 is a mouse monoclonal IgM antibody raised against
mitotic HelLa cell extracts (Rao et al., 1989). Rao and co-workers
reported that this antibody was specific to centrosomal structures and
recognized a perinuclear distribution in interphase cells and the spindle
poles in mitotic spindles. Interestingly it stained a variety of cell types
including HeLa cells, mousc 3T3 cells, hamster CHO cells to name only
a few, and also the protozoan Tetrahymena. In all proups a major
protcin spccics of 43 kDa was identified. A variably staining band of
MW 56.000 was also sometimes seen. To us the distribution seemed
intriguing, partly because the distribution seemed to be much more

peri-centrosomal rather than centrosomal. It 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 diverse cellular
compartments as the surface membrane, secretion granules, and
lysosomes are synthesized or initially found in the same compartment,
the endoplasmic reticulum and then transported 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 small vesicles (in the range
of 5 to 10 nanometers in diameter) bud off from or fuse to (or both),
cspecially at the rims (W hatley, 1975).

It is belicved that the Golgi apparatus and the microtubules in
many cell types may direct the transport ol new membrane material from
the Golgi appdratus to the edges of the cell (c.f. e.g. Allan and Kreis,
1986; Bergmann et al., 1983). Also Singer and Kupfer (1986) indicated
that both the Golgi apparatus and the MTOC change their location in a
coordinated way during cell locomotion. In all animal cell types, the
Golgi apparatus is closely associated with the centrosome or MTOC,
even when the MTOCs are dispersed in the cytoplasm (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 ¢t al., 1990).

There are a number of reports which concern the identification of
proteins of the Golgi apparatus. Several Golgi spccific proteins have
been described; monoclonal antibodies have been identifiecd which
rccognize the Golgi's peripheral membranc proteins of 54 and 86 kDa in
natural killer cells by Chicheportiche et al. (1984). Smith ¢t al. (1984)
have reported monoclonal antibodies which recognize 103-108 kDa
proteins in the Golgi of rat pancreatic acinar cells. Chevrier et al.
(1992) have characterized a 180 kDa polypeptide and a 58 kDa (Bloom
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and Brashear, 1989) Golgi protein. Allan and Krcis (1986) described
the M3A5 monoclonal antibody raised against microtubule-associated
protein 2 (MAP2), also stained the Golgi apparatus in a variety of tissue
culture cell types and using this antibody they identified a Golgi protein
of about 110 kDa.

It has been reported that drugs which induce depolymerization of
microtubules cause a re-distribution of the Golgi apparatus which
normally has a perinuclear organization (Reaven and Reaven, 1980;
Rogalski and Singer, 1984). This demonstrates the close
interrelationship between the two structures.

4.2. MATERIALS AND METHODS
4.2.1. CELL CULTURE

4.2.1.1. CELL TYPE

As described in section 2.2.1.1

4.2.1.2. PREPARATION OF CULTURE MEDIUM
As described in section 2.2.1.2

4.2.1.3. CELL CULTURE

As described in section 2.2.1.3.

4.2.1.4. TRYPSIN SOILLUTION
As described in section 2.2.1.4.

4.2.1.5. PREPARATION OF PLASTIC DISCS
As described in section 2.2.1.5.

4.2.2. BUFFERS
4.2.2.1.MES BUFFER
As described in section 3.2.2.1.

4.2.2.2. PBS

As desceribed in scection 2.2.2.1.

o
3%

4.2.2.3. PEM BUFFER

As described in scction 3.2.2.3.

o
[
e
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Ltd., London). The “cells were examined using epifluorescence
microscopy (as described in section 3.2.5.1.).

4.2.4.2, DOUBLE IMMUNOSTAINING WITH MPM-13
AND M3AS5

Cells were stained with the supposed anti-centrosomal MPM-13
antibody and counterstained with M3AS, used as a marker for the Golgi
apparatus. The cells were fixed following with 90% methanol/10% MES
buffer (as described in section 3.2.2.1.), and then stain the following
protocol; rabbit serum, 1:10; M3AS 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 cells were exposed to all antibodies at 37 ©C in
a humid chamber for. 1 hour. After final washing the preparations were
mounted in Citifluor (Citifluor Ltd., London). The cells were examined
using epifluorescence microscopy (as described in section 3.2.5.1.).

- 4.2.5. MICROSCOPY
4.2.5.1. EPI-FLUORESCENCE MICROSCOPY
As described in section 3.2.5.1.

4.2.5.2. LENSES AND FILTERS FOR EPI-FLUORESCENT
MICROSCOPY:
As described in section 3.2.6.1.

4.2.6. DRUG TREATMENT
4.2.6.1. NOCODAZOLE
As described in section 3.2.7.1.

4.2.6.2. TAXOL
As described in section 3.2.7.2.

4.2.7. IMMUNOBLOTS

4.2.7.1. PROTEIN EXTRACTION

Cells were prepared by seeding into a flask (25 ¢m2, 5 ml, Gibco)
in growth medium. When the cells reached 80% confluence thc medium
was changed to fusion promoting medium for periods of time up to
several weeks. The cell monolayers of one flask were used for each
experiment, and they were lysed in 1 ml of lysis buffer (as described in

section 4.2.2.5.1.) with incubation on ice for 20 minutes with
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occasional rocking. The lysed cells were transfered to a 1.5 ml
Eppendorf tube, vigorously vortexed for 10 seconds, and then
centrifuged at 13 000 g for 10 minutes at 4 OC. The supernatant was
kept for analyﬁis. 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 1 M Tris (pH 6.8), 30%

acrylamide-bisacrylamide mix, 10% SDS, 10% ammonium persulphate
(APS), 0.2% N,N,N'N'-tetramethylene diamine (TEMED), H2O.

4.2.7.2.2. RESOLVING GEL
The resolving gel consisted of 30% acrylamide mix, 1.5 M Tris
(pH 8.8), 10% SDS, 10% APS, 0.4% TEMED, H2O.

4.2.7.2.3. ELECTROPHORESIS AND BLOTTING

For each sample, 30 pg of protein in 20 pl volume was mixed
with 5 ul of 4 X SDS sample buffer, denatured by boiling for 5 minutes
and then rcsolved on a 10% SDS-polyacrylamide mini-gel. Some
samples were not boiled to compare the effects. To onc of the samples a
cocktail of protein inhibitors was added including
phenylmethylsulphonyl fluoride (PMSF), leupeptin, aprotinin and
pepstatin A, all at 10 pg/ml, 10 uM benzamidine hydrochloride and 1
Lg/ml phenanthroline. Electrophoresis was performed at 80 volts
(stacking gel) and 100 volts (resolving gel) respectively, using a
Trisglycine electrophoresis buffer. Proteins were transferred to a 0.45
um nitrocellulose filter (NEN Research) in a LKB Multiphor TI
apparatus using the Tris-glycine buffer containing 20% mecthanol at a
current of 10-15 volts for 1.5 hours and the blot was then air dried.

4.2.7.2.4. IMMUNOLABELLING

After rinsing in the rinse buffer the blot was blocked for 1 hour
in rinse buffer containing 5% bovine serum albhumin (BSA) and probed
for 2 hours in the same buffer containing MPM-13 antibody at onc of
several concentrations, 1:1500, 1:2000, or 1:2500. The blots were
"washed four times for 5 minutes each in the rinse buffer, reblocked for
10 minutes in the blocking buffer and incubated with pcroxidase

conjugated rabbit anti-mouse IgG (HRP; Dako), 1:500, in the rinse
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bulfer containing 0.2% BSA for | hour, and wien washed six timies ior
10 minutes each in the rinse buffer, and finally twice for 10 minutcs

each in the rinse buffer without Tween-20 (Sigma).

4.2.7.2.5. ENHANCED CHEMILUMINESCENCE

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 Amersham from which the reagents were obtained.
After washing well in a dark room the blot was drained then incubated
in a 1:1 mixture of enhanced chemiluminescence Western blotting
detection reagents A and B for 1-2 minutes. The blot was drained again,
placed on a glass plate in a 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
acetic acid in deionized water) for a 1-2 minutes. After destaining in a
mixture of 25% ethanol and 8% glacial acetic acid in deionized water
for 30 minutes, blot was air-dried and photographed.

4.2.8. PHOTOMICROSCOPY
4.2.8.1. CAMERAS
As described in section 3.2.8.1.

4.2.8.2. FILMS
As described in section 3.2.8.2.

4.2.8.3. PHOTOGRAPHIC SOLUTIONS
As described in section 3.2.8.3.

4.2.8.4. PHOTOGRAPHIC CARDS
As described in section 2.2.6.4.
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4.3. RESULTS

4.3.1. IMMUNOSTAINING BY MPM-13

4.3.1.1. UNDIFFERENTIATED MYOBLASTS

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 numbers were very variable in

the cells. The cells were classified into threc types according to the
pattern of MPM-13 staining (Fig. 35: Al, A2, A3).

Crescent type of
MPM-13 distribution

Circular type Of
MPM-13 distribution

UNDIFFERENTIATED CELLS

Scattered type of
MPM-13 distribution

FIG-35 : Distribution of MPM-13 .as shown by immunostaining of
undifferentiated CO25 cells in growth medium after 1 day. A1, A2, and
A3: schematic representation of distribution of MPM-13 proteins for
each corresponding pictures; Bars= 20 um.

A total of 400 cclls were counted from 4 different preparations to
find the frequency of cach type. Data is given in Table-3 for counting
the types of MPM-13 pattern scen in myoblast. cells incubated in growth

mcdium for 1 day.
The patterns of localization of MPM-13 staining in myoblasts
was split into 3 types: (Al) crescent, (A2) circular or (A3) scattercd.
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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 granular
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 as a pattern of fluorescence all
around the nucleus. The pattern in which the granules were dispersed
throughout the cell body (A3, Fig. 35) was found in a very small
percentage of cells, about 4% (Graph-3).

Al Type A2 Type A3 Type

cells cells cells
Number
of cells 253 131 16
Average 63.25 32.75 4

TABLE-3 : Cell counts to localize each type of MPM-13 distribution. 4
separate preparations of CO25 cells in growth medium for 1 day were
observed. A total of 400 cells were counted and the averages calculated.

UNDIFFERENTIATED CELLS

B Type of cells

GRAPH-3 : Frequency of MPM-13 patterns in CO25 cells in growth
medium after 1 day. 400 cells were counted for each sample.
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4.3.1.2. CELLS UNDERGOING DIFFERENTIATION

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 described as the
B1, 2, 3, and 4 types of cells. The distribution of MPM-13 in the Bl
type of the cells was dispersed (1%; Table-4; Fig. 36; sce page 87,
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-13 was observed as two groups on either side of
the nucleus forming twin crescents (45%; 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 B5 and B6 represent fused myotubes in the same cultures.
In the BS type of cells MPM-13 granules were distributed around the
nuclear envelopes in a circular pattern in approximately 85% 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, granules were dispersed
throughout the myotubes (16% of the myotubes formed ; Table-4; Fig.
36; see page 87, Graph-4). It was evident that some change was in the
process of taking place in the distribution of the granules. There was
significantly more dispersion of the granules throughout the cytoplasm
in the myotubes and all the granules were dispersed in about 16% of the
myotubes. This compares with 4% for undifferentiated myoblasts
(Table-3) and just over 1% in differentiating myoblasts (Table-4).
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Bl

Scattered tupe of
MPM-13 distribution

B2

>

Crescent type of
MPM-13 distribution

B3

—

Twin crescent type of
MPM-=-13 distribution

B4

Circular type of
MPM-13 distribution

UNFUSED DIFFFRENTIATED CELLS

Perinuclear
distribution
of MPM~-13

(FUSED) CELLS

MULTINUCLEATED

Seattered
distribution
of MPM-13

FIG-36 : Distribution of MPM-13 in differentiated CO25 cells in fusion
medium after 1 or 2 weeks. Four hundred cells were counted at random.
Bars= 20 um.
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B1 Type of [B2 Type of | B3 Type of |B4 Type of [BS Type of | B6 Type of
cells cells cells cells cells cells
Number
of cells 3 146 181 33 31 6
Average 075 365 4525 8.25 7.75 1.5

TABLE-4 : CO25 cells in fusion medium after 1 week. 400 cells were
counted for samples.

UNFUSED
DIFFERENTIATED CELLS

D AR Fhe ui GOl
0 i et .
B [P y e ul i

[ o Typs ot it

FUSED CELLS
(Multinucleated cells)

BS Type of cells <Nl i

Bl 56 Type of cellg: s

GRAPH-4 : Distribution of MPM-13 into the various patterns in

differentiating CO25 cells in fusion medium after 1 week. 400 cells were
counted for samples.

A similar count of the variety of patterns of MPM-13 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 frequency of
the B1 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; Graph-5), and the B4 type of cell was 11%
(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 multinucleated fused cells in the same culture.

Many more myotubes were observed in two week old cultures than in

one week old cultures.

B1 Type of

B2 Type of { B3 Type of {B4 Type of | BS Type of | B6 Type of
cells cells cells cells cells cells
Number
of cells 7 100 17 44 53 79
Average 1.75 25 29.25 11 13.25 19.75

TABLE-5 : CO25 cells in fusion medium after 2 weeks. 400 cells were
counted for samples.

UNFUSED
DIFFERENTIATED CELLS

25% [ ety o
2 Type o oolts C@D
B 63 Type ol sl
[T isa Type of cells

FUSED CELLS
{Multinucleated cells)

13% &

Bl BS Type of cells

Bl 86 Type of cells J-3ess 1)y .t

GRAPH-5 : Distribution of MPM-13 into the various patterns
differentiating CO25 cells in fusion medium after 2 weeks. 400 cells
were counted for samples.

in

There was a significant increase in the numbers of myotubes
found with the proportion increasing from 9% of the total to 33%.
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Furthermore the majority of the myotubes showed dispersed granules in
the cytoplasm (the B6 form) rather than a perinuclé_ar distribution (BS5
form). Thus as myotubes formed a shift was seen, firstly to a
perinuclear distribution of granules and then to a dispersed cytoplasmic

distribution.

4.3.2. PROTEINS IDENTIFIED BY MPM-13

The proteins binding to MPM-13 were analysed on Western blots
using MPM-13 antibody. Total proteins were isolated from CO25
myoblast cells and 30 pug 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 were then run on gels.

To distinguish the specific binding of MPM-13 antibody from
non-specific binding of the second antibody (a polyclonal rabbit
antibody), triplicate gels were performed for each protein sample. One
blot was incubated 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 entirely clean. The blot incubated with first and then second
antibody showed both strong and weak bands due to MPM-13 antibody
staining. To check whether these rather different results (compare with
Rao er 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 cellular protein was isolated from CO25 myoblast cell
lines in the fusion medium after 5 days (as described in section
4.2.7.1.), and also in the growth medium after 2 days. For a comparison
3T3-15 fibroblast cells (a gift of R. Russell), and primary chick heart
cells (a gift of D. Brown) were run at the same time (as described in
section 4.2.7.2.5..).
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Fig. 37c¢ shows a typical blot and 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, 28,24.5kDua in
molecular weight. In the reduced gels, the bands were somewhat weaker
as compared with the bands for the unreduced samples but otherwise
similar,

When proteins of undifferentiated and. differentiated CO25 cells
were compared, the major bands of differentiated CO25 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 cells, 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 the differentiated cells lane. On the lanes for the
CO25 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
CO25 cells cultured in growth medium. Otherwise undifferentiating and
differentiating myoblasts gave very similar blot patterns indeed with
MPM-13. .

The stained bands of 3T3-15 cell proteins were quite similar to
the bands of CO25 myoblast proteins on the gels. One protein, which
was 24 kDua, was stronger than that for the CO25 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 fibroblast cell proteins were between 49 and 38
kDa. The other bands which stained with MPM-13 for 3T3-15 and
CO25 cell extracts were not seen in 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 used on 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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4.3.3. EFFECTS OF NOCODAZOLE ON THE
DISTRIBUTION OF STRUCTURES IDENTIFIED BY
MPM-13

After various preliminary experiments, I decided to use 1.5 uM
nocodazole for I hour on the cells to obtain suitable results fairly
quickly for the effects ol nocodazole on CO25 cells.

After 1 hour of nocodazole treatment, when CO25 myoblast cells
were stained using fluorescently labelled YL1/2, all microtubules
disappeared. There were no polymerized microtubules present, and only
cloudy fluorescence due to depolymerized tubulin and some dot-like
staining were seen in the cell bodies (Fig. 38a). I could not use
permeabilisation buffer on the cells, because CO25 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 granules were seen to
disperse into the cytoplasm in nocodazole treated cells (38b). No
perinuclear crescent remained at all. After 1 hour of treatment in 1.5
UM nocodazole, cells were released from the drug by changing the
medium. Microtubules rapidly started 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 still showed
much diffuse staining due to unpolymerized tubulin (Fig.38¢c). MPM-13
stained granules were no longer spread out in the cell body. They
usually formed a variable sized group at one side of the nucleus after 3-
5 minutes. No MPM-13 staining of the centrosome region was observed

(Fig. 38d) altough small clusters 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 10 minutes 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¢). The first one,
clearly seen on the top of the nuclei, was the centrosomé (thin arrow on
Fig. 38e).However, not many microtubules were seen to radiate from the
centrosome in cells 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 staining granules very quickly relocalized,

predominantly around the nuclens in the same general arcea where:
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microtubule regrowth appeared (Fig. 38f). However in some cells,
groups of MPM-13 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 minutes recovery from nocodazole, microtubules were
found to run all over the myoblast cell bodies (Fig. 38g). A region to
one side of the nucleus usually stained more brightly than the other
sides and was presumed to be a centrosomal MTOC (arrow on Fig.
38g). MPM-13 staining showed that a group of MPM-13 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 myotubes after 1 hour
nocodazole treatment, and no obvious microtubules were seen (Fig.
39a). But some strongly stained MPM-13 granules were visible in the
tubulin channel because of bleed-through through the filters during the
microscopy (Fig. 39a). Quite a few MPM-13 staining granules were
localized around the nuclei (thin arrow shown on Fig. 39b), but some
groups of MPM-13 granules were spread out in the myotubes (thick
arrows shown on fig. 39b). The kind of staining patterns seen were in
general very similar to those present in untreated controls (c.f. Fig. B5
and B6 in Fig. 36).

Fig.39c shows that, after 1-3 minutes withdrawal from
nocodazole, many microtubules had started to appear around the nuclei
in the 'myotubes. The areas around the nuclei were brightly stained
forming microtubule nucleation centres showing a "basketwork”-like
arrangement with YL1/2 staining. Most of them ran around the nuclei
(arrows shown on Fig. 39¢). Within 3 minutes, many microtubules had
already re-grown and it was not easy to determine their origin
(Fig.39c) as described previously in Chapter 3. MPM-13 staining
showed that the granules still surrounded the nuclei (arrows shown on
Fig. 39d), but many were dispersed in the cytoplasm of the nocodazole
treated myotubes (Fig. 39d) as in controls. Fig. 39 also shows that
during the regrowth of microtubules in the myotubes, the parallel
arrangement was re-established in the myotubes at the same time. This
parallel arrangement of microtubules did not show any correlation with
the MPM-13 granule distribution (Fig. 39e, f).
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FIG-38 : CO25 cells stained by double immunc-fluorescence (a, bb
after 1 hour nocodazole treatment left hand column YL1/2 staining,
right hand column MPM-13 staining in all pzirs, recovery frorh
nocodazole, (¢, d) 5 minutes, arrow, regrowing of microtubules from a
centrosome, (e, f) 10 minutes, thin arrow (e) centrosome for regrowging
of microtubules, thick arrows (e) origination 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 um.
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FIG-39 : (a and b) Fused CO25 cells (myotubes) stained by double]
immunofluorescence after 1 hour| nocodazole treatment (a) YL1/2
staining, (b) MPM-13 staining, thin arrow, MPM-13 staining granules!

around nuclei in a myotube, thick arrows, spread MPM-13 staining

granules in the myotube; (¢ and d) after 3 minutes recovery from

nocodazole. Microtubule regrowth (c¢) YL1/2 staining, arrows.
basketwork-like nucleation of micrdtubules around a nucleus, (d) MP_M-fi
13 staining, arrows, MPM-13 staining granules around a nucleus; (e ané;
f) after 15 minutes recovery from nocodazole. Microtubule regrowth (e)i

YL1/2 staining, and (f) MPM-13 staining; Bars=20 ym. [

The arrangement of microtubules in myotubes was completely
reestablished after about 20 minu}tes (Fig. 40a, c¢). The number of
microtubules and their length incrd;ased very quickly with the time of
regrowth. The distribution of all thé 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 myotubes (Fig. 40a) and also 3 week old myotubes (Fig.
40c¢). 20 minutes after withdrawal of nocodazole, MPM-IS surrounded
the nuclei in 1 week old myotubes (Fig. 40b), but also was observed in
the cytoplasm as in the controls (cf. Fig. 36 B5 and B6 for
comparison). In the older myotubes, more of the MPM-13 stained
granules  were dispersed in the cytoplasm, as in untreated myotubes
(Fig. 40 d).

FIG-40 : CO25 myoblast cells 20 minutes recovery frch nocodazole, (a,
¢) distribution of microtubules by YL1/2 staining, (t,i_d) localization of
granules by MPM-13 staining. (a and b) 1 week old fhyotubes, (¢ and d)
3 weeks old myotubes. Bars= 20 um. |

4.3.4. EFFECTS OF TAXOL ON MPM-13 GRANULE
DISTRIBUTION ‘

After taxol treatment (as described in section é.2.7.2) on CO25
cells, the distribution of the microtubules, and the locplization of MPM-
13 antigens were found to change in concert. Thej hctual number of

individual microtubules increased in the taxol t‘reatedp nyoblast cells, but
jed short bundles
d e). The MPM-

13 staining granules often formed a line whiclj | appeared to be

they were much shorter than in control cells and for
frequently associated with the cell edges (Fig.41a, c,

b=
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associated with the microtubule bundles (thin arrows show ir Fig.41b,
d, and f).

FIG-41 : CO2S5 cells stained by double imunofluorescence; afic: one day
in growth medium (a) YL/12 staining, and (b) MPM-13 staizing;after
one week in fusion medium (¢) YL1/2 staining, and (d) MPM-13
staining; after 2 weeks (e) YL1/2 staining, and (f) MPM-13 staizing, thin
arrows show line formed MPM-13 staining granules, thick arr:=s show
absence of MPM-13 staining granule region; Bars= 20 pm.

Sometimes however the granules occurred in regions betweer >undles
of microtubules (thin arrows show in Fig. 41d, f). Regions of
microtubule bundles were also present lacking MPM-13 =:taining
granules entirely (thick arrows show on Fig. 41b, d, f). The MPM-13

staining granules were usually seen as groups in different arez: of the
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cytoplasm. Occasionally, though, isolated granules were seen (Fig. 41b,
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 was also
localized mainly between the nuclei of the myotubes (Fig. 42a, c).
Sometimes bundles of microtubules formed over the nuclei (Fig. 42a,
c). The distribution of MPM-13 staining structures also 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 MPM-13 staining granules in the cytoplasm of the myotubes
in varying amounts (Fig.42d). Sometimes there was a correlation
between MPM-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).

FIG-42 : Myotubes treated with taxol for 12 hours, (a, ¢) 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 yum.
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4.3.5. CO-LOCATION OF THE GOLGI APPARATUS
WITH MPM-13 STAINING

In some cases (e.g. Fig 35 Al) the pattern of staining with MPM-
13 was very reminiscent of the pattern described 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 M3AS5 and used it with MPM-
13 in a double immunostaining experiment. As can be seen in Fig. 43
the pattern of staining in both myoblasts (a and b) and myotubes (¢ 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 described
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 : CO25 cells showing a co-distribution of MPM-13 and M3A3S
staining; (a and b) In myoblasts (a) MPM-13 staining, (b) M3AS
staining; (¢ and d) In myotubes (c) MPM-13 staining, (d) M3AS
staining; Bars= 20 um.
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4.4. DISCUSSION
4.4.1. IDENTIFICATION OF MPM-13 PROTEINS IN
WESTERN BLOTS

Rao et al. (1989) reported that on immunoblots MPM-13 antibody
recognized a major protein band at 43 kDa and a minor band of
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 mentioned 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 er al.'s Dbands. 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 described by Rao er al. (1989). In addition Rao er 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
degradation as a cause of the additional bands. In addition reduction by
boiling for 5 minutes produced little difference as compared with
unboiled samples otherwise treated in the same way. Thus the difference
in results is not likely to be due to the separation of sub-units. It 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 er 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 COZ25
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. Whether this reflects a down regulation of these
proteins during differentiation is unclear. The major bands (49 and 38
kDa) of the differentiated CO25 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
showed that the MPM-13 granules were not MTOCs for regrowing
microtubules after complete depolymerization. Also in taxol treated
CO25 cells, the location of the MPM-13 staining proteins were not
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 M3AS, a specific antibody for the
Golgi apparatus (Allan and Kreis, 1986). It has been previously
reported that the Golgi apparatus is visualized by immunofluorescence
microscopy to have .a peri-centrosomal location (Rogalski and Singer,
1984). It was therefore very suprising that Rao er al.,(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 er 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 CO25 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 Golgi
apparatus a survey of the literature revealed that Tassin er al. (1985b)
had stained the Golgi apparatus of myoblasts and myotubes with wheat
germ agglutin and antibodies against a Golgi specific enzyme (f3-
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 found 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 1dentified, all sharing a common epitope. A number of Golgi-
specific proteins have been recognised (as introduced in section 4.1.3.)

with different molecular weights.

4.4.3. THE RELATION OF THE GOLGI APPARATUS
TO THE MICROTUBULE NETWORK

There is no known obligatory association between the Golgi
apparatus and the microtubule network and it does not act as a MTOC
(c.f. Burgess er al., 1991). However there may well be a relation
between them. As shown here for myoblasts treatment with microtubule
depolymerizing drug causes a dispersion of the Golgijwclements. Similar
results have been found by Rogalski and Singer (1984). These authors
have speculated that lateral association between Golgi elements and
microtubules may exist with a preferential interaction 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
cell 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 Wiche ¢t al. (1986) have
reported that a MAP-2 antibody labelled the perinucicar region of mouse
3T3 cells. This may well be staining of a Golgi apparatus protein similar
to MATD 2, o dimer with sub units of 54439 kDa molecular weipht, as
reported by Valle (1984). 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 might identify a Golgi MAP. It is not the
same as that identified by M3AS, which has a different molecular
weight.
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CHANGES IN MICROFILAMENT
DISTRIBUTION DURING
DIFFERENTIATION



5.1. INTRODUCTION

5.1.1. F-ACTIN MICROFILAMENTS

The discovery of cytoskeletal F-actin structures was first made by
investigators studying muscular contraction. The fibrillar structures
responsible for muscle contraction, the thin actin and the thick myosin
filaments, were discovered, and described in early celectron microscopic
studics (Hanson and lhuxley, 1953). Further studics using clectron
microscopy revealed actin-like filaments in stress fibres (a network of
F-actin filaments) (Chang and Goldman, 1973; Goldman, 1975), and in
lamellipodia (Small and Langager, 1981). Actin filament growth was
correlated with changes in cell form (Heath and Holifield, 1991).

It is to be noted that stress fibres are more labile than myofibrils,
undergoing cycles of assembly and disassembly during cell locomotion
(Wang, 1984), during the cell cycle (Sanger, 1975), and in response to
a variety of agents such as DMSO (Sanger er al., 1980; Osborn and
Weber, 1980), azide (Bershadsky et. al,1980) and cytochalasins (Weber
et al., 1976) which do not alter myofibril structure (Sanger, 1974).

5.1.0.1. THE ACTIN MOLECULE

Actin is highly conserved between specics with only small
differences in 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 (G-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 described as a right
handed two-stranded helix with a repeat distance between crossover
points (13 monomers form a crossover) of 36-40 um (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 KCI and/or 1 mM MgCla) to
a solution of G-actin in water. Magnesium ions bind specifically 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, 1989).

The importance 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, 1987; 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 metabolites that were found to
specifically affect actin  polymerisation (Casella et  al., 1981).
Cytochalasins act like 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 molecules 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, 1987).

The other important drug which acts on actin is phalloidin.
Phalloidin is a highly poisonous cyclic heptapeptide, produced by the
deadly toadstool Amarnita phalloides (Reviews, Stewart,1986; Cooper,
1987). It stabilizes actin filaments and inhibits their depolymerisation
(Vandekerckhove er al., 1985). The molecular 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 cells (Wull ¢t al., 1979; Faulstich et al., 1983).

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 mammals depending on species. Four
classes are included among the o-actins :

1. 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

intestine.

Two further types of actins, termed B-actin and 7y-actin, are found
in the cytoplasm of muscle and non-muscle cells (Otey et al., 1988;
Rubenstein, 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 filaments of muscle (Carraway, 1990). There are some differences
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between muscle and non-muscle actin, both in chemical composition and
in the properties of the filaments formed from them (Rubenstein, 1990).
The two proteins are, in fact, products of different genes.

Actin  has now been found in all the major branches of the
phylogenctic tree, including protozoa, lower and higher plants, and many
cell types from higher animals. Non-muscle actins or their sequences
closely resemble muscle actin in its sequence. They polymerize and
depolymerize more readily, but in the filamentous form they look like
muscle 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,
o-actin synthesis increases to the extent that B- and 7y-actins are barely
detectable. Adult skeletal muscle examined by two-dimensional gel
electrophoresis and Coomassie blue staining contains only o-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
o-, B- 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 v-
actin (Review, Rubenstein, 1990). Antin er al. (1986) observed that
elongated myoblasts had a cortical meshwork of F-actin forming stress
fibres. In contrast in the mature skeletal muscle fibres the actin
filaments are anchored to flat protein structures called Z-discs or lines
(zwischen=between), which separate each contractile unit. The contractile
units are called sarcomeres. The shortest invertebrate muscle sarcomeres
are 0.9 um in length , the longest 30 pm (Chapman and Scully, 1962),
with all vertebrate sarcomeres measuring approximately 2.3 pum at rest
length (Sanger et al., 1986). There is a prominent, periodic cbncentration
of actin staining at the Z-band forming fine filaments parallel to the long
axis of the myotubes. In contrast, staining'formyosin is confined to the
region between the Z-bands (Review, Muntz, 1990).
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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 spc‘cific binding, but
are involved in different functional activities with actin. A current list of

actin binding proteins and their functions is as follows:

Protein name: Molecular weight: References:

MONOMER SEQUESTERING PROTEINS (Binding G-actin):

Profilin 12-15 kDa (Carraway, 1990; Pollard
and Cooper, 1986)
Actobindin 12 " (Preston et al., 1990)
MONOMER SEQUESTERING AND FILAMENT SEVERING PROTEINS :
Depactin 19-20 " (Way and Weeds, 1990)
19 kD protein/ADF/Cofilin 19 " (Preston er al., 1990)
Destirin 19 " (Way and Weeds,1990)
Actoforin 14 " (Way and Weeds, 1990)
Vitamin D binding protein 5 " (Preston ¢t al., 1990)
DNase-1 3 " (Stewart,1986)
END-BILOCKING (Capping) AND NUCLEATING PROTEINS:
Gelsolin 90 " (Carraway, 1990; Sanger
et al, 1987)
Villin 95 " (Bazari et al.,1988;
Friederich et al., 1990)
Fragmin / Severin 40-45 " (Sutoh and Hatano,1986)
Capping protein 28-31 " (Bershadsky and Vasiliev,
1988)
Cap Z 32-34 " (Preston er al., 1990)
Acumentin 65 " (Southwick and
_ Hartwig,1982)
B-actinin 35-37 " (Stewart, 1986)
Actophorin 15 " (Preston et al., 1990)
Brevin 93 " (Preston et al., 1990)
SIDE-BINDING PROTEINS:
Tropomyosin 30-40 " (Liu and Bretscher,1989;
Stewart, 1986; Lin and
Lin, 1986)
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Troponin I,T,C 30
CROSS-LINKING PROTEINS:

ISOTOPIC GELATIN PROTEINS:
Myosin(s) 200
Actin binding protein 2 X270
Filamin 2 X250
Spectrin «-240 - B-220

TW 260/240 2X260-2X240

Caldesmon 2 X150

ANISOTROPIC BUNDLING PROTEINS:

o-actinin 2X95-2X100
Actinogelin 2 X115
Fascin 53-58
Fimbrin 68

MEMBRANE ASSOCIATED PROTEINS:

Ankyrin/Syndein 440
Band 4.1 protein «-80 - B-78
Vinculin 130
Metavinculin 150
Fodrin 235-260
MISCELLANEOQUS:

Gelactin 23-38
MAP-2 300
Tau 50-68
Calpactins LII (Annexin) 30-40

SECONDARILY ASSOCIATED (with F-actin):

Calmodulin 17
Myosin light-chain kinase 130
Talin 215
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(Bretscher, 1986, Zot and
Potter, 1987)

(Adams and Pollard,
1989; Carraway, 1990,
Stewart, 1986)
(Bershadsky and
Vasiliev, 1988)
(Kobayashi and Tashima,
1989; Stewart, 1986)
(Coleman et al., 1989;
Moon and Mc¢Mahon,
1987)
(Bershadsky and
Vasiliev, 1988)
(Fujii er al., 1987)

- (Terai e¢r al., 1989)

(Preston et al., 1990)
(Bretscher, 1986)
(Bretscher, 1986)

(Kunimoto et al., 1991)
(Presten et al., 1990)
(Terai et al., 1989)
(Preston et al., 1990)
(Coleman et al., 1989)

(Stewart, 1986)

(Lewis et al., 1988)
(Hirokawa et al., 1988)
(Burgoyne, 1988;
Glenney, 1987)

(Bayley et al., 1988)
(Adelstein er al., 1982)
(Izzard, 1988)



Titin (connectin) 2000 ! (Terai et al., 1989)
Nebulin 600 ! (Maruyama, 1987)

5.1.1.4. FUNCTIONS OF MICROFILAMENTS

The functions of actin filaments are well summarized and reported
by Amos and Amos (1991): ’

1- a framework defining cell shape;

2- strengthening elements;

3- contractile muscle fibres;

- extensile rods in microvilli;

W A

- fibrils for guiding transport;

6- the contractile 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, stress fibres composed of
bundles of microfilaments, frequently run parallel to the primary axis of
the cell. These siress fibres terminate at focal adhesions between the cell
and substratum. Microvilli and other similar cell surface specializations
contain a core ol microfilaments as their supporting structural clement.
Ruffling membranes of motile cells are rich in actin-containing
microfilaments in a sub-membrane network (Small and Langager, 1981).
[t 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,
1988; Fisher er al., 1988). Traction forces, created by microfilaments,
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.; 1981;
Stopac and Harris, 1982). Cellular traction forces are known to be

created as a result 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
alternating broad light and dark bands can be seen in each sarcomere.
Myosin thick filaments are the major constituents of the A (anisotropic)
bands. On both sides of the I (isotropic) bands, the hecads of the myosin
molecules protrude as laterally forming cross-bridges with adjacent 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 I-bands and are anchored to flat membrane/protein structures
which form the Z-band, between every two contractile units. The actin
filaments extend perpendicularly from both surfaces of the Z-band and
run in opposite directions on opposite sides. The shortest interveriebrate
muscle sarcomeres are 0.9 pm in length, the longest 30 um (Chapman
and  Scully, 1962), with all vertebrate sarcomeres measuring
approximately 2.3 um at rest length (Sanger, et. al., 1986). Actin and
myosin filaments overlap almost completely when the muscle fibre
contracts so that the ends of the myosin filaments are close to the Z-
bands. A major attachment protein for the actin filaments is o-actinin
(19 kDa), which is a major component of Z-band in striated muscle
(Davison and Critchley, 1988).

During the differentiation process, desmin is progressively
integrated into vimentin filaments present in myoblasts, and both are
progressively associated with the Z-bands during and after the assembly
of the sarcomeres (Cossette and Vincent, 1991). Immunological
localization of desmin in embryonic cardiac cells and skeletal myotubes
in vitro indicates that desmin forms an intricate array of filaments in
both of these cell types. In mature skeletal and cardiac muscle, desmin
is found in the Z-bands of isolated myofibrils. When viewed in cross
section, desmin is observed at the periphery of the each Z-band where it
forms a transverse network encircling and interlinking adjacent Z-bands.
Desmin forms an interconnecting network across each muscle 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 a redistribution
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 pm 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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1980). Integrin is extracellularly accessible and is at the cell surface,
also, integrin is localized in the Z-bands of the differentiated myotube
(Volk, et. al ., 1990).

5.1.3. FOCAL CONTACTS

Most of the cell surface is separated from the substratum by gaps
of more than 50 nm (Burridge et al., 1988). In certain regions however
the distance between the cells surface and the substration is reduced (o
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, 1979; Burridge, 1983). In cultured, cells
close contacts are frequently made with the glass or plastic surface
which forms the substrate. A dense plaque of material is observed at
cytoplasmic surfaces where the cell membrane makes close contacts
with the substrate. The plaques contain o-actinin, vinculin (which
together bind to F-actin), and talin (which interacts strongly with
vinculin) (Burridge er al., 1988; Burridge and Fath, 1989; Geiger, 1989).
It has been shown in vitro that talin (on the inside of the cell) also binds
to integrins which localize to focal contacts in the membrane (Beckerle
and Yeh, 1990). The extracellular domains of several integrins are
receptors for several extracellular matrix proteins including laminin,
fibronectin, and vitronectin (Hynes, 1987). These structures provide
contact points where cell traction can be generated. Alternatively, in
motile cells contact via focal contacts provides substrate adession points
over which cells move.

5.2. MATERIALS AND METHODS
5.2.1. CELL CULTURE

5.2.1.1. CELL TYPE

As described in section 2.2.1.1.

5.2.1.2. PREPARATION OF CULTURE MEDIA
As described in section 2.2.1.2.

5.2.1.3. CELL CULTURE
As described in section 2.2.1.3.
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5.2.1.4. TRYPSIN SOLUTION
As described in section 2.2.1.4.

5.2.1.5. PREPARATION OF PLASTIC DISCS
As described in section 2.2.1.5.

5.2.2. BUFFERS
5.2.2.1. PBS
As described in section 2.2.2.1.

5.2.2.2. PEM BUFFER
As described in section 3.2.2.3.

5.2.2.3. PERMEABILISATION ‘BUFFERS
5.2.2.3.1. PERMEABILISATION BUFFER-1
As described in section 3.2.2.4.1.

5.2.2.3.2. MOPS PERMEABILISATION BUFFER
As described in section 3.2.2.4.2.

5.2.3. FIXATIVES AND FIXATION
5.2.3.1. PARAFORMALDEHYDE
As described in section 3.2.3.1.

5.2.3.2.90% METHANOL
As described in section 3.2.3.2.

5.2.4. STAINING FOR FLUORESCENCE MICROSCOPY

5.2.4.1. PHALLOIDIN STAINING FOR F-ACTIN

Cells grown on plastic and/or glass coverslips were fixed with 4%

paraformaldehyde (as decribed in section 3.2.3.1.). The cells were then
stained with fluorescein labelled phalloidin (5 mg/ml; Wulf et al., 1979)
or rhodamine labelled phalloidin (1 mg/ml; Faulstich et al., 1983) for 1
hour at 37 ©C 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 epifluorescence microscopy (as described in section 3.2.5.1.).
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5.2.4.2. IMMUNOSTAINING FOR VINCULIN

Cells to be stained for vinculin were first permeabilised for 30
seconds with 1% Nonidet P-40 in PIPES. The cells were then fixed with
4% paraformaldehyde (as described in section 3.2.3.1.), and then stained
using the following protocol; Rabbit serum (Dako), 1:10; V284 mouse
anti-vinculin (Asijee et al., 1990; Serotec), 1:200; FITC rabbit anti-
mouse (Dako), 1:100. All antibodies were applied for 1 hour at 37 ©C in
a humid chamber. After final washing preparats were mounted in
Citifluor (Citifluor Ltd., London). The cells were examined using
epifluorescence microscopy (as described in section 3.2.5.1.).

5.2.3. MICROSCOPY
5.2.3.1 EPI-FLUORESCENCE MICROSCOPY
As described in section 3.2.5.1.

5.2.4. LENSES AND FILTERS

5.2.4.1. LENSES AND FILTERS FOR EPI-FLUORESCENT
MICROSCOPY:

As described in section 3.2.6.1.

5.2.5. PHOTOMICROSCOPY
5.2.5.1. CAMERAS
As described in section 3.2.8.1.

5.2.5.2. FILMS
. As described in section 3.2.8.2.

5.2.5.3. PHOTOGRAPHIC SOLUTIONS
As described in section 3.2.8.3.

5.2.5.4. PHOTOGRAPHIC PAPER
As described in section 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 o
Rhodamine labelled phalloidin (rh-phalloidin) was used for these
experiments which reacted in vitro with only F-actin. Fig. 44a, b, and ¢
show that CO25 ccells in the 3 different media showed very different

patterns of stress fibre organization.

FIG.-44 : Rh-phalloidin stained CO25 cells in the ¢ifferent media after
2 days. (a) Cells in the growth medium, (b) cells in|the fusion medium
after 2 days, (c¢) cells in the fusion medium with (1pM) dexamethasone
after 2 days; thin arrows, localization of F-actin {n the processes of
transformed cells; thick arrows, localization of F-actip around the lateral
edges of transformed cells; Bars= 20 pm.
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Phalloidin staining showed the presence of large numbers of
stress fibres within the undifferentiated myoblasts. Characteristically
they displayed a high degree of organization; The majority of flattened
mononucleated myoblasts displayed pfominent parallel running
microfilament bundles in the growth medium (Fig. 44a). This tendency
for most of the microfilament bundles to run in parallel was much more
apparent in fully formed myotubes (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 long
processes of the smaller transformed cells (Fig. 44c¢).

Further experiments 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 parallel 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 small number of actin bundles
were present in the fusion area. Actin cables ran throughout the body of
all newly fused myotubes (Fig. 45e, f). Newly fused cells contained
suprisingly few microfilament bundles (Fig. 45e, f). The lateral sides 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 CO25 cells stained with Rh-
phalloidin during myogenesis. (a) control cells before replacing with
fusion medium, (b) first day after replacing with {usion 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 um.

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 myotubes (Fig. 46a, b). After 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
myotube (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, thin arrow shows the
stress fibres, thick arrow shows the periodic organtization of F-actin; (e
and f) Sarcomeres after 3 weeks in fusion medium (e] low power, and (f)

higher power; All rh-phalloidin stained; Bars= 20 pm.

+ After approximately 3 weeks, fully formed s‘aicomeres Were seen
by ‘rh-phalloidin staining in CO25 myofibrils (Fig} 46¢). Periodic F-
actin I-bands were organized along the myofibrils (44e, f).

Usually myofibrils began to appear in fused |[CO25 cells after 2
weeks and began to show contractile behaviour after§3 weeks in culture.
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Periodic contractions of the myoflibrils formed by CO25 cells begun
after 3 weeks (not shown).

5.3.1.2. DISTRIBUTION OF MICROFILAMENTS DURING
TRANSFORMATION L

The distribution of actin cables in CO25 cells was dramatically
changed in cells transformed by dexamethasone. After 1 day, some
parallel distributed actin cables were still present in the cell bodies (Fig.
47b). However the organization was begining to brcal& down and clumps
of F-actin were present. A dense concentration of F-actin became clearly
visible in the processes and at the edges of the cells (thin arrows show
on Fig.‘ 44c; 47¢).

FIG.-47 : Rh-phalloidin stained CO25 cells in the fision medium with
(1uM) dexamethasone. (a)control cells before replacing with medium
containing dexamethasone, (b) first day after replacling fusion medium
with that containing dexamethasone, (c) second day after replacing
fusion medium with that containing dexamethasone] thin arrows show
localization of F-actin in the processes of tranéformed cells, thick
arrows show localization of F-actin in the edges of] transformed cells,
and (d) after 4 days transformed cells have formed fopi. Bars= 20 pm.
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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 are,a; and they showed
only a bright diffuse fluorescence. In those cells' which were at the
bottom level of the clumps and attached foci to the substratum, cortical
F-actin was present at the edges of cells (thick arrows show on Fig. 44a,
47c¢). Stress fibres were not at all obvious in the foci formed by the
transformed CO25 cells after 4 days, but the cells were brightly stained
by diffuse fluorescence (Fig. 47d).

5.3.2. FOCAL CONTACT ORGANIZATION

CO25 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 parallel
bundles of F-actin bundles may attach during m'y'otube formation.
Undifferentiated cells had many focal adhesion plaques 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. 48(:,“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 decreased in number and
became organised in a linear pattern during differentiation. Thus the
adhesion plaques became more organized in distribution in the
myotubes.
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FIG.-48 : Vinculin localization of CO25 cells durinjr differentiation. (a,
b) After 1 day in growth medium, (a) level of focus ¢lpse to substratum,
(b) slightly higher level of focus as compared with (a)}(c,d) after 2 days

in the fusion medium, (c¢) low power, (d) higher powerjBars=20 um.

d

FIG.-49 : Vinculin localization of CO25 cells during Iﬁyogenesis. (a, b)
after three days in the fusion medium, (a) low powefJ(b) higher power,
(c, d) after a week in the fusion medium, (c) low f;ower, (d) higher
power; Bars= 20 pm. “
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5.4. DISCUSSION
5.4.1. REDISTRIBUTION OF F-ACTIN DURING
DIFFERENTIATION

This study demonstrated that the distribution and structure of the
F-actin stress fibres of CO25 myoblast cells changed very significantly
during differentiation.

The first significant change in actin distribution was the
reorganization of stress fibres parallel to the long axis during
elongation. Also, as elongation became apparent the number 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 flat to spindle, appeared to
be proceded by loss or change in the distribution of focal contacts
present on the basal cell surfaces. The change in vinculin distribution
along the long axis of the elongating cells may reflect a loss of
anchorage. In turn the decrease in anchorage during myoblast
differentiation, is likely to be closely correlated with a decrease in
number of F-actin filaments in the cells. Thus, the reason for decreasing
of F-actin during elongation and fusion stages may be loss of
anchorages by changing of CO25 cell shape. When cell shape changed
to spindle, the polarized parallel actin bundles may be generated between
the two poles of the cells. Terai er al. (1989) reported similar results for
polarization of vinculin and a-actinin in cardiac mydcytcs in vitro.

In early stage myotubes the number of stress fibres significantly
increased again. It has been reported that proliferating skeletal
myoblasts contain mostly B- and y-actins (Vandekerckhove er al., 1986),
but begin to express «-actins in the multinucleate myotube
(Buckingham, 1985). Olson and Capetanaki (1989) studied the
expression of the mRNAs which encode the actin which forms
microfilaments during myoblast differentiation, and they observed that
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differentiation was accompanied by down-regulation of - and y-actins
and accumulation of a-sarcomeric actins. Caplan er. al. (1983) also
reported that there was a transient expression of a-smooth actin before
o-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 which resemble stress fibres in some way came to form the I-
bands of the sarcomeres (Antin et al., 1986; Sanger et: al., 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 increase with myotube

formation, may be precursors of myofibrils.

5.4.2. DISTRIBUTION OF F-ACTIN DURING
TRANSFORMATION

It is commonly 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 CO25 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 Verderame e 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 transformation but more to other factors such as shape of the
cell and the adhesiveness to the substrate. Willingham er al. (1977)
confimed this suspicion 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 1s
concluded that a few transformed CO25 cells retain some residual
substrate adhesiveness to the substratum. These cells also contain F-
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actin mainly in the form of stress fibres. The majority of the cells have
entirely lost any substratum adhesiveness but remain attached to those
which do retain some thus forming foci. The cells not attached to the
substratum lose all FF-actin stress fibres as a consequence.

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 oncogene causes persistent activation of intracellular
growth through GTPase activity (Sternberg et al., 1989). In this way
activated rus genes in CO25 cells act as internal growth factors causing
continuous cell division (Gossett et al, 1988). 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 into mitosis may have
some effect on the number of stress fibres present. The actin binding
protein tropomyosin may be a major target of the changes which occur
upon transformation resulting in a loss of stress fibres. It has been
observed that tropomyosin is a component of stress fibres, and acts in
stabilising F-actin polymers (Fattoum er al., 1983; Urbancikova and
Grofova, 1990). Several groups (Matsumura et al., 1983; Hendricks and
Weintraub, 1984; Cooper et al., 1985) have demonstrated that changes
in the pattern of tropomyosin isotypes and also their mRNA levels
accompany cell shape changes occurring upon transformation. There is a
down regulation of the higher molecular weight forms and an up
regulation of the lower molecular 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 destabilization of
the stress fibre.

An actin  binding protein, profilin, which binds to
phosphatidylinositol 4,5-biphosphate 1 (PIP2) on the inner surface of
the plasma membrane forms a stable 1:1 complex with G-actin and keeps
actin in the monomeric form (Goldschmidt -Clermont er al., 1991).
Expression of N-ras in 3T3 cells has been found to increase the
hydrolysis of PIP2 (Bishop, 1988), and this causes the release of
profilin from plasma membranes. It is therefore reasonable to speculate
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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