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ABSTRACT

Embryonal carcinoma (EC) ‘Eells are the malignant,
pluripotent stem cells of teratorartinamas. P19 is a line
~of EC.cells which are capable. of differqntiétiné in XLLQQ'
into a broad spectrum of cell types. This occurs in
response to a variety of inducing drugs, notably ;etinoic
acid | (RA) an& dimethyl sul phoxide (DMSD). This
differentiation is, however, dependent upon the formation
,of aggregates of the cells, particularly during
DHSD—inducea di*%areﬁtiatinn.

In order to further explore this rgquirement for
aggregation, the relationship betwe=en aggregate size and
differentiation was studied. It was found that there was a -
threshold starting size which DMSO-treated aggrggates had
to exceed in order for muscle differentiation to ensue. In
contrast, differentiation ofu extraembryonic endoderm was
found to be inversely reléted to aggregate size. The
proportion of__endodérm waé found to decééase with
incraasing aggregate size.

The internal structure-of differentiatiﬁg DMBD—-treated
aggregates was étudied through the use Sf frozen sections
and indirect .§mmuno¥lubrescence. Examination of these
aggregate sections revealed that muscle ¥6rmed just beneath
the pe?iphary of the aggregate, immediately below a sheath
of extraembryonic endoderm which formed prior to the

appearance  of muscle. This  spatial and temporal
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relationship n&lendoderm and muscle differentiation led to

a working hypothesis whereby. the formation of an external

sheath of extraembryonic endoderm was causally implicated

in t differentiation of muscle beneathfit.

One. of the ways in which .extraembryonic endoderm was
. .

thought to be capable of influencing muscle formation was
through the production of a diffusible _inducer of
differentiation. Thus; a study of media conditioned by

~

extraembryonic endoderm was initiated. When these media
were placed on P19 cells'growing in mondlayer culture, the
cells differentiated rapidly and extensively into a tissue

morphologically resembling extraembryonic endoderm. This

effect could not be attributed to residual RA, depletion of

medium or serum, or to selection of a sub-population of P19 .

cells. Therefore, secretion of a differentiation—-inducing

factor by extraembryonic endoderm was suggested.
This factor acted rapidly on P19 cells, decreasing
their growth rate and thereby their, plating efficiency. 1In
D

addition, DMSO enhanced the differentiation—-inducing

ability of the factor. The factor, in turn, enhanced the

effect of RA. The effect of the conditioned media was

dependent upon cell density, however, with less
differentiation ensuiné in crowded cultures.

Partial biochemical characterization of the factor
reveal ed th;t it - was - not gensitive to exhaustive
staphlococcal nuclease or;trypsin digestion, or to boiling.

As well, evidence is presented that suggests that the

N~
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factor may be asscciated with some serum component(s). By
ultrafiltration, the $actdﬁ\ had an app t molecular

rd

weight of less than 10 000. Therefore, the factor did not
R - .

appear. to - be any of the recently destcribed

differentiation—-inducing factors,” but, rather, a novel

morphogen,. defined as a ' diffusible,

differentiation—-inducing substance.

‘ o
) - T ™
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RESUME

Les cellules de carcinomes embryonnaires (CE) sont des

~

cellules souches malignes a caractére pluripotentiel dont

sont constitués ' les tératocarcinomes. P19 est une lignee

~cellulaire de CE capable de se différencier in vitro en

plusieurs types céflglaires. Cette différencigtinn peut
¢tre provoquée de facon artificielle par certains agents
inducteurs“ tels que 1’acide rétinoique . (AR) et le
sulphoxide dimeéthyle (DMSDO) mais s’avéée toutefaois
entiérement dépendante de l’agréggtion des cellules. Cette
observation est particulierement remarquable lorsque la_
différenciation egt induifg ﬁar le DMSOD. Dans le but
d’élucider pourqﬁoi la di%férenciatinn cellulaire chez F19
nécessite la formation d’agrégats, une étude fut’ ef{e;tuée
pour établir un rapprncﬁement entre le ?ive#u de
différenciation et la grosséur des agrégats formés.

il fut alors ob;ervé que pour assurer la formation de
cellules musculaires (a4 1”aide du DMSO), les agrégats, a
l’origine, devaient excéder une grosseur critique et que la
p%oportion d"endoderme extraembry;nnaire variait de fagon
inverse avec la masse des agrégats.

L?architécture interne des agrégats traités avec DMSO
a eégalement éateé étudie a 1'aide de seéiiuns congel ées
combinées a l’immuDDfluorespence‘indirecte.}L'EKa$en de ces

sections d’agrégats a démontré gue les celfiules musculaires

se forment juste en-dessous de la periphérie des agrégats,

")



immédi atement sous une gaine d’endoderme extraembryonnaire
formée avant I;apparition des cellules muécQIAfres.‘ Cette
relation temporelle et spatiale entre la formation
d’ endoderme et }’appariliun du muscle a donné naissance &
&’hypothése suivante. La formation d’une gaine endodermique

est impliquee dans la différenciation des cellules

¥
-

muscul aires.

Il a ¢té¢ postulé que 1’endoderme extraembryonnaire
pourrait eétre. capabie d"induire la dif+ére;ciation
musculaire par 1’entremise d’une substanqg diffusible.
Ainsi, une étude des m?lieux condit}mnées par 1’endoderme
éxtraembryonnaire a été initiée. Ces m;lieux placés sur les
cellules P19 en monocouches ont induif la différenciaticﬁ
des eellules de fagon rapide et prononcée en un  tissu
morphologi quement | . semblable a 1" endoderme
extraembryonnaife. Puisque cet e;fet ne peut etre attribueé
n} a 1’AR reésiduel, ni a l'gbgence de factuers sértiE ou
fo;rnis par le milieu, ni 4 1la sélection d’une
sous—popul ation prédéterminge q la farmation d’endederme,
il f;t alors proposé que 1l’endoderme extraembryonnaire soit
responsable de 1'élaboration d’dn facteuT pouvant induire
la différenciation.

.Ce facteur semblait: agir rapidement au niveau des
celluIes ri19 diainuant 4 la fois leur taux de croissance
alnsi ﬁue leur efficacité de clonage._:Dr,'bien sur que lé_

DMSO semblait potentialiser lieffet du facteur sur la

»

di fférenciation, le facteur, pour sa part, pouvait

AN
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potentialiser l1’effet de 1*AR. Enfin les milieux

conditionés peuvent stimuler la différenciation en fonction
de la densité cellulaire, quoique cet effet fut reéduit chez
.des tultures trés confluentes,

La caractérisation partielle du facteur nous a reéveéle
que ce dernier était résistant A la digestion par la
nu&iéase staphylococcale et la trypsine ainsl qu’a
1’ébullition. De plus, ce facteur semble associé A une ou
plusieurs composantes sériques et posséde un poids

u

moléculaire apparent de moins que 10 000 (obtenu par

ultrafiltration). En somme, ce facteur ne semble pas
s’ apparentere a4 aucun des facteurs de différenciation
recemment décrits mais serait plutédt un neouveau composé

mof-phogéne, diffusible et capable d’induire la

différenciation.

s
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Tt CHAPTER I

INTRODUCT ION

L}

. ,8ince the beginnings of the study of living things,

one of the central, unsolved questions of bioloéy has been

-~

that ;?.Fhe development of higher animals. The poorly
understood procecses by‘which a single cell, formed through
the fusion of two gametes, is transformed into a complex,
multicellular organism composed of individual, irreversibly
specialized tissues are still the subject of intense study
today. The transformation of the‘ﬁpparently identical cells

of the early embryo into specialized cells 'is termed

"differentiation".

A variety of systems have been developed to study the

processes involved in celIﬁTE; differentiation, .nd the |

1

more complex processes of tissue formation and

organogenesis.

1.1 Embryonic Systemss

Theampst obvious system for the study of the proceases
of development is the embryo itself. This was the system of
the classical embryologists. Traditionally,'the formation
of different tissues and organ syétemq~wa5 follawed through
manipulations of the embryo — usually through extirpation,
transplantation, or explantation. Alternatively, 'tracing
experiments could follow the movement of cells through the

embryo-and the reéulting differentiation of these cells.




-~

The major and-most obvious advantage of these systems
is that they are normal developing systems. As well as
cellular diffetgntiation, higher 1levels of organization,
such. as tissue and, K organ formation, can be studied using
embrygs. From classical studies, the ideas of @arphugenetic
(inductive) fields developed'§see Yamada, 1967;. Saunders,
1982, for Eeviews). Eventuall;, these studies led tg the
idea tﬁét di*fefentiatiun in some systems was mediated by
chemical "marphogené" whfch either permitted,. enabled, or
actually inbtr@cted»responéing tissues to differentiate.

The direct study of embryos has several disadvantages,

however. Foremost among these is the complexity of the

system and the resultant difficulty of determining the
exact factor(s) involved in the di+fefentigtiun of
individual tissues. In addition, the amount of material
availéble is limited by the small size of the embryos, and
their.inaccesibility (particularly in mammalian systems).
The use Bf explants tends to minimize the. first drawback,
but only at the cost of accentuating the second. The use ﬁf
larger amphibian embryos provides a somewhat greater
-abundance and accessibility of working materials,_ but 1is

still often greatly dependent upon the amorous whims of the

@rganisms involved.

1.2 In Vitro Svystems:

With the advent of tissue culture, studies on the

commi tment and subsequent dL&ferentiation of cells had the



advantége of a larger availabilit* ﬁf‘material. The systems
of choice were (and still _are) often composed of cells

already precommitted to a single dr limited range of
differentiated cell"  types,. These included blood cell
‘lineages (Preisler et al, 1975; Preisler and Lyman, 1975;
Markse and Rifkind, 1978; Till.and McCullncH, 19803 Harrison

et al, 19B2) , myoblast cell lines (Yaffe and Saxel, 1977

Senechal et al 1983) , and neuroblastoma cell lines

{(Sueoka et al, 1982; Thiele et al, 198%) to name a few.
When exposed to the appropriate conditions, these cells
complete their developmental repertoire, and become

terminally differentiated cells.

Although thede systems have provided a wealth of
information on the genetic and binchemical changes occuring
during the 1later phases of differentiation, the fact that
these::ells are already committed to form a pre-determined
spectrum of cell tyﬁes ﬁ;ecludes the study of the early
stage; of cumm;gpent. In addition, wunless short term
primary cultures are used; the cells in culture are
generally abnormal, at least until they differentiate. Am
well, unlike embryonic systems, levels of development and
organizatiaon higher than céllular differentiation cannot be
studied. _
F/ﬁ—"




1.3 Teratocarcinomas; Embrvonal Carcinoma Cells, and

Cancer:

Teratocarcinomas are malignant but relatively rare
tumors of the gonads which arise in a variety of species,
including humans (see Stevens, 1983 for review; Rossant and

Papaioannou, 1984). These tumors are usually composed of a

cortex of various differentiated tissues. Th
differentiated tissues are benign, but the tumaors often
contain a core of undifferentiated stem’ cells. Tumors

~without these stem cells, as a result, are benign and are

termed terdtomas. " .

The stem cells, known as embryonal Earcinoma JIEC)
cells, are the malignant cells oq the tumor and are
. developmentally pluripotent, giving rise to thé variety of
differentiatedl tissues D which surround ‘théh.‘
Teratocarcinomas arise spontaneously with high frequency.in
some strains -of mice,' or they may be igduced by
transplanting early embryos or their genital ridges to
ectopic sites in syngeneic mice (usually under the kidn%ih
or testis capsule). These may be maintained a;
transplantable. tumors in.micel(either solid or ascites) or
the EC. cells at the centre of these tumors c;nA be
e%tabiished in _tiésue culture as either ascites-like
"embryoid bodies" (aggregates; see Amano et gi, 19783 Uno,

1982) or as monolayers.

EC cells offer unique advantages to the study of early



aevelopmental processes. Since they can be maintained 1in
tissue’iculture and usually grow very quickly, virtually
unlimited amounts of material are available. As well, their
ahility to differentiate into a w{de variety of cell types
allowé the early processes of commitment to be studied.
This is further enhanced by the use of inducing agents
which can direct (or restrict?) the cells into a limited
spectrum of tissue types (see Strickland and Mahdavi, 1978;
Solter et al, 1979; Speers et al, 197?; Jones-Villeneuve ggh
al, 1982; Edwards and McBurney, 1983). As well, this offers
a direct chance to study the processes involved in

induction, as the inducing agent and the responding tissue

are effectively 1isolated from the complex environment of

¢he embryo.
This system, like any other, is_nét_perfect, however.
it must always be remembered that levels of development

higher than cytodifferentiation cannot be effectively

]

studied using an EC cell system. The cells can be induced

to differentiate, but the formation of organized tissues is

s

rarely, if éver, seen. : (
¥n addition, it must be remembered that EC cells are

abnormal, tumorigenic cells. This, however, must  be

qualified by the fact that this tumorigenicity disappears

upon differentiation, when the cells become tenign (see

— .

t al, 1979;

Martin, 19753 VandenBerg et al, 1975; Solter

-Speérs et al, 1979). As well, many-lines of EC cells have

i

.been shown- to have greatly reduced tumorigenic potential.



‘when exposed to an embryonic milieu. Indeed, many mouse
4. .
iﬁ:}

lin ﬁahave been shown to participafe in the formation of

chimaeric embryos when associated with mouse blastocysts

(see Leh%onen, 1984; Rossant and Papaioannou, 1984, 1985).

Thereforé&, although these cells are tumorigenic, their

tumorigenicity can, at least sometimes, be regulated by

LJ

some of the same things which presumably regulate early

‘embryonic development. .

Herein lies ong of the relationships of the study of
in vitro differentiation of EC cells to cancer research -
the regulation of malignancy by differentiation. Cancer can

LY
be regarded as a developmental problem (Martin, 19735;: |

VandenBerg et al, 1975; Speers et al, 1979; Solter et al,

19793 Sporn and Roberts, 1983). During naormal develmpmenf,

 the seemingly uncontrolled growth of a ball .of. cells -is

eventually controlled as differentiation ensues. This
growth regulation normally continues in the adult organisgm,
with some cells replicating at a reduced rate, so as to
replace those lost, and ‘snme not at all. _ During
tumorigenesis, some of this 'HomeostasiS: is lost, and a
tumor is formed. Iéﬁeed,'many of the so-called oncogenes
and théi} normal counterparts (proto-oncogenes), which are
believed to be af least partially respa:sible for the
transformation of anmal cells into neoplastic ones, have
recently baen shkown to be developmentally regulated (Muller

et al, 1983; Muller and Wagner, 1984; Slamon and Cline,

19843 Thiele et al, 1985; Rodrigues et al, 1985; Lev et al,



g ]

1

1984, 1985; Bell et al, 1986&).

- k)
EC cells provide an excellent system of study for this

because they are tumaorigenic. During differentiation,
however, the growth  of the cells 1is halted, and the

differentiated cell types lose their tumorigenicity.

Indeed, loss of colony—-forming ability is used as one of

.

the mea§Ures of differentiation (see Rosenstraus - and
Levine, 31979; Campione-Piccardo et al, 1985). As well, at
least one of the drugs commonly used to induce the
differentiation of EC cells (retinoic acid}) has been found

usaeful for the prevention and treatment of neoplasia in

some animal systems (see Sporn and Roberts, 1983).

A : ]

‘1.4 The P19 EC Cell System:

P19 1s a line of euploid, male EC cells isolated +rom
E3H/He mice (McBurney and Rogers, 1982). 1In vitro, P19 can
be induced to differentiate into a variety of tissues (Fig

1.1), depending upon the culture conditigps (Fig. 1.2). As
1

1
well, P19 cells may be formed into floating aggregates by
the method of Martin and Evans (1973). This is briefly

explained in Section 2.2.

»

When P19 is allowed to form aggregates in the presence
© ..
of high doses (5 X 1077 M) of retinoic acid (RA), and these

aggregates are allowed to subsequently spread out on tissue
culture surfaces, a variety of neurectodermal derivatives

are seen. These include neurons, glial cells, and

fibroblast-like | cells (Jones-Villeneuve, 19823

o



—

Figure-l.i: Schematic representation of the differentiation
patterns of F1%9 celis. In IO‘ﬁ M RA, F1? cells
form neurons. In 10™® M and 10" ™M RA these
cells form skeletal and cardiac muscle,
respecfively. Treatment with 1% DMSO resulté in

the formation of the striated muscle types

only.
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Figure 1.2:

Photqmicrographs of Fi19 cells following

=

aggregation and treatment with (a) S X 107 M

kA (b)) and (c) 1% DMSO. Note the areas of¥

beating cardiac wmuscle (b; arrows) and the
large amounts of a tissue resembling

extraembrvyonic endoderm (c). Bars = 100 um.
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Jones-Villeneuve et al, 1982, 1983; McBurney et al, 1982;
Edwards and McBurney, 1983). These cells were identified by
e '

impunoflourescent detection of of neurofilament and glial,

fibrillary -acidic proteins (GFAPY, the increase in

acetylcholine esterase, and by their morphology. The
formation of neurons is dependent upon aggregation of the
cells, however. In monolayers treated with RA, few neurons

'y

ar glial cells are fprmed, although maﬁy fibroblast-1like
cells do appear (Jones-Villeneuve et al, 1982).

In lower doses of RA (10" M and. 10— M), combined
with .aggregatinn: skeletal and cardiac myocytes
(respectively) appear, along with a number of
fibroblast-like cells and .a rather large amount of
extraembryonic endoderm (Fig. 1.2§ Edwards and Mc?urn;y,
1983; Edwards; 1983). This differentiation into striated

o .
muscle cells also accurs when aggregates of these cells are

treated with dimethylsulphoxide (DMSO) at concentrations

i’

ranging from 0.5% to 1.3% (McBug%ey et al, 1782; Edwards et

"

al, 198%).

Muscle cells were _1dentified' through
immuno+luérescence Qsing an antibody directed aga]nst
musclerspecific myoﬁin, as‘ wela " as through  visual

identification o% skeletal my;blasts and myotubes, and.the
spontaneous beating exhibited‘by patches of cardiac muscle.

Uncé again, agg?egation of the cells is an absolute
requirement for differentiation. In monolayer, no myoéytes

"are ever seen and, indeed, the vast majority of the cells



.
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remain undifferentiated (McBurney et al, 1982). Also worthy
of note is tgeuf ct that, while RA treatment could- Er;geed'
aggregatinn, I'DHSO treatment absolutely, required
simultaneohs aggregation. Treatment of the Fellé with DMSO
in mcnnlaye}, immediately prior to Fggregation, vielded the

same result as untreated aggregates.

The presence of an inducing drug is an absolute
necessity. When P19 cells are aggregated in the absence of
any inducing agent, nuﬁdifferentfation into either neurons
or muscle is seen. A small ‘amount of extraembryonic
endﬁderm forms in some aggregateg, but the majority of the
cells remain undifferentiated kFig. 1.2).

Since P19 cells cén diff;renti;te into derivatives of
both . e;toderm (mneurons) and mesoderm (muscle), as well as
extréembrynnic ;ndcderm, i% can be statéd that they are
plgriﬁotent, i¥ not toﬁipotent. As such, they are a viable
in vitrg model of the cytodifferentiation involved during
the development_of mammalian embryos. As with all EC cell
'systemg, however, it muét be remembered that beyond the
molecular and cellular level, little can be deduced from
this system. The formation of tissues and ofganQQEﬁesis are
beyond the scope of in vitra éC cell s;steméi This is
perhaps especially trQQ.of P19, as these cells often do not
participate in normal development when injected intb,.mouse
blastocysts, and all chimaeric ¥etuse5  with a high
Pi?-derived component are abnprmal. {Rossant and

LY
Papaiocannou, 1285).
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1.5 Thesis Project:
B .

“As meﬁtion%d initheApreviaus section, the in vitro
differentiation of "~P19 cell;' is dependent‘ upan the
aggrégation of thesé cells.. This is particular}y true
during DMSO~induced diffefent;atiun of the cells intg
.cardiac muséle. 'why aégregation is an absclute requirement
is poorly understood. This 6roject began as an attempt to
elﬁcidate_ 'the role of aggregation in DMSO0-induced
differentiation. | .

The rolé of aggregation was studied by examining one
of the parameters of aggregation, and the internal
~architecture of developing DMSO-treated aggregates.’ As the
project progressed, however, it became apparent that
extraembryonic endoderm, which was formed %n the same

aggregates, may have been linked to the formation of

muscle. )

.-, As a result, I began a study of the effect of medium
conditioned by extraembryonic endoderm on P19 cells. Since
an effect was discovered, the remainder of the thesis deals

with an elucidation of the biological effects of

'
-

endoderm—conditioned media, on P19 cells and a partial

bicchemical characterization of the factor (s) involved.
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CHAPTER II 2
MATERIALS AND METHODS

2.1 Cell Culture Conditionsy

The cell linea used in this study are iisted in Table
2.1. All cells were maintainedlas monolayer cultures on
Falcon blastic tis;ue culture surfaces (tatalogue numbers
3002‘_and 3003, Becton, .Di:kensun and Co., Oxnard, CA,
USA.f: These dishes were coated with a  0.1% solution of
gelatin and air dried +for F?i cells.. All cells were
maintained in alﬁha' minimal essential medium without
nupleosides (cat. no. 330-2561, Bibco, Chagrin Falls, 0O,
UsA) supplemented with penicillin (80 U/ml), streptomycin
(100 ug/ml;, 7.9%4 cal+ Qeruﬁ (CS) and 2.3%5% fetal cal+f smerum
(FCS5;g bqth Bibco) and were kept in a humidified 3% COa

atmosphere. Z2.5% Clex-(cat. no. C100, Dextran Products,

Scarborough, Ont.) was sometimes used in place of FCS. The

cells_were subcul tured every 1-2 days by’first washing with
Ca**— and Mg"—ireé'phosphate-buffered saling (PBS, pH 7.4)
and then resuspending with the aid of 0.025%4 ¢trypsin and
imM ethylenediamine tetraacetic acid: (EDTA) in PBS. 8ingle
. »
cell suspenmsions were oﬁtainéd by vigorously pipetting the
cells up énd down several times. Cell counts were per formed
using a Coulter Counter with Channelizer (Coulter
Electronics, Hialeah, FLA, USA). FQ;AC clone % (c£ 2) cells
“were counted using a hemncytometer ‘under - phase contrast

optics. This was due to the difficulty of obtaining a

- \
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Table 2.1: Celdls Lines Used in This Study.

f\l

CELL LINE

F19

O1A1 =

RACALS

RAC&S-D*

P19 (ras™) 1

L]

‘RASA 1-1-2

and
RASA 43463

DESCRIPTYION

Euploid, male line of murine
EC cells. Forms neurons 1in
RA; striated muscle in DMSO.

6-thioguanine- and ouabain-
resistant subclone of F19.
~,

DMSO-resistant subclone of

O1A1. Unable to form muscle
under any conditiens; forms
neurons in RA.

RA-resistant subclone of
Fi9. Unable to form muscle
or neurons under’ ‘any
conditions.

Spontaneous . partial
revertant of RACGS. Unable
to  form neurons; Forms

muscle in DMSO.

Spontaneously immortal line
of fibroblast-like cells
derived from RA-~treated F19.

T

Subclone of F19 transfected
with Ha-ras®J-1 bncogene.
Differentiation same aspF19
(with some transformed

Fibroblast—-like cells).

Transformed lines ' of
fibroblast-like cells
derived from - Pl1%(ras*)1
and F19(ras*) 4 cells

(respectively) treated with
RA. -

REFERENCE

McBurney and
Rogers (1982);
Jones—Villeneuve
et al (1982);

McBurney et al
(1982) 5 Edwards
and McBurney
(1983).

McBurney et _L.
(1982).

Jones—Villeneuve
et al ((1982)..

(Unpublished).

Bell et al,
(1986) .

Bell et al
(19864) .

Bell et al
(1986) .
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(continued):

CELL LINE

F

—F9-ACC1 9
(cl <)

’

DESCRIPTION

Line of nullipotent murine
EC cells. Forms .. only
extraembryonic endoderm (in
RAY .

Line Ak spontaneocusly
transformed parietal-like
endocderm derived . from

RAa—treated F9 cells.

Line of immortal fibroblasts.

REFERENCE

Strickland and
Mahdavi (1978).

Hogan et al
(1983).

= — although 01Al was not used directly in this study,
has been included here to clarify the geneology of

derivatives.

e

@

it
its
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single cell suspension with these cells.

Fl

2:2 In Vitro Differentiation of EC Cells:

L4

F19 cells and their derivatives were differentiated in
a manner similar to . that previously described

(Jones-Villeneuve et al, 19823 Edwards et al, 1983; Edwards

_— 2o

and ‘McBurney,k 19833 McBurney et al 1982ﬁ'énd 1983;

Jones-Villeneuve et al, 19833 Jones—-Villeneuve, 19823
Edwards, 1583). Briefly, 5 X 10® cells were seeded into
each 60 mm bacterial-grade Lab-Tek Petri dish (cat. no. D
1601, Miles Laboratories, Napierville, I'l,. USA.) , with or
without the approp;iate drug 1in ihe medium (1% DMSD was
used to induce muscle di#f%renfiation, and 5 x 10-”M RA was
used to induce neuronal differentiation). Aftter 2 days fn
suspensi‘un;—\l the resulting aggregafes were resuspended in
fresh Petri dishes with drug—free medium. Following a
furthéf 2 days of aggregation, the cefi; kere rlated on;o
'160 mm tissue culture dishes and were allowed to settle out
and spread. Differentiated cells sﬁbseqﬁantly appeared in
the attached aggregate. F9 cells were'diFfereﬁéiated in a
manner similar to that. described by Striqkland and Mahdavi
(1978). Cells were seeded at a density of 1.5 X 10~ per 100
mm dish in medium containing 10-"M RA. The medium and drug
were changed daily for '6ne. week, and the cells were

subcultured 1:4 on day 4 or S..
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Table 2.2: Antibodies Used in_this Study.

ANTIBODY

MF-20
(mouse IgBt)

TROMA—-1
(rat IgG)

TROMA-3
(rat IgB)

3

. /
AEC ZA1-9

M

e

{mouse IgM)

FITC—goaf -

—
FITC-rabbit

JERL I

Lo

FITC—rabbit

= - FITC

SPECIFICITY

Monoclonal anti-muscle-specific
myosin.

Monoclonal antiucytokéfatin—
like protein found in both
visceral and parietal endoderm.

" Monoclonal anti-cytokeratin-

*like proteiln fgund
., endoderm onliys

in parietal

Monoclonal anti-SSEA-1 (an - EC
cell-specific surface marker).

Anti-—-mouse IgG.

Anti—rat 1dG.

Anti-mouse IgM.

+

ALl

REFERENCE

Bader et al
(1982).

Boller and
Kemler

(198Z).

Boller and
Kemler
(1982 .

Harris et al
£1984) .

Cedarlane
Labs.

Cedarl ane
Labs.

Cedarlane
Labs.

fluprescein isothiocyanate—conjugated.
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2.3 Ipdirect Imhunoflgores:ence:

The antibédiES useg in this g:ﬁdy aré listed in Table
2.2. The primary antibodies were generous gifts from Drs.
D.A. Fischman (MF-20), J. Harris (AEC3A1-9), and R. Kemler
(TROMAS-1 and. -3 All . fluorescein
15othiccyanate—conj;gated (F;TC) secondary antibodies were
purcgased %}Qm Cedarlane Labnraturies (Hornby, an.). For .
stain;ng internal antigens (MF-20, TROMAs—1 and -X), cells
on coverslips were washed with PFPBS (pH 7.0) aﬁd were
immeaiately fixed in —20?8. methanol (4 min.) and -20=C.
acetﬁne (é min,). Subsequently, they were washed with PBS
and incubated at room temperature for 45-60 min. with the
primary antibody. The cells were thep passed through three
'16 -min. PBS washes, and Qere incubated with the ;;cond
antibody. Folléwing 3 further 10 min. washes, the cells
were mounted, cell side down, with a'drnp‘of 50% élycerol
and-O;ZZ paraphenylenediamine in PHS.. For the Su;face
antigen (AEC3A1-9), the cells were rinsed, as above, and
were incuSated with the primary antibody for 45, min. at
4:0. while 8till alive. Three subsequént washes with
1ce;cold PBE were followed by a similar incubatién with the.
second antibody. Following the final SINashes, the cells
were post—fixed for 15 min. in 5% acétic acid: 95% ethanol
{viv) at -20=C. Following %ne subsequent 10 min; wash in

PBS, the cells were 'mounted as. described above. After

staining, the cells were obsérved, as soon as possible,

-
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b4 .
using a Leitz microscope with epifluorescence optics.

2.4 Immunofluorescent Cell Counts:

To gquantitate the proportions of various cell types
present in cultures, cell counts were pénformed. Cultures
at the appropriate stage Df’ development were resuspended
using trypsin—-EDTA in PBS or 1mM EDTA alone. (EDTA was ;Sed
alone for cells to be stained with AEC3IA1-9 because trypsin
destroys; the surface antigen recognized by this anti/body).
The cells were then plated onto coverslips (which hadiseen
previously coated with 1 mg/ml poly-L-lysine {1 min.),

rinsed with water, and air dried). The cells were allowed

to settie for 10 min., and then immunoskaining was

performed as described above. | ;ollowing ~;taininé and
mounting, random fields of the coverslip were scored. For
each field, the total number of cells presenf was
determ}ned undér bright field conditions. Subsequently, the
same #ie}d was opserved using fluorescence optics, and the

number of positive (fluarescent) cells was recorded. For

each slide, 250 to S00 cells were counted.

2.5 Staining with Dolichos biflorus Agglutinin:

Living cells, grown on gelatin-coated coverslips, were
stained in situ. These cells were washed with serum—free
(SF) medium/PBS (1/1, v/v), and were then stained for 10

min. with 200 ug/ml FITC Dolichos biflorus agglutinin (DBA3

cat. no. FL-1031, Vector Labs, Burlingame, CA, UBA.). This
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was followed by 2 5 min. washes in medium/PBS, and fixation
for 10 min. in 95% methanol, 5% acetic acid- (y¥/v). After a
final wash in PBS,, the cells were mounted and examined as

for immunofluorescent staining (Sect. 2.3).

2.4 Frozen Sectimnihq_nf Aggregates:

Aggregates grown in 60 mm bacterial—gradé dishes (as
described in Section 2.2) were collected in 13 ml .
centrifuge tubes (cat. no. 25311, Corning flastics,

‘Corning, NY, USA) and were allowed to settle to tge bottom.
The medium was then removed and the aggregates were washed
with PBS. The aggregates were then fixed for 10-30 min. in

~20°C. methanol. Following two additional washes with PBS,

the aggregates wére incubated for 5 min. in O, ueous
toluidine blue at room tempe?ature. This stained tHe outer
iayer of cells in the aggregates and thereby allowed them
to be seen during sectioning. The aggregates wére then
"washed 3 times with PBS éo remove excess stain.-- The last
wash was used to transfer the aggregates to a 50 ml Corning

T

centrifuge tube {(cat. np. 2533%). The aggregates were then
covered with approximately 2.5 ml of OCT compound (cat. no.
45835,Miles Laboratories), left at room temperature to embed
for 20-60 min., and subsequently frozen .in a -—20°=C.
. freezer. Within a few weeks, the conical blocks were
removed from the tubes and were frozem to brass chucks with

the aid of a drop of OCT compound. Another drop of OCT was

used to cover the aggregates at the tip of the block.



23

»

Random 4 um sectians were cut using a cryostat and the

sections were melted directly onto 'glass coverslips.

>

Indirect immunofluorescence was performed on the sections
- .
in the manner described previously for internal antigens,-

ewceﬁ% that no further fixation was required.

2.7 Production of Uniformly Sized Aqqreqétes:

To produce large numbers . of uniformly si1zed

- aggregates, a modified hanging drop procedure was used.

.

Brigfly, single cell suspensions were diluté& to the
appropriate density in medium with or withput 1% DMS0, as
;_ez;ttired. This was then distribdted irj 10 ul drops on the
lids of bacterial—grade Fetri dishes. These were.
subsequently invgrted over dishes containing a few .mi -of

PES. * The cells were left towggregate for 7 days, after
il
which the aggregates were individually picked, placed 1in

drug-free medium in a tissue culture dish, and allowed to

settle. Medium on the adhering aggregates was subsequently

changed every 2 days.

+ 5

2.8 Proéuction and Assay of Conditioned Media:

Conditioned medium (CM) was initially broduced from
éndoderm derived from FRA-treated F9 cells (see section
2.2). After ﬁng week in RA, a monolayer of endoderm was
pf&duced. ot this time, the monolayer was washed 2-3 times
with FBS (to remove all traces of RA) and 15 ml of fresh,

drug—frée medium was placed on the cells. After 2 days,

[y
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this CM .was removed and centrifuged to remove particulate

© ‘matter. Dfiginally, the CM was used immediately, but when

lafger gquantities became available, it was stored at 4=C.
until needed. Later, F?9-AC clone 9 {(cl %) cells were used
'.Originally, the cells }4 x 10%) were
placed in 100 mm disheéiwith 15 ml of fresh medium snd left
for 2 days. Later, 10 confluent 100 mm plates of cells were
seeded into B850 cm® tissue culture rclier‘bottles (cat. no.
25140, Corning). After 1| to 3 days at a slow speed, 'the

medium was removed and the cells were washed twice with

FPBS. The cells were then incubated with serum—free medium

.(medium plus 1 ug/ml insulin and 5 ug/ml transferrin) and

e

this was harvested every 2 days and treated as described
above, yieldiqg serum—free conditioned medium (SF-CM).
Later, when it was found that SF-CM was more effective when
heat ipactivated, this was used +ol&qwingv a 10 min.
éreatment at 5Sé=C. It should be noted that living cells
which were growth arrested through either gamma irradiation
or treatment with mitomycin € did not givé an effective CM,
even Qhen 'con+1uept cul tures were.J;tilized (daﬁa not
shown) . ;

CH wég assayed by placing 5 ml of the medium to be
tested in a &0 mm tissue culture dish with the required
number of F19 cells (usuall{ 10%)_. The appropriate medium
waas changed every 2 days, and the cells were scored on day

& or 7. Scoring was done either visually, on the basis of

morphology, wusing an inverted microscope with phase
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B »
contrast optics, or immunoflourescent cell counts were done

(Section 2.4). .

2.9 Plating Efficiencies:

To check the plating efficiencies of EC cells, 100-200
cells per 460 mm tissue culture dish were‘ placed in the
medium to be tesfed. The media were either replaced with
fresh medium after two days, or the cells were left
undisturbed. At the end of one week, all plates were rinsed
with PBS, and were|f100ded with eitherlo.lz toluidinelblue
in ethanol:acetdc acid (3:1, v:v) or 1% methylene blue in
70% ethanol.-nfter 10-20 ﬁ;n. tﬁese plaéés were rinsed with
tap water, air dried, and scored visually for the number of
colonies present. Absolute plating efficiencies of the P19
controls .was usually 35}402, and alf plating efficiencies

are recorded as a percentage of the controls. All plating

efficiencies were done in triplicate.

2.10 Grcwth Curves and Rates:

Cell growth was checked by plating 10°® cells in a &0
mm tissue culture dish containing the medium to be tested.
Four:plates were started féL each test. On days 2, 3, 4,
and 6, thé cells fraom one plate were resuspended in a known
volume of T-EDTA and medium, and were counted. The mean of
S counts was used for each point. OGrowth curves were

plotted (see Sections 4.3 and 4.9) and the growth rates

were calculated from a linear regression line based on the
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logarithm of the cell number for days 2, 3, and 4, and are

expressed as doubling time.

2.11 Chemicals and Suppiies:

Thé chemicals used in this study were ﬁurchasad from
Fisher S¢ientific (Fair Lawn, NJ, uUsA.), with the fofiowing
exceptions: trypsin for T-EDTA (cat. no. f 8063), human
transferrin (cat. no. T 53?1}, bovine insulin (cat. no. I
5300), RA (cat. no. R 2623), DMSO (cat. no. D 5879, and 1%
sterile so;bean trypsin inhibitor (cat. no. T 9008, Sigma,
St. Lcuis, MO, USA.), staphlococcal nuclease (cat. no. 107
?21) and mitomycin C (cat. no. 107 409, Boehringer—-Mannheim
Caéada, Dorval, Qué.), and sterile lyophilized trypsin for
enzymal inactivation (cat. no. 19615?‘&&? Pharmaﬁeuticals,
Cleveland, 0, USA.). Ultrafilters were purchased ;:'m the

Amicon Corp. (cat. no. 10 YM10 76, Danvers, MA, USA).
\



CHAFTER II1

THE ROLE OF AGGREGATION

~

- o
To study the requiremenfj(;or aggregation during

.

DMSO-induced differentiation, two appéoaches were used. The

first was a study of muscle differentiation in aggregaZ:E’;
]

of different sizes. Through the use of hanging dro
aggregates with a known number of cells were formed.  In

this . way, it was hoped that any minimum size requirements

for aggregates could be established. The second approach

was an examination of the internal architecture of the

aggregates. This was accomplished through the the use of
froren sections stained using indirect immunofluorescence
with a variety_of antibodies. It was hoped that the exact
site(s), if any, of muscle cell di{fe;entiation within the

aggregate could thus be determined. '

3.1 Aggreqate Size: ’ ‘ %\

Qh/ Arder to clarify one  of the parameters. for
aggregatipn'during the DMSO-induced differentiation of P19
cells into muscle, a' study of the aggfegate size
requirements for differentiation was ini;iated. Using the
hanging drop technique descriﬁed p%evidﬁsly {Section 2.7),
aggregates of known_ size were formed in both 1% DMQO and
drug—-free medium byldispensing 10 ul drops of .the medium

(containing a known concentration of cells) on the lids of

bacterial-grade Petri dishes. Following suspension for 3

@
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days, the aggregates formed in.the-dropg were plated onto
ﬂtissue'culture surfa&es, where they were a}lnwed to gpread.
lFa% MF-20 and AEC3A?—9 staining, the cells were dispersed 7
days after plating.tﬁll cells were subseéuently plated anto
poly;Lmlysine coated coverslips,and immunofluorescent cell

-

counts were then performed. Thus, the proportion of cells
bearing markers for muscle (MF—26; and EC cells (AEC3A1;9)
could be determined in relation to aggfegate size.

Figure 3.1 shows the results of staining with AEC3IAL-9
(I.1a) and MF-20 (3.1b). As the number of cells 1in the
DMSO-treated aggreJ;tes incre%sed,_sc did the proportion of
cells whickh had differentiated into muscle. The prcporticq,

of undifferentiated cells declined drastically in
DMSD—tr;ated aggregates, but remained high in untreated
aggregates of all sizes, demonstrating a. requirement for
DMSO. Figure 3.1 aI%E shows that there was a threshold size
which aggregatgs had to exceed in ord?r to differentiate
e+fpc£ively into muscle. This threshold was approximately
50 cells per aggragate (starting éize). In aégregates
larger than this, muscle differentiation (as indicated by
MF-20 staining) occurred readily and the éercentage of EC
cells (AEC3A1-7 positive cells) remaining dropped
drastically. Below a starting siae‘ of SO0 cells per
aggregate, a large proportion of the cells remained
undifferentiated. Since fhe proportion of muscle cells

increased, there appeared to be some intrinsic difference

between smaller and larger aggregates. This suggested that

.
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v
[ 2
Differentiation 1in aggregates of different

sizes, as marked by (a) AEC3A1-9 (anti-EC) and
N .

(b)Y MF-2G (anti—muscle—myosip). Aggregates were

treated with" 1% DMSO (.————-——-.) or were left

untreated (O~ - — -O in hanging drops for 3

days. The aggregates were then allowed to

settle in tissue culture dishes and, after a

further 7 days, were dispersed, allowed to
settle on caverslips, and were stained with the

TN
appropriate antibody. Lines drawn by evye.

-t
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muscle cells form randomly. throughout thé interior of
DMSO-treated aggregates. (In larger aggregates, ‘more cells
are present, and therefore there is a‘ greater chance of

having same that will form muscle). N

In order ‘to ascertain if the proportion of all
dif+érentiated cell types increased with increasing
aggregate Size, the praoportion .of TROMA-1 positive
(emtraembr?onic enddderm—like) cells was determined. For
TROMA-1 immunostaini;g, the cells were dispersed 3 days
after plating, rather th;n thei7 days used for MF-20 and
AEC3IA1-7 b;cause these cells appeared (and subsequently
disappeared)'earlieh than muscle. Therefore, the proportion

of cells was determined near their peak-

The results of the TROMA-1 staining are presented in

 Figure 3.2. Contrary to the results observed with MF-20, it

was noted that a larger amount of extraembryonic endoderm

appeared to form in smaller aggregates. The proportion of

u

endodermal cells formed decreased with increasing aggregate
b

size. Again, this was dependent on DMSO treatment, as a

lower level of endoderm was formed in untreated control

cultures. Therefore, at least one differentiated cell type

)

appeared in greater proportion in smaller rather than

larger aggregates.

*

Endoderm has been shown .to differentiate

pre{érentiafly around the periphery of aggregates in other

EC cell systems, notably F9 (Martin and Evans, :1975; Hogan

and Taylor, 1981; Rosenstraus gt al, 1983). This experiment

-



Figure Z.2:

32

Differentiation in aggregates of different
sizes treated with 1% DMSO @— @ or left
untreated ©O- - - -O) in hanging drobs for 3
days. The aggregates were then ‘allowed to
settle in tissue culture dishe$ ~and, after a
further 3 days, were disﬁersed, allowed. to
settle on coverslips,l and were stained with

TRDMQwi. Lines drawn by eye.
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suggested that extraembryonic endoderm formed on the
periphery of+ aggregates, rather than on the interior, in
P19 cells as well. Thus, the decreasing surface area to

volume ratio would cause a decrease in the proportion of

endodermal cells.

3.2 Location of Muscie Cells in Aqgreqgates:

in order to determine if muécle cells did form‘oﬁly in
the interior of DMSD—treafedAaggregates, a ‘study of the
%Dcaticn 'D+ muécleJ cells within these aggregates was
initiated. This was done using random frozen sections of
DMSO-treated aggregates _ stained with the
muscle-myosin—-specific antibody MF-20. The location of
MF~20 positive cells within DMSO~treated aggregates was
checked on different days. In this way the internal pattern
of differentiation within the aggregates could be studied
and any preferential site(s) for the formation of muscle
could be lo;ated.

Muscle myosin—-containing célls were first detected in
DMSO-treated aggregates S5 days after the beginning of
aggregation. Of 159‘4—dBYﬂ01d aggregate sections examined,
no MF-20 positiye‘qells were seen. This is consistent with
the results of previous workers (Edwards, 1983; Edwards et
al, 1983%). .

The ﬁean radius of the sections examined (Fig: 3.3
was about 100 um. Thi; figure also shows that, while the

sections studied on days 4 through 9 were of approximately
Fal
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Diameters of (a) 4, (b) 5, (c) 6, and (d) 9‘day
old aggregate sections stained with MF—20. Ali
aggregates were trea{ed with 1% DMSE0. Shaded
areas indicate Lihose sgctioné containing at

least one MF-20 positive cell. Mean radii of

sections = 100 um.
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the same size, the péﬁgoétion of sections containiﬁg muscle
;ncreased with time.

fis shown in Fig. 3J.4, muscle first gp;eared S days
after the beginning of aggregation. MF-20 positive cells
were not candomly distributed- throgghout the aggregaté,
hnwavér, but were most .cﬁmmonly found ju;t inside the
periphery, approximately 20 um _béﬁéhzh the surface (see
also Fig. 3.6). With a rand;m distrléytion_of cells within
the abgregate, a linear decrease in the number of cells
from the periphery towards the centre- would @ be expected
(see Fig. $.9). With time, muscle-myosin-containing cells
became more dispersed within the éggregate§ (Figs. 3.4c and
I.6). By day 9, many of the aggregates had areas which were
contracting rhythmically and the muscle cells were usually’
arranged in groups (Fig: .7 . '

Therefore, muscle-myosin positive cells did, in fact,.
appear on the interior of'the aqggregate. These cells were
not randomly distributed throughout the interior, but
seemed to appear preferentially within narrow area just
inside the periphery. It should be noted that the entire
area delineated by these bounda;ies did not usually form
muscle, but tﬁat patches of muééle were formed uniquely

within the boundaries. Thus, muscle cells were fqund to

" form within a defined area of the aggregate. If

P
i

extraembryonic endoderm did, indeed, form on the periphery
of the aggregate, as postulated in the previous section,

this migh%ipossibly indicate the . presence of some link
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Figure I.4: Distance of MF-20 positive cells from the

periphery of sections of (a) S, (b)Y 6, and (c)
g day old aggregates. All aggregates were

treated ™ with 1% DMSO. Mean distance  from

periﬁhery = 20 um.
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r
Froportion (b)Y of the total area of a
hypothetical circuiar section (a3 radius = 100

um) within different concentric regions (A-J).

-

This illustrates the proportion of cells which
would be found in each region if the

distribution were random.
’ -

TWire)Z —Tir)=2 X 100
7 of total area = e i e ——————

where rq radius to outer edge of regionﬂ

r+ = radius to inner edge of region.

N

and rr

radius of section (= 100 um).
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B

Figure 3.4: Fhotomicrographs of a section of a § day old
DMS0-treated aggregate stained with MF-20.
(a) phase and (b) fluorescence photographs of

the same field. Bar = SO um.
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Figure 3.7: Photomicrographs of a section of a 9 day old
aggregate stained with MF-20. (a) phase and (b)
fluorescence phdtagraphs 'of the same field.

EBar = 30 um.
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~ ™
between the formation of the extraembryonic endoderm-like

cells and the formation of muscle immediately beneath the

.

3.3: Location of Endoderm in Aggregates:

In addition to locating muscle in  DMSO-treated

aggregates, ‘the location of endodephal cells was also
determined. This was done by-staining frozen sections of
aggregates with TROMA-1.

\ As suggested by the aggregate size data, endoaderm was
found around. the periphery of the aggregates and appeared
to be only a single cell laver tﬁick. This coating of
endodﬁrmuwas well_develqud‘b§ day 4 (Figs. 3.8 gnd 3.10).
?He eﬁééni of. this endmdefmaljsheath was measured from the
beg;nning Q{ aggregation ﬁhrough day S in both DMSO-treated
and untreated aggregates. This was accomplished by staining
frq;en sections of aggregates of different ages  wit
TROMA-1. ‘}he proportion of each section surrounded by ‘an
"~ endodermal sheath was estimated using an eyepiece which w;s
marked off into 3é6= arcs (i.e. 10% of a circle; see Fig.
T .

The results of this study are shown in Figure 3.10.
Whis‘ shows that the endadermal sheath aroﬁnd DMS0-treated
aggregates.becomes quite extensive, rapidly coveriég a
large prbportion of each aggregate. This sheath begins to
appear by the second day ' of aggregation, and © most

aggregates are surrounded by endoderm by days 4 and 5. In

.
Lo
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Figure X.8:

Photomicrographs of a section of a 4 day old
aggregate stained with TRDOMA-1. (a) phase and
(b) fluorescence photographs of the same field.

Bar = SO um.
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Diagram of the eyepiece

measure the proportions of

surrounded by TROMA-1 positive.,

neticule

aggregate

angle = Z6° (107 of a circle}.

Fl

used to

sections

cells. Each






Figure =.10:

o1

Froportion of aggregate sections surrounded by

 TROMA-1 positive cells. @————® aggregates

treated with 1% DMSO and O- - - -0 without

any drug (= SEM). At least S0 sections were

scored for each point.

£
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contrast, untreated aqggregates contained liftle or no
endoderm, and remained,' for the most part, completely
uncoated. |

In this manner, the location of the extraembryonic
endoderm was Iestablisheq to be, as expeéted, on the
exterior surface of the aégregqte. As well, it shows thét
endoderﬁ formed 1-2 days before the appearance Df,muscle.
This suggésted that a temporal - as well as 75patia1
relationship existed between the formation of endoderm and

the formation of muscle in DMSD-treated aggregates.

Z.4 Discussion: W

Since éggregation is absolutely required for DMSO
induction of muscle in P19 cells, Ilbegan a study of the
role that agg;egation played during DMS0O-induced
différentiation. This beéan with a study-of one of the
paraheters of aggregation‘(éggregate size).

The examination of aggregate size shawed that there
was a-minimum tgreshﬁld éiﬁe which DMSD—freated aggregates
had to exceed for muscle di+feren£iation to ensue. This
threshold was about 50 cell; per aggregate,Jstértiné size.
Very small aggregates were -incapable of forming myosin
positive célls, and . the proportion' of undifferentiated
cells' was high. As the size ‘of the aggregates was
incréased, the proportion of undiffe?entiated cells

decreased and muscle began to form a higher proportion of

the cell types present. Not all differentidted cell types



formed with greater efficiency in larger aéggggates. The
proportion of extraembryonic endoderm-like cel}s wﬁich
stained with TROMA-1, in fact, decreased with igéreasing
aggregate size. bifferentiation into both muscle and
endoderm 'was dependent upon treatment of the aggregates
with DMSO. In untreated aggregates, very Brttle of either
cell type appeared, and the majority of the cells remained
undifferentiated.

In addition to examining aggregate size, ‘{roien
sectinné(of aggregates wére.uééd, combined with indirect
immunostaining, :to examine the _iqterﬁai architecture of
developing DMSO-treated aggregétes. In DMSD—tFeated
aggregates, muscle myosin positive cells first appear at 5
days. No pgsitive cells ‘were seen in the 15% 4-day-old
sections exgﬁiﬁed, and only a smélllﬁroportion of thé is2
B%day;old sections cantaiﬁed musciei The work with frozen
sections f;tained with MF-20 also showéd that muscle
appeargd'éredominantly on the jnside of £reated aggregates,

T

but not fhrcughouﬁ the intericr, as might have been
predictéd with thé-aggregate size results. Instead, muscle
appeared in a relatively narrow area just beneath the
periphery of the aggregate. This could be gictured  as a
sort of hollow sphere within a sphere. In this way the
celis covering the periphery and fn tﬁe ceﬁtre (and thus
not in the appropriate location) did not differentiate into
muscle. J

The use of frozen sections stained with TﬁDMA—l-showed
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that. the extraembryonic endoderm-like cells formed around
the outside of DMSO-treated aggregates, effectively
covering much of the'pékiphery. This sheath of endoderm was
yell developed by day 4, at léast one day prior to the
appearance of muscle. As well, {t showed why the proportion-
of extraembryonic .endoderm would decrease ‘with increasing
size. This would be due to the decreasing surface area to
volume ratio as aggregate $izé was increased. In this way,
the pfmportion of TROMA-1 ﬁositive cells woula ‘decrease.
Faormation of endoderm around thenperiphery of aggregates
has been demonstrated in other EC cell systems (Martin and

Evans, 1975; 'Hogan et al, 1981; Rosenstraus gt al, 1983),

but this is the first indication of a similar lecalization

in F cells.
These results  on " the role of aggregation in
DMSO—induced muscle © differentiation lead to several

. -
conclusions. First, there is a minimum threshold size which-

‘ aggregates must exceed to allow for efficient muscle

differentiation. Frém the results obtained with the frozen

sections and MF-20  staining, it épbeared that this is
because muscl% fbrma inside the aggregate. In aggrega£e§
sﬁaller than the"fhreshold ‘size insufficient aggregate
"“interior" would be presgnt. -Only in laréer aggregates,
that” is only in aggre§a£es wfth a starting ;ize of greater
th#n 950 cells, wouid enough of the appropriate internal

milieu be present to allow for the differentiation of

muscle.* In addition, this differentiation 1is completely

4
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dependent oﬁ{the presence of DMSD. In the absence of this

inducing drug,'little differentiation occured in aggregates
"

of any size. As well, I have shown that the endode}mal

sheath cévering aggregatés develops rapidly in DMSO-treated

aggregates, and is well formed by days 4 and 5, prior to

the'appéarance bf the MF-20 pnsitiJé cells. Little endoderm

forms in contrel aggregétes during the same period.
Therefore, muscle myosin positive cells-appear Qmmediately
below a previauélf formed endcdermal‘gheath éovering the
aggregate. |

éince the differentiated “cell types formed in
different locations within the aggregate, it suggests: that
there "must be ébme intrinsic difference between the
interior and the exteriof of a DMSO-treated aggregate.
Furthermore, it has béen shown that muscle does not .form
throughout the- interior ;f the aggregate, but D&ly‘in a
relatively narrow area‘jugt beneath the périﬁhery. Musclg
myosin—-containing cells appear..to be  more randomly
distribﬁted only in older aggregates.

This aﬁpearance of myosin—cnntaining-cells_iméediately
beneath a.previously formed'endodérmal sheath may Eé mérely
coiALidentai._' These Fécts, however, suggest that the
" endodermal sheath surrounding 'DMSD—treatea agéregates is
.cauaally invelved in the differentiation of the muscle
immediately. below it. 1f trﬁe, ‘this‘ ﬁay be £he {irs£
iqdicgtion of a primitive type of pattern formation in

\

aggregates aof EC cells. It alsa appears to be an extension
’ /
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_D+i the positional regulgtiuﬁ hypothesized for
extraembryonic endoderm formation ° both in EC cell "
aggregatqf and mammalian embryos (see'Hngén etwv al, 1981;

Rosenstraus gt al;, 1983), in that muscular as well as

)

endodermal di fferentiation depends upon the location of the
cells. In addition, this would be an ihdiéatjon of tissue
interaction in the EC cell system, perhaps indicating that
higher levels of crganization may be studied with this
system. The hypothesis that the endodermal sheath could be
imﬁlicaégd as an inductor of muscle differentiatfoﬁ'{;
consistent .with T the wor k | Df\ se;éral ; classiiﬁl
embryologists, who have found that the enaoderm of
amphibian embrvyos contained- tHe lability to induce heart

formation (see Jacobson, 1941, for review{ Jacobson and

Duncan, 1948; Fullilove, 1970). ‘

Driginalgy, 1 postulatéd that there were. three
possible ways in which this endu&ermal coatiné could affect
the interior of the aggregate. (i) There could bé the
production of some soluble factor (a diffusible morphogen)
by the endoderm wgich induced muscle differentiation in the
adjacent cells beneath. (ii) The endodermal sheath could
“form a basémené membrane whichl elicits muscle

differentiation in the cells beneath. In fact, parietal

extraembryonic endoderm is known to form a thick basement
¢ .

membr ane knnwn_as Reichert’s membrane (see Clark et " al
19755 'Hogan et al, 1980 ‘;d 1982; Howe and Solter, 19803

Jétten et al, 1979). " As well, viscerdl endoderm is also
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known to. form a thin basement membrane {(see Adamson and
Grover, 1983) . This, combined with the fact that
extracellular materials have been &thown to be closely.

linked to inductive and inhibitory procasses during
. < - i -
migration and cytodifferentiation of various cell types

’

(see Toole, 1981; Hay, 1981; Yamada et  al, 1982;

Grotendorst et al, 1982; Darmon et al, 1982; Reichard—Brown

and Akeson, 1983:; Sanders, 1983; Edelman, 84, Riézino,

1?83; Grabel et al, 1983; Chua and Maylie-Pfenninger, 1983;

Fridman t al, .1983), may suggest that é basehent memﬁfane
#Ermed by endoderm may bé-implicated in the di Feréﬁtiation
of muscle beneath. tiii) The .Endodermal
restrict the passaée of . soﬁe factqr(é) in the medium or
serum' which naormally inhibits muscle differentiatfion. This
alternative isg suggeéted b;';:%dings that, in some systems,
serum deprivation'glicits the spontapepﬁé‘-diff rentia{}on
of EC cells (Rizzino, 1?82 and 1983L:
The next chapter deg{s with an_ examinatigdn of the
pnss;bility ;hat é sﬁluble Factér is . produced by

extraembryonic endoderm* which can i nduce

differentiation of P1? cells in vitro.




CHAPTER 1V

INDUCTION -OF DIFFERENTIATION. OF EC CELLS

7 3} CONDITIONED MEDIA

In the pfeCeeding chapter, it was shaown that the
fcrmatiop of TROMA-1 positive cells  resembling
extraembry;nic endoderm preceeded the +ormation of MF-20
positive tmuscle) cells in DMSO-treated aggregates. These
endodermal cells differentiated rapidly, ~and formed a
sheath surrounding the agg}egates. Subsequengly, muscle

cells were detected just below this sheath. I postulated,

based upon the spatial’ and temporal relationship of
endoderm and muscle, that the appearance of these
endoderm—1ike- cells was causally related to the

differentiation‘o+ muscle in DMSD-treated aggrégates.

One possible way in which enaoderm could affect the
%Drﬁatipn of mu%cle benea{h was if the endoderm proauéed a
solub;e‘fagtbr(s),(a diffusible ﬁarphogen) which induced
muscle di+ferentfationﬁ - Therefore, 1 decided to try to
identify éuth ,a soluble factor (s) released by
extraembryonic ‘endoderm. ' This chapter is concerned mainly. -
with fhe findings D? these experiments.

It should be noted that the experiments repG}ted

herein were repeated several times. The figures shown are

fraom representative experimepts, however, due to the

variability between batches of CM. Where the results of

more than one experiment are shown, the experiments were
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done simultaneously with a single large batch - of CM.

4.1 Conditioned Mediums
B ¢

As a first step  tnwards identifying a soluble

factor (s) released by extraembryonic endnderm; monol ayers

‘

of this- cell type were produced by treating F? EC cells

with 107 M RA for one week (section 2.2). In this way, a

monolayer of extraembrvyonic,endoderm was formed (Strickland

and Mahdavi,. 1978). Follaowing differentiation, the

.

endodermal monolayer was washed”!twice with PBS, and
drug-free, serum-containing medium was placed -on the cells.
After 2 days, ‘this conditiogbd medium (CM) was placed on

sparsely populated plates of F19 cells in monaolayer {as

N .
described in Sect. 2.8). The CM was changed every 2 days.,
. ‘ A .

and within &6-7 days., the cells were found ta. have
differentiated almast completely .into healthy,
x . " ' Q'-

epithelial-like celis which morphologically re%fmbled

extraembryonic endoderm (Fig. 4.1). The treated P19 cells

soon became highly vacuolated, and died. 1t appeared that;

_indeed, a s=soluble factor(s) which induced  F19 cell
differentigtion was being  released into the CM by the F9

endodehh.

when stained i

situ, the treated F19 cells were found

-
'

to be positive . for TROMA-1, but. . negative for TROMA-3,

.

'AEC3A1-9, and  Dolichos biflorus agglutinin (DBA; Table

4.1). Since AEC3A1-2 stains a surface antigen present * on

the surface of . undifferentiated EC cells, but not their
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Figure 4.1: Photomicrographs of F1% monolayers after 7 days
(a) in CM and (b} in +fresh medium. Note the
patch of endoderm*like cells which form in open

afeas of the untreated cultures {arrow).

Bar = 200 um.
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Table 4.1: In situ Staining of Cells With Antibodies and

DBA. -
-;.
STAIN
STAIN
CELL LINE TROMA-1 TROMA-3 AEC _3A1-9 DEA
cl 9 + + . - . +
P19 (EC) = - - + +

F19 (CM) ® C e - - =

. 1
!
— P19 cells left without passage for & days.

b _ P19 cells treated with EM for 6 days.
= - Some positive cells in patches; majority negative.

- Some bright patches seen.in association with cells
)

LR




di fferentiated derivatives. (see Harris et al, 1984), the
lack of staining with AEC3A1-2 confirmed that the.ceils had
differentiated. Positive, staining with TROMA-1 fended to
suggest that the cefLs were extraepbryanic éndmderm.
TROMA-1, however, stains a variety of (priﬁarily)
‘éﬁithelial cell types in Eoth.adult‘aqd embryonic a;imals
(see Silver et al, appendix, 1983; BRoller and Kemler,
1983)} TROMA-3 reacts with cytokeratin~like filémeg}s in
a11’ the éame tissues' as TRUMQ—}, with a Fey exceptions.
Notable among thege_is that TRDﬁA—S does ﬁof stain . the
intermediate filaméﬂ%%rApreéent iﬁgvisceral.extfaemeronic
endoderm (Boller and Kemler, 198F). This, in itself, would
séem.to indicate that the cells formed are composed of
vfscera; extraembryonic endoderm. This seems to be

contradicted by &he lack of (or very weak) DBA staining,

however. According to nguchi and colleagues (1982),

Dolichos biflorus agglutinin stains all types of endoderm,

both embryonic and extraembryonic.. The apparent absence of -

DEBEA receptors may be.ddg>to the highly flattened morphology'

-~

of the cells, and the resultant dispersal of the recepggrs,

.
L

Eut tHis is u?clear. Thése cells may be primithe en@odékm,
~as this ce£1 type is recognized only weakly by DB;, or
visceral endoderm. in which :the distriﬁution 04{' DBA
receptors has been dqufibed as patchy aﬁrbest kNDguchi et
al, y982). In fact, the highly vacuol ated appqé?énﬁé'of fhe
cells (Fig. 4.1) ;150 seeﬁs' to suggest _thgt ‘théy are,
indeed, visceral endoderm (see Hogan et al, 1981). |

. S 8

-
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’ From the rapidity with which the tissue forms, the

staining patterns with TROMAs-1 and -3Z, the morphology, and

the fact that,

to my knowledge, no other TROMA-1 positive.

cell type has been identified in P19 cultures, I have

tentatively identified this as extraembryonic (possibly

primitive or visce?al) endoderm. Wmwdile this identification

-is not conciusive, for simplicity Ehe‘terminolcgy has been

maintained throughout. -

4,2 Evidence for

o
the Froduction af a Factor(s): R

-

While it appeared that a factor was present in CM, if

was distinctly

diFferentiatianﬁhducing substance was cauéing the .

possible that something other than a

differentiation observed in/P19 monolayers. It was possible

(1) that CM was merely medium from which some component had

been depleted,
csequestering the
it into the CM,
of P19 - ;éils
population.

In prder to
Was qccﬁrinq, CM

serum—containing

(2) that the F9 cells were somehow
RA used to induce them and were releasing

or X)) that a pre-committed sub-population

v

was being selected +from the -géneral

test for the possibility that depletion

1

was diluted with varying amounts of fresh,

medium, and these mixtures were assayed

for their abiliity to induce differentiation in F19 cells.

»

Figure 4.2 shows. the resulting dose response curve (see

also Fig. 4.3). With increasing doses of CM,

the proportion
- w ‘

of TROMA-1 positive cells .incieased. fhe proportion of

&

L



Figure 4.2:

&6

Formation af TROMA-1 ﬁ)ositive- cells by P19
cells in response to D+.) .CM  ‘and
O- - - -O) FPBS. Cells were gréwn for & day; in
the appropriate medium, were d@spersed, plated
on cove?slips and stained. Note that all cells

died in 100% PRBRS. Lines drawn by eye.

E.
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Figure 4.3:

&8

- .
Photomicrographs of F19 cells grown for 9 davys

in (a) 0%, (b) 20%, (&) S0%, (d) 80%, and (e)

100% CM diluted with fresh medium. Note the

patch of endoderm-like cells in the untreated
’ : /

culture (arrow). Bar = 200 um.

¢
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AECSAIf? (EC; cells present decreased with inc?easing ddses
of CM (data not sgown).‘ In'fhe control experiment, fresh
T . ' . -
medium was diluted with 'varying amounts of PBS. This,
presumably, would have the effect of di;ufing (dépietingf
‘the ﬁedium, but hould.haQE képt it isotonic. As seen in
Figure 4.2, the differentiation into TROMA-1 positive cells
at all dilutiqné was oﬁly ‘equivalent to £he'backgrognd
differentiation found in whole  medium. Ta test
.(shecifically) for the possibility of serum depletion in
~CM, P19 ceils iﬁ monofayer cultuFes wefé grown in CM with
2.5% fetal calf and 7.5%Z calf sera added (Fig. 4.4). Tﬁe
amount of serum added was equivalent tp‘the amount added to
fresh medium, and was in adaiticn.to any serum remaining in

’

the CM. As can be seen (Rig. 4.4) CM supplemented with 10%
R . [
sera gave a level of differentiation approximately equal to

- 904 CM, or the dilution factor produced by the addition of

the sera. -/

o

c

Since ény deficiencies in the CM would presumably have

~

_been Féplénished by the .added fresh medium, the fingt
experiment arguéd against the Possibility that ﬁedium
depletion was feéﬁnqsible for the effects.shown by CM. " It

- did not'zoqpletely‘éxclude the possibility, hpwever. :Since
fkgsq medium “wholl? depleted” with PBS gave - only
'backgrouné levels: o% di*féreﬁtiat{mn, dépleticn of fhe‘
medium could be Euied out -as a cause\o$ differentiation in

CM. Siqce the aintion of sera to CM did not inferfere with

" diﬁférentiaticm—xnducing potential of CH, "serurr_\



iy

Figure 4.4:

Froportion of TROMA-1 positive cells farmed 1in

P19 cell monolayers treated with (a) fresh
} o .

medium, (b) CM, (<} fresh medium with  10~7 M

4 . ' .
RA, and (d) CM with 2.5% CS and 7.5% FCS added.
All .cells‘ were grown for & days in | the

dppropriate medium, .dispersed, ' allowed tq

?

settle on coverslipé, and stained.’
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"neither residual RA nor. depletion ofég;he serum '

depletion could be specifically ruled out. It should be

noted that a background‘levél of 10%4 diftferentiation ?5

-

rather H&gh for these cells. This is a fesult;o{.growinq

the cells without passage for 6-7 days. When P12 cells

" become overgrown, there is some spontaneous diffefenﬁiaﬂion

of the cells into endoderm in small pockets (see Fig. 4?11%

To test the passibility that’ RA was being released

into CM by the conditioning cells, 10—7 M RA was added to

fresh medium. This was the full dose used io ir

4

cells to differentiate. _The results of this

‘Figwe 4.4. Fresh medium supplemented with added RA gave a

. . o ~ L . T
level of endodermal © differentiation equivalent to
— e —y ’

* background. That RA played no role in the differentiation

©

obderved in F19 hbnolayeré is also supported by the fact
- . . . I B -
that an e%%ecﬁive CM-can be formed by cl 9 cells (which had

not been exposed to RA) in.sérum—frée medium {(which lac!ed

even the trace retinoids found in serum). Thereforeo,
o : ’

wWas

responsible for the effects observéd witHgCM.

L}

To. test for the possibility of the selection of A

pre-committed sub-population of F1v cells, the plbt}nq

efficienci'es of P19 in fresh medium and in CHM were checked.

. t )
In addi-tion, the plating efficiencies were determined with
. # ) .

. A . .
varyirg - amounts ‘of calf ‘serum added to CM, in order to

“further check for-serum depletion. .1t should be noted that,

in-thideyWAcular experiment, the test media were removed
oo ' ’ e - :
after 2 days and fresh medium was placed on all the pfates.

v :

-



Figure 4.35:

74

Flating efficiencies of F19 exposed for A48

houfs to CM with different amounts of added CS,
(a& in fresh medium, and (b)) in CM with 2.5% CS
and 7.5% FCS added. All plating- efficiencies

are relative to (a) (+ SEM). ¢

-t



— o
[ .
—— _|m
- @
- W0
+ "
\ i
—e— - oy
[ -
— & 7 1 o
o © W < . N O
— o o o o] O

AON3IDI443 ONILVd m>._h<|_wm

-

PERCENT ADDED CALF SERUM



74 T

This was left until the resulting colonies were fixed and
. Al

stained (day 7).

Figure 4.5 shows the plating efficiency of F19 cells
exposed to CM and CM with added sera for 48 hours. There
was .1ittle difference between the pfating efficiencies in 
fresh medium, in CM with added sera, or in CM with
di++ereﬁt amoynts of CS added. This, conbined with the
healthy appearance of the cells treated with CH (see Fig.
4.1, would seem to -indicate that selectiph {at least
within the first 48 hours) of a population of cells within
P19 pre-committed to form extraembryonic endoderm was not
responsible for the effects of CM. This was also further
evidence that serum depletion was not implicated.-

In addition to testing the plating efficiency of CM
w?th different doses of CS added, the plating efficiency of
F19 in different doses of CM was determined. In these
experiments, however, the test medium was left on the cells
for the entire course of the euperiment (7 days). In this
case (Fig. 4.6), the plating efficiency of P19 dropped
dramatically in higher doses of CM. While, at first glance,
this‘appears to contradict the results of the previous
experiment,-'on closer examination it does not. In both
'cases, the colonies which did form were composed almost:
entirély of undifferentiated EC cells (Fig. 4.7a). Those
cells which differentiated did not form visible
(macroscopi&) ‘colonies, but only small (micéosccpic)v

colonies of a few di{{erentiéted cells (Fig. A4.7b).°



Figure 4.64:

glating efficiencies of Flé_cgils in d{f?éﬁent
amounts of CM diluted with fresh m&#ium. All
cells were maintainmed in the appropriate médium
until s;ored {7 days). All plating efficiencies

-

relative to 0Z CM (+ SEM).

-
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Figure 4.7:

79

Fhotomicrographs of (a) macroscopic colony of
EC cells and (b)) microscopic differentiated
colony of F19 cells, both graown in 100% CM.

Bars = 100 um.
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[

Figure 4.8: Growth of P19 cells in (a) 0%, (b) 20%, (c)

50%4, (d) 80%, and (e) 100% CM.

.-
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4.F GBrowth Rate of P19 in CM:

The growth rate of P19 wasM examined in di+{erent
concentrations of CM. As chn‘be seen (Fig. 4.8B), the growth
o% P19 cells was greatly decreased-in increas;ng'doses of
CM. This was particularly true after 3 or more days in CM.
Even 20%Z CM decreased the’ gréwth bf the cells. The
population 1in control plates began ta level off after 4
days, ‘presumably due to overcrowding of the plates.
Therefore, dm?bling times of the cells were calculated
using linear regression lines based on the logaéithm of th;
number of cells on  days 2, 3, and 4. This avoided any
differences due to plating efficiencies in the early phases

of the experiments, and the saturation effect near the end.

The results of this are shown in Table 4.2. As can be seen,

. the doubling times of ¢the cells also decreased with

increasing doses of CHM.

While the decrease in plating efficiency in higher
concentratioﬁs of CHM may appear to indicate some soré of
sélective pressure which acts only after exposures Jdonger
thaﬁ 48 hours,'on'closer inspectian it teems to be due to
the rapgd differeﬁtiation of the ;ells. The fact that all
the' macroscopic colanies seen in CM weré composed of EC

cells seems to indicate that only those cells that were

resistant to CM formed colonies. This resistance may be due

-+
2

o
to a) the presence of mutant cells which are resistant to

CM, or b) a stochastic process whereby some clones become



84

~

Table 4.2: Doubling Times of P19 Cells in Different Doses
of CM. B

- N -

Doubling Time -

Dqse.(l cH)= (hours)
100 - | 18
80 14
50 - | s
20 - 15
o | 12

-

. — CM diluted with fresh medium.
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rapidly too dense to be affected by CM (see Section 4.6). ..
The preseg:é pf microscopic colonies of a few

L.

diffhrenﬂiéted cells may indicate that ,differeq}iatiq in

most clones occurred before (macroscopic) colony formation

could occur. Indeed,‘decreasgd colony formation has béen

used as a marker of differentiation, in . that ‘ onlx

undifferentiated cells form colonies (Rosenstraus aﬁd
L=

Levine, 1979; Campione-Piccardo et al, 1985). Thus, the

decrease in growth rate may be more a manifestation of the

rapid differentiation-inducing effects of CM than of
selection. This?'was also suggested'by the reduced growth
rate of P19 cells seen in incFeasing ques_ of CM (Table
q.2; Fig. 4.8)..Ip'additioh, the suphosition that selection
is occurring asstes thét a ére~ccmmitted population of
cells exists in the P19 line. This is contradicted by the
fact that P19 cells are clonally related and are capable of

forming | both = mesodermal ‘istriated‘ muscul ar) and
neurectodermal derivatives, depending on the fnducer.
Therefore, the existence of a pre~deterﬁined population of

cells appears doubtful. These facts seems to preclude

selection as a mechanism,

4.4 Use of cl1 2 Cells to Condition Medium:

In order to increase its availability (and avoid the
necessity of differentiating F? cells every time), CM was
made using a permanent line of parietal-=like extraembryonic

endoderm cells. This line, spontaneously transformed and

. -
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LA

B . L
immuqﬁselected from RA-treated " F9 celféﬁ‘ (csee Howe and

Solter,‘t?él) is designated F9-AC clone @ (F9-AC cl 93

. - ¥ .
herein designated cl. 9)., It was. first necessary to test the

CTM prod&ced'by these cells. Therefare, different numbers of

Y , , _
cl 9 cells were seeded into 100 mm dishes containing 135 ml

of serum:FDnEgiﬁing medium. These CMs were' then tested on
. - \_.. . ) .
P19 monolayers: d

It "appeared ' that - CM from ¢l 9 cells did induce

.differentiation in P19 cells. They appeared to make a less

effective CM than ;Feghlv.made F9-endoderm. Indeed, while
approximatel#qz.fs - T X.10% F9 endodermal cells per 100 mm
dish formed a very efficient CM, it was found necessary to
seed at least 4 X 10 cl ? cells per 100 m; dish to form a

reasonable CM. Ewven a slight réduction in the starting

number of  cells gave a relatively ineffective CM (Fig.

4.9 .

Since cl 9 cells can grow in serum~free medium (SFM),
whereas freshly made F9 éndoderm died rapidly unﬁqr these
conditions, they became a ‘valuable asset in experiments'
where 8SF-CM was reéuired. Since the growth of cl 9 cells
was greatly réduced in.SFM, it was necessary \to obtain a
confluent culture before placing SFM on the cells. Both

sarum—containing (SC-CM) and serum—free conditioned media

(SF-CM) from cl 9 cells were used in the subsequent

experiments. Since storage was improved following heat
inactivation, &SF-CM was heat inactivated at 56=C for 10’

min. before use.



Figure 4.9:

-

i

a7

i

Differentiation-inducing effectiveness of vy

produced by seeding different numbers of cl 9
4 *

. -
'

cells per 100 mm dish with 15 ml-. of medium.

kS

Frecent of TROMA-1 positive cells produced when

these media were assayed on F19 cells in

monol ayer culture. -
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4.3 Range o¥=Cell Types Producing the Factor: N o
When the effects of CM from F? endaoderm were

discovered, undifferentiated F9 cells were checked for the
produgtion of the factor (s) presént in.-CM. By seeding 2.75
X 10% cells / 100' mm dish, a CM producéd by F? EC cells was
pfoduced. This had no wvisible é*fecg on- F19 cells iﬁ
monol ayer (data not shown). When it was.discovered that cl
9 cells needed to be plated at highér density, However, F9
EC\ cells were again tested by plating 4 X 10% cells / 100
mm dish. In addition, P19 EC cells, and 3T$ fibroblasts
wer e also‘tested for the ability to make CM at’this density
(Table 4.3). A differentiation—inducing CM was producéd by
P19 and;.?q EC célls,»but'not by 3T3 cells. The 3T3 cells

did appear to retard the growth of F1%2. cells slightly

(possibly due to the factor described év Okai, 1984), but
the P19 cells remained morphologically undifferentiated. A

control plate of 15 ml of medium which was incubated for

two .days without any cells showed the same effect as fresh

-

medium.

-
P

ﬂhefher thetsu?stance(é) produced by F9? and F19 EC
cells are the same as thosg produced by extraémbrynﬁic
endcderm_ has not been aécertajnéd. The
'di+ferentiation—induéing effects appear to be .identical,

however. .
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'Table 4.3: Froduction of CM by Different Cell Lines. =

Differentiation of

CELL LINE ' : F19 Monolaver
F9 (endoderm) ® T
cl @ l = . +
T F9 (EC) = ; +
‘P19 (EC) = . +
IT3 =.d - g
-3
* - F19 mﬁnolayers scored visually for the presence of a
© manolayer of endoderm (see Fig. 4.1) after &6 days in
CM. : :

-

Appraximately 2.75 X 10® cells seeded per 100 mm dish.
© - 4 X 10® cells cseeded per 100 mm dish.

2 - Some élowing of growth dbserved, but mo visible
differentiation. :



Figure 4.10:

1

Photomicrographs of F1% in CM; densely packed
area Rleft column) versus sparsely packed
area {(right column) of the same dish. Shown on

days 1 {(a, b), 2 (¢, d), S (e, ), & (g h),
I{ =

and 7 (i, j). Note the patches of EC

T

cells

remaining in crowded areas after 7 days in CM
.

(arrows)._Bar = 200 um.
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Figure 4.11: Dgﬁsity dependence of induction of P1§ cell
differentiation by CM. Froportion of TROMA-1
positive cells formed afferrb days in CM as a
}unction D% the number of F19 cells_seeded per

60 mm plate. Linear regressian.
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4.6 Density Dependence of the Effect:

- . o ; ; -

During the course of Dther*eiperiments, it was noted
that sparsely populated areas of the culture dishews
appearéd to differentiate faster and pore effectively than
‘more densely populated areas of° these same dishes (Fig.
4.10). It appeared that perbaps the differentiation induced
by CM was depehdent upon cell density. In order to test

\ :
this, aifferenﬁ numbers of F19 EC cells we;e plated into CM
(Fig. 4.11}). A definite decrease in the proportion of
endodermal cells producedl was . seen as the cell density
increased. a
This could, indeed, be the result of tﬁe inhibition of

.

differentiation observed in dense cultures. Al ternatively,

Pl

this result could be explained by a requirement for a
" threshold amount of morphogen per cell. Ati. Qigher
densities, less morphogen would be present per cell,_and
fewer cells would subsequently differentiate. Since a
difference ‘in both therrate and aﬁount of differentiation
was éégh between crowded and sparse areas of the same
dishes, however, "it  would appear thaf, al though only a

limited amount of marphogen may be present -(see Fig. 4.9),

there is a prohibitive effect in overcrowded areas.

4.7 Range of Cell Types Affected:

0 |

In addition to verifying the effects of CM on P19

cells, several other cell lines were tested in CM. The cell

[/



-]

Figure 4.17: Amount -of differentiation in different cell

lines - tfeated for ‘& 'days with CM versus

parallel unﬁreatéd cultures (hatched areas).

-
oA

10® cells seeded per plate.

“ 2



70 -

60 -

- ..- ._ “1 I
Q@ O o, o o o
LB m N =

S113D st_mm_n_oozu_ Hzmom_ma.

—
RAC65-D*

PI19(ras*)l

Fo

_RACE5

D3

P9

CELL LINE



98

by

lines used have been described previcusly (see Table 2.1).

Aas. can be seen in Fig. 4.12, D3 (DMSO-resistant},

RAC6S (RA-resistant), and F9 cells were less efficiently
induced %0 differentiate into endoderm. F1%9(ras*)1 (a line
. 4 ,

of) P19 transfected with the Ha-ras oncogene) showed even

less differentiation into TROMA-1 positive cells. In fact,

F9 appeared to remain largely undifferentiated, while D3I

-

and RACLS appeared to form flattened fibroblast-like. cells’

t

which were not TROMA-1 positive. F1%(ras*)1l appeared to
form pfedominantry the same elongated fibroblast-like cells
seen when this line is.treated with RA (Bell et al, 1986).
Since. differentiation- into TROMA-1 positive cells was the
effect of ihterest, however, thesé responses were not
pursued;- - ' . R
The most notable effect was shown by RACALS-D~. This
line Vis ~a spontaneoys pértial revertant of RAC&S which
makes large‘amounté of Fafdiégrhuscle when treated with H?
DMSO, but will not’ fofm'_%eurons in high éDSéS of RA
(unpublishéd observation). In CM, RAC&3-D* showed higher
levels of gif#erentiat%an into endoderm than F19.
Therefore, the abilify to differentiate into_ TROMA-1
positive -cells in response to CM appeared to be liqud to

-

the ability to form muscle in response to DMSO.

4.8 Svnergistic Effect of CM and Other Inducers:

Given the original working hypothesis, that the

formation of endoderm around the exterior of DMSO-treated

-, , . | o
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Figure 4.13: Effect o%_CM.ang DMS0O on F19 cellsl Froportion
.Df;TRDMQ-i cells produced after &6 days {(a) in
CM + 1% DMSO and (b) in 1% DMSO alone on F19
cells ®————@) and on D3 cells ©- - - -Q.

Limes drawn by eye.'
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aggregates is somehow implicated in the differentiation of
muscle beneath, and that those cell lines which are capable
of responding to DMSO with quscle differentiation also
respond to CM, it éeemed pléusible that DMSO miéht

\l .
influence the effect of CM. In order to test this, P19 and

D3 cultures were treated with CM in combination with

different doses of DMSO. The CM (produced by using fewer cl
9 cells to condition the medi;m) had little
differentiation-inducing actiwvity. Thi; was used in order
to enhance any effects produced by DMSO. DMSO enhanced the
;i?ferentiation—indﬁcing activity o+~FM on P19 cells (Fig.

4.13a). DT cells remained unaffected Sy increasing DMSO

concentrations. As well, DMSO alone had no effect on either

cell line (Fig., 4.13b). Only in combination with CM did

DMSO show any effect, and then only on F19 cells.

.

In light of the synergistic effect obhserved when CM

was combined with DMS0, a combination of RA-and CM was

‘tested on P19, D3, and RACLS cells. Again, a low dose of CM

was used, and RA was tested in concentrations ranging from

S X 107¥ M to S X 1077 M. Both F19 and D3 produced large
numbers of neurons (and other cell types) at alLf-the
concentrations of RA tested (data not shown). RA-treated
P19 cells in monolayer cultures will normally form a few
rare ' neurons a; the two highes? RA concentrations, but not
to the‘ extent seen in these cultures. Usually, only

fibrablast-like cells are seen (Jones-Villeneuve et al,

1982), and often, most of the cells appear to remain
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+

Figure 4.14: Fhotomicrographs q+ (ay F19, (b)-D3. and (&)

RACLS cells in monolayeé, treated with CM +

RA. (a) and (b) in 5 X 10~ M RA, and (c) in

10-7 M _RA. Bar = 20 um.
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undi fferentiated. D3 cells react similarly to F1?2 when
"treated in monolayer. (Interestingly, RAC&S cells exposed to
both CM and RA showed some differentiation into neurons.
TheseA were relatively rare in 5 X 107" M, but ihe number
appeared to increase as the RA concentration was raised
(see Fig. 4.14). .
Therefore, it appears that the morphogen present in CM
is capable DF. acting' synergistically with the other
,induce;s commonly used in this system. -~ DMSD appeared tp
enhance the effect of CM on F19 cérfs, and CM, in turn,
appeared to enhance the effect of RA .cn all three cell
lines.
As a final note, when aggredates of RACLES were treated
N with different amounts of a high dose of CM diluted with
féesh medidﬁ, neurons were formed in the two highest
concentrations (B0 and 1004 CM). In 20 and be cM, all the
éells remained updif{erentiated.‘ F19 aggregates formed
neurons” in all concentrations of CM tested, but remained
undifferentiated in fresh medium. The effects of
agéregatiun in CM seemed tao be qgquite variable, however.
With other batches of CM, little differentiation of F19 was
Dbserved. Due to the variability of the baﬁches of CM,

purification of the factor involved may be neceaPary before

its effects in con;unct1on with aggregation can be fully.

rs
discerned.
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4.9 Effect of CM an Transformed Cells:

~

As indica®ed in an earlier section (1.3), cancer can
‘be viewed as a problem of develcement. The study of EC cell
differentiation is eséecially pertinent to this because,
whereas the undifferentiated‘*reLLg are malignant, the
-differentiated cell types are, in fact; benign. Therefore,
-it is of particular interest in the case of an induQing
agent (such as CM), to see if this inducing agent will also
inhibit the growth of tr%agformed célls. Two measures of
growth weré checked on thé transformed cell lines cultured
in CM. The cell lines used in this study were 3§§9P—1r RASA
1-1-2, and RASA 43463. 3 RAP—I is an immortal butJanchorage
dependent line of ‘fibroblagt—like cells derived Ffrom
RA-treated F19 cells. RASA 1-1-2 and RASA 4363 were derived
grom RA-treated Fl19(ras+)1 and F19(ras*)4 cells,
respectively (Bell et al, 1984). These cells are both
immortal and anchorage independent.

Plating efficiencies of these cell lines (Fig. 4.1%)
decreased with increasing doses of CM. As well, the
cofunies,that did form were smaller in higher doses of CM
{data not shown).

As a secgnd measure of growth, the growth of parallel
qultures of these cell types was monitored over 'a period of
3 days. The growth of the three lines was reduced by even

small amounts of CM in the medium (Fig. 4.1&).

These cells éll'appeared healthy, even though their -

o4, —
]
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Figure

¢ »
106
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’
.
Flating efficiencies of T RAF-1 @®——@®,
RASA 1-1-2 O- - = -0, and RASA 4747
. b

N—-—-=L in different doses of CM diluted

with fresh medium. All plating efficiencies
are relative to the plating efficiency of that

line in Q4 CHM (+ SEM).

Ly
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Figure 4.16: Growth of 2 RAP-1 (I), RASA 43673 (110 and-

RABA 1-1-2 (II1) in (a) 0%, (b)Y 20%, (c) S0%

() BOY%, and (e) 100% CM diluted with fresh

medium.
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growth was severely restricted. No signs of morphologically

recognizable differentiation was seen in“®the ceils.

Therefore, it. appears that CM Qot only induces the

differentiatinn of pluripotent EC cells, but it also

dramatically restricts the growth of at least 3 other cell

lines, of which two are transformed.

4.-10 Partial Chatacterization-ef the Factor in CM:

To initiate— the characterization of thel factor (s)
respansible for the apparent induction of Hifferentiation
of qulcells, three approaches were used. This consisted of
i) an attempt to heat inactiwvate the factor, ii) an attempt

to inactivate the factor with enzymes, and iii) a partial

determi%ation of the size range of the factor through
positive pressure ultrafiltration.

Heat inactiyation of the +factor present; in CM' was

- ' i

performed by incubating SC-CM fram cl 9 cells at 100°C for
various periods of time (Fig. 4.17a). A drastic drop in the
potency of CM was observed after treatment for 10 minutest
j%nis seemed to indicate that the factor could, indeed, be
inactivated in this manner. When SF-CM was tested at 100<C,
however, it was noted that inactivation by beoiling of the
fector was not possibhle (Fig. 4.17b). Even Z0 min. at 100=C
would not inactivate the faetor.

Inactivation attempts at S4PC for up to 20 min. failed

to inactivate SC-CM (data not shown). Serum—free CM was

also stable at 56=C for up to IO min. (Fig. 4.17c). In
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Figure 4.17: Heat inactivation of (a) SC-CM at 100=C, and

SF-CM at (b) 100°C and (c) S6=C. All media

assayed on monolayer cultures of F19 cells for

& days.



. S1130 |_<_2.muooozm 1N3043d

o *r o b B 3
| - o)
® ] [ ] o~
o - - ° e
-
| — _ T ® T [ A _ o
o o o ) O @ o O O o (G O
0 < o 0 < N © < N

TIME (minutes)



113

Figure 4.18: Differentiation~inducing efficiency of CM
‘following storage at 4°C @—————®@ and -20°C

O- - - ). Media assayed on P19 cells in

monol ayer cultures for & daysf
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.fact, heat treatment of SF~CM at Sé&=C seemed to improve the

storage stébility of the CM (data not shdwn).

It -should be noted thaa.when SC-CM was incubated in a
boiling water bath, a great amount,of turbidity was seen in
thé medium. This, presumably; wasldue to the denaturation
of the, serum proteins present in the medium. No such
+ioccu1ént precipitate was seen when SF-CM Qas treated in a

similar manner.

In addition, it was found that the activi€$ of SC-CM

‘was stable for at least one month at 4 or -20° (Fig.

4.18). Saome dégradation did occur when the medium was
stored for 4 months at either temperature. SF-CM lost its
differentiation—indj;ing activify very guickly Qhen stored
at either 4= of —gO°Cﬁ_ :Ihis loss of ;ctivity could be
retarded by the addition'bﬁ_serum and/or by heat treating
the.CM at S6°C for 10 minutes (data not shown).

Some other characteristics of CM were observed during
the course of these experiments. During attempts to find a

means to sterilize CM, it was noted that the active factor

present in serum—containing-CM from cl 9 would not pass

through a Nalgene filter urit with a pore size of 0.45um

(data not shown). It was beliéved that this was*due to a)
the factor being very large or b) the factor adsorbingionto
the +ilteF. When serum—igéngM was assavyed a*ger passage
through a filter, hmwéver, it was found that none of its.
potency was lost (data not shown).

The gbservations that i) SC-CM (but not SF-CHM) could
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be inactivated by boiling, ii} that SF-CM (but-not SC-CM)
— .

could be filtered without loss of activity, and iii) that

loss of activity upon storage could be retarded Ey the

addition of serum to SF-CM suggest that, in ~ fact, the

differentiation—inducing factor(s) present ine CM is
'assgciated with some component of seFum. This serum
ccmponent * would be greatly remerd from ‘serum_ upon
.filtration, and would precipitate out of boiled serum. In

addition, serum may either inactivate a factmr;degradiﬁg
e " substance also present in SF-CM, or it may protect the

factor from the action of this hypothesi-ed substance. I+
nY ) - .
such a substance is present in serum, it doé&s not _inh}bit

-

-the action of the CM factor, and may suggest a way of
. . Ay
partially purifying this factor.

As a further attempt at characterizationy inactivation
» - .

of CHM waé attempted using enzymes. hliquots of single
4 ) ]

Yubatches of GF-CM were incubated overnight at 37°C. One

Sy

aliquot remained untreated, one contained ©0.05% (w/v)
| s * trypsin, and one contained 0.01% - (w/v) . staphlococcal

{micrococcal) nucleasea'lelcwing incubation, 0.05% soybean

trypsin inhibitor was added to the trypsin-containing

'/,, aliquot, and each of the aliquots was made 7.5% with CS and

2.5%4 with Cle:. Paralle%_aliquots of fresh medium were
Ereated identically to this and served as controls. The
addition df trypsin inhibitor , to those qedia conta&ning
trypsin was essential, as even with the addition of 10%

sera, the potency of the trypsin was such that all cells

A
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Table 4.4: Attempted Enzymal Inactivation of SF-CM.

PERCENT ENDODERMAL CELLS =

- - FRESH .
TREATMENT .~ MED TUM - CM
—_ ) e 12.1 . T 47.0
Trypsin b, 142 . 48.72
Staphlococcal b.e 11.8 ’ " 40.6
Nuclease

- - Fercent endodermal cells from immunofluorescent cell
counts with TROMA-1, : ’

P - Treated at IZ7°C overnight.

= - 50 mg/ml.

“ —- 10 mg/ml.
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Table 4.5: Ultrafiltration of CM.

Pl

DIFFERENTIATION OF

MED IUM 7 F19 MONOLAYER -
FRESH ' C |

WHOLE CM | : ' +

M FILTRATE * +

cM RéTENTﬁTE g o+

- - Ceils scored visually for the presence of a monolaver

of endoderm (see Fig. 4.1) after &6 days in CHM.

® - Fractions after passage of 0% of medium through an
ultrafilter with a 10 Kd qbtoff.

)
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were rapidly killed without addition of the inhibitor.

‘ Nei ther egnaustive teryptic digesticn HDF’ digestion
with . Staphlacoccél nuclease had any e#féct on the activity
of CM (Table 4.4). This suggests that' the active factor

“ ’ . . I}
present ip CM is neither a trypsin-sensitive protein nor a

free nucleic acid.

As a final step in the initial characterization of the
mafphogen present in CM, a partial determination of 1ts
size was done using positive pressure ulfrafiltration.
Using a filter with a nominallmoleculgr weight cutoff point
of 10Kd, pressurized nitrogen was used to pass ap least Q0%
of the 6&§F-CM through the- filter. h?ﬁe filtrate, the

at

retentate, and unfiltered CM retained from the original

batch all had equal di%{erentiation—inducing activity

(Table 4.5), suggesting that the Ffactor had a molecular

-

weight of less than 10K,
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DISCUSSION AND CONCLUSIONS

In_DMSD—treated aggregates an endodermal sheathp is
formed prior to the appearance 6% apd immediately abnvevthe
muscle ce;ls forming beneath. BRased on this nbsefvation, I
spéculated that this endodermal sheath might somehow be at
least partly responsible for the formation of muscle.

In addition to the production of ; soluble factor by
this endoderm (which was gubsequently discovered); two
other possibilities were raised. Tﬁese were that a) there
was a restricti?n of diffusion by the endnderﬁal cells,
thereby preventing the passage of ;omething nor%ally_
present in the medium, and b) that the Aifferentiation
beneath the endoderm waé somehow induced by a 5asement
lamina formed by this endoderm. Both of thesé'possibilities
are suggested_by.the_+indings of other workers (see Sect.
I.4). .

In fact, neither of the‘alternative possibilities'were
examined in‘fhiS'study and their contribuﬁion(s), if any,
to the formation of muscle remain unknown. It is igportant
to néte, hawever, that none of the threg possibilities
mehtioned {(diffusible morphogen, restriction of 'dif+usion,
andg basemeﬁt membrane formation) can be regarded as
mutually exclusive. fndeed, it may be one ' or any

combination of these factors which induces muscle formation

in DMSO-treated aggregates. As well, it may be .that the
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presence of DMSO is absolutely required fpr the Fformation
of muscle, even though it does not seem to be required for
the prior differentiation of endoderm. Sin&e endoderm may’
fprm without DMSO, if some product(s)l of ‘endoderm can
induce muscle differentiation, DMSO may not be requiréd.

1 have found that media conditioned by extraembryonic
endaoderm ccntain‘ a di%ferentiation;inducing substance (or

P

substances) which dnduces the differentiatimn of
pluripotent F19 <cells into a cell type morphologica&ly
resembling extraembryonic endoderm. The
di{{erentiation—inducing s €effects of CM were not due to
depletion of either m?diué Druéerum, or to residual RA, and
were probably not due to fﬁe selection of a subpopulation
of -P19 cells. ©CM also decreased both .the growth rate and
the plating efficiency ’ of F19 cells. In addition, CM
decrea%ed the gerth.rate of fhree transformed cell lines
(without noticeably affecting their morpholegy).

The  factor(s) are produced by densely populated
cultures of cl 9_ce115, F1? and FZ? EC cells, and RA-treated
F9 cells. The production of this factor is dependent on the
number of cells used to cﬁnditinn the medium. A reduction
in ‘the number of cells caused a dramatic reduction in the -
Effectiveness of the CHM. The differentiation—-inducing
effect of CM was, enhanced by the presence of DMSD. The
effect of RA was, in turn, enhanced by the presence of CHM. |

The characterization of the active factor, though

incomplete, revealed a)+that the factor (s) had an apparenf
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Py
ﬁole:ulér weight of less than 10 000, b) that the factor
was probably neither a prgtein nor a nucleic acid, And c)
that the active factor(s) present in CHM ma; be associated
.with one or more components of serum.

At this juncture, the question ariseé as to what the
Qorphogeh in CM is. A variety of substances are known to be
secreted by extraembryonic endoderm. These include collagen
;nd a variety of large glycoproteins from parietal
endoderm, ‘mostly as components of Reichert’s membrane

[}

(Clark et al, .1975; Jetten et al, 1979; Howe and . Solter,

1980; Hogan, 1980; Hogan ‘et al, 1982y as well as
plasminogen activator (Strickland and Mahdavi, 1978; Solter
et al, 1979). Visceral endoderm is known to secrete alpha

fetoprotein and transferrin and a thin basement membrane

(Dziadek and Adamson, 1978; Hogan, 19803 Hogan et al,

19é1). All of the reported substances are far too largé to
have been the factor in CM. As well, most are prbteins or
glycoproteins, and woul& have presumébly been degradéd by
trypsin and/or denatured by boiling.

EC cells are also known to .secrete a variety bf
substances, including the so—-called "F9 éntigen“ (McCormick
et al, 1982), uvomorulin (Vestweber and Kemler, 1984), and
a recently described embryonal carcinoma-derived growth
factor .(ECDBF;. Heath and Isacke; 1984). None of thesg
compounds appear to be candidates for tﬁe active factar(s)

of CM for several reasons: 1) all of these substances are

too large, ranging from 17.5 Kd for ECDGF to on the order
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of 80 . Kd for uvomorulin and the F? antigen, 2) all are at
least partly proteinaceous, and 3} ald  are reportedly

secreted aonly by the undifferentiated cells and not by

their differentiated derivatives. Finally, none appear to

have effects similar to those reported herein for CM.
There%ure, none of the substances known to be secreted by
either extraembryonic gndoderm or EC cells apﬁear tq be
candidates - for the di+{erentiation"induci;g factor (s)
Dbsgrved in CM.

One reported study doeg' describe proteoqlycans
secreted by both F9 EC cells and their RA-treated
derivatives (Kapoor and Frehm, 1983 . Dne of the mole;ules
stud}ad (FGM-2) was completely shed into the me&ium by‘bo£h'
differentiated _and undif%erentiated célis. The /amoumt
secreted, however, increased _at least Z—fold upon
di#ferentiatiog. Tﬁis molecule, which consisted of a large
protein core with several covalentlyllinked cligosaccharide
chains,” was much larger than the 30 Kd‘ultra4iltration

N\

cutoff used to concentrate their CM, however. ' Although it
was not studied by Kapoor and Frehm (1987, the free
sulphated gl&cpsaminmglycan {(GAG) which composed most of
the attached sugar had an approximate molecular weigh£ of
10-12 Kd. If it can exist in the free form, this GAG, which
reportealy resembles keratan sulphate, may be a possible
candidate for the factor. Only the protecglycaq;was studied

by Kapoor and Prehm (1983), however, and GAG’s seldom exist

as free molecules, but are usually toValently attached side
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chains 1in proteoglycan molecules (Hascall - and Hascall,

1981). -

0f the substances recently reported to be secreted by
a variety of other cell types, none appear to exhibit
properties identical to that of the morphogen described

.

herein. These include a factor produced by feeder cells
which inhibits EC cell differentiation (Smith ~and Hooper,
198%; Koopman and Cotton, 1984), a factor from confluent

IT3 cells which retards proliferation (Okai, 1984), and

some differentiation—-inducing factors from a murine
. _ . )

fibroblast line (Tomida et al, 1984) and mouse yolk sac
(Labastie et al, 1984). The first factor can be excluded
from consideration siméiy because of its effect, which is
the opposite of that observed with CM. The {actor'grom IT3
cells can ;:50 be excluded, since a CM from 3IT3s in this
study revealed no differentiation-inducing activity,
although‘some retard%tion of growth was seen. . '

The differentiation—-inducing activit&es observed by
Tomida and colleagues (1984) and Labastfg and colleagues
(1984).both relate to blood cell lineages, and affect aﬁ}y
cells pre-committed to these lineages. In additian, the
factor described by Tomida et al (1984) hés a molecular
weight larger than 10:k, and is sensitive to both heat and
brypsin.

The term "morphogen" is frequently used in this study.

This .'is used in the sense of a diffusible,

differentiation—inducing substance, (see Yamada, 19467

o
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Berrill and Karp, 1956; Saunders, 198%% and is based_ dpon
the initial: .and major,"ﬁimlqgical effect observed. It
should be noted that the growth..retardation observeﬁ in
trah§+ormed cells may be the caused by either thig
mnrphcgen of some other factor present in.bM.

Explanations for  several phenomena observed in
culturég—gf F19 and other EC cells may be drawn from " this
study. N\ These include the law level of sponténecus
differentiakion _seen ‘in crowded maAOIayer Lultures énd

N

lanation of how ‘“positional regulation®

aggrégates, an

works, and what he exact role of DMSO may be in the

/

inducti on of mugﬁfe in aggregates.
l,,/ ‘

The spontaneous low level of differentiation of F19

cells in monplayer is probably a result ofithe. fact that EC
cells, at high density, secrete a ai{ferentiatimn"inducihg
factor similar or.ia ntical to the morphogen produced by
endoderm. (The dramatic reduction in the potency of CMs
proguced by seed{ng slightly fewer cells could be an
indication that the active principle(s) present in CM are
only produced whenh the _cells reach a minimam level of
crowding, pe:saps by means of a cell contact mechanism.)
Higher levels of differentiation in monolavyer culturés
would be prevented by two mechanism§. When the cells are at
low density, insufficient morphogen would be produced for
any effect to be seen. At higher densities, the crowding of

the cells would inhibit the diffecentiation of the cells

(see Section 4.68). Inhibifion of differentiation in crowded
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cultures could also .,explain why differentiation into
endoderm ;n .overcrowded culture; of P19 cells occurs
pre%erentiélly in open areas of the plate.

As well, the production o+.thé morphogen by crowded EC
cells may explain the small number of -exéraembryonic
endoderh—likq cells seen in untreatred aggregates of F19.
?he close crowding of the‘célls would cause a IBcalired
increasé in the -amount of morphogen present. Du% to the
inhibition of di{+e}entiétion in dense cultures, only those
cérls DnAthe outside of the aggregate would be in  a
location favourable for differentiation into endoderm. This
effect of cell density may therefore represent an
explanation for the  positional tegulation of
differentiation espgused by §evera1’worker5 {Hogan et al
1981 Rosenstraus et al, 1987). According to this theory,
endnderﬁ forms around the éfterimr of aggregateé due to
some vaguely defined "positional information". The
morphogen required for differentiation intno endoderm 15
present in the aggregateé, but only those cells which are
not too .crcwded (i.e. those on the outside of the
aggreggte) can respond to it. .

Nheiher the mor phogen is involved ‘ iﬁ the

e
differentiation of muscle (as originally hypothesized) has

.

not been clearly established, but two lines -fo evidence

ceem to indicate that it may be involved. The first

+

" evidence  was the ability to form TROMA-1 positive

(endodermal) cells in response to CM. From- my work with
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aggregates, . the ability ¢to form endoderm appears to be
1inde to the- ability to form muscle. P19 cells, which farm

.muscle wﬁen aggregated in DMSO, formed a large proportion

of TROMA=1 positive cells when treated with CM. The cell

L .
lines incapable of forming muscle (F9, D3, :and RAC&S) were

also resé .éusceptible to the differentiation—-inducing
e£+eet of CM. A partial revertant of one of these lines
which had regained muscle-forming potential, ﬁﬁc&s—D*,
Férmed a large proportion of TROMA-1 positive cells. ’

The best line of evidence linking CM (énd theréby the
endoderm which Jproduces it) with muscie fDrmaﬁioh was the
syhehgistic efféét of CM and DMS0. DMSO, which is normally
used to induce muscle diF{erentiation, augménted' the
differentiétion—induting.e{+ect 6¥ CM on éI;_ cells. D3
cells, which do not form muséle wﬁen aggregated. in DMSO,
remained unaffected in all doses of-CM éhd DMSO., Therefore,
the ability to form muscle appearea to be linked tD— the
abilLty to di%{erentiate in response-to CM.

Thus, a modél for thel Formétion of muscle 1in
aggregates can be proposeé. Aggregation (bringing the cells
into cléée contact) would be the 'first .step toward the
formation of an " endodermal sheath. The
dif%erentiaticn—inducing factor would be produced by the
tightly-packed EC cells of the abgreggte, and saome endoderm
would begiﬁ to form around the outside, since this is where

the cells are the 1least crowded. (This hypothesis is

supported by the appearance of at least & few endodermal



cells in untreated aggrggates,) DMSO, gzgkng.in conjunction
witﬁ positive ¥eedbaﬁg!f{gﬁ,théfh;ndmdgrmal cells already
present {and tHe tig%tly packted EC cells), would cause a
dramatic increase in the‘number of endgdermal. cells. In
this way the aggregate wou}d,ﬁecome complétely coatea with
endoderm,‘which wﬁuld ctimulate the dif%erentiation of
muscle beneath. Untreated aggregates would not receive the
DMSO enhancement  of endodermal dif%eren;iatioa and
therefore 'QDuld rarely achieve tﬁe cbnditions (endodermal
sheath formafion) necessary for muscle differentiation. One
of the reasons why D3 cells (and possibly lRACbS ‘cells as
well)f are .incapable of df_or'r_ning muscle may be their
inability to <form sufficient  endoddrm, due  to - their
-resistance to both CM (Fié, 4.12) and the DﬁSO enhancement
of the differentiation-—-inducing effect of CM (Fig. 4.13).
%4 this model were corréct, DMSO would operate merely
és an enhancer of a ‘Factor () .norma&ly 'pfbduced by
agg?ggates of F1%2 cells by augmenting its effect. Since
DMSO énhances ;he differentiation—inducing effect of CM,
and sincg DMS0 is known to +aci1itaté the interhalization
of some substances (Stroughton and Fritsﬁh, 1964), it may
be that the aétiVe principle present ih tM must  be
internalized by the cell in order .to act. Therefore, it may
be that the sole role of DMSO in the induction of muscle
formation is the amgmentation of thes effect of ; natural
{acto?(s),.perhapslthrough the facilitated internalization

of this factor(s).



129

&t should be noted that this model does not assume
éirect 'implication of CM in muscle formation, but only
indiﬁe&tly, through gnhancement of endoderm formation. As
_discussed previbusly, some other- effects of end&derm
“ormation and/or another effect of DMSQ and/or CM may be
implicated in muscle formation jtself.

Indeed,. if this morphogen is endogenously produced in
embryonic as well és EC cells, it may be this substance
which is responsible for one of the first differentiation
steps which occurs - that of extraembryonic endoderm. After
the formatiop of the +first differentiated cells, the
positive feedback-ef{ect of tHe morphogen would result in
more extensive diFféréntiatiDn of endoderm and thus,

(perhaps indirectly) other tissues as well.
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