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ABSTRACT

Muraine teratocarcinomas are wmalignant +tumours which con-
tain a wide spectrum ¢f differentiated cell types and a pop-
ulaticn of ewubrycnic-like stem cellse. The stem cells,
termed embryonal carcinoma Fells, can be isclated from the
temours and grown ip vitrc where they may be induced to d4if-
ferentiats into a wide variety of «cell types. They can
therefore be used to examine the process by which undiffer-
eptiated cells become committed +to particular developmental
pathvwayse.

In an att=mpt tc =3implify +the dlfferentiation pattarn of
the embryonal carcincma cells, I added drugs toc the tissue
culture medium duripg the differentiaticon process. I ob~-
servea the apundant development of neuron~llke <c¢ells when
apbryonal cercinoma <c¢ells were aggregated and cultured in
the presence of non-tcxlc concentrations of retinoic acid.
I docum=nted this observation with retinolc acid +treated
cultures ot the evbryonal carcinoma c¢ell iine, P19, which
does nct alfferentizte iptc neurcns in ths absence of the
druye.

The reurcns were inpiticily identified by their morphology
under the iight and scanning electron mlcrescopese Their

lcdentity was confirred by the presence cf neurofilaments in
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their cytoplasm &nd tetanus toxin receptcre on their cell
surfacee. In addition, the activities of tvwo e€enzymes in=-
vcelved in peurcotransmission, choline acatyltranzferase and
acetylcholinesterase, increased coordinately i1in these cul-
tures. Glial cells, i1dentifl2d by the presence of glial fi-
brillar protein containing filaments, and a population cf
fibroblast-like cells were alsc present. beither nmuscle nor
epithelial cells were deteccted 1n cultures treated with
non~tcxic concentrations of retinoic acid 4in excess of 1077
M. Fubryonal carcincma cells, rponitcred by their ability tc
form cclonies and by the presence of an embryonal carcincma
cell antigen, disappeared prior to the arpearance of neu-
LCD3e

Neuron- and giial cells appeared in cultures exposed to
retlinocic acad fcr as little as forty-elight hours. Retirncic
acild did uct chance the plating efficlency c¢f E19 cells nor
did 1t have any effect cn their growth rate over a forty-
eight hour pericd,. The P19 cell population was found to be
hcmogeneous with respect to its abiliry to respcrd to reti-
DO1T acCile These deta suggest that the erfect of the drug
was to 1nduc< the develcpment of =neurons and glia rather
thaa tc¢ select cwgalonmt cel:s differentiating along other de-
velopuental pathways.

Variou- re-tincids #ere abl2 tc 1induce the development of
neurons witn a8 heldrarchby cf efficiencies similar tc that ob=-

servec .o many ¢ther biclogical systers affected by Tetinoic

- vii -



acide. Polyanmine metaboliszm did not appear to be involved in
the effect. I have described a mutent clcne which does not
differentiate in the presence of retinolc acide. Thls mutant
mey help elucidate the chain of eventg triggered by the
druge.

The retinoic &acid-induced oairfferentlation of P19 cells
int> peural c¢zlis provides a model system for a2sking ques-
tions about the ccamitment of pluripoctent cells t¢ differen-
tiate along an enmbrycnic cell lineagee. In addition, these
cells will be useful in studylng the early events of neural
differentiation rparticularly since the neurons and glial

ceils appear in a sequence similar to that seen in vivo.
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RESUME

Les tératocarcinores de sourls sont des tureurs malignes
constituées de plusleurs types de cellules différencides et
d'une population de cellules souches. Les cellules souckes,
appelees cellules de carcinomes embryonnalres, peuvent €tre
1solees des tureurs et nmises en culture ou elles peuvent
etre induites a se diffeérencler en une varieté de types cel-
lulairese. Elles peuvent alors ¢&étre utilisées pcur etudiler
le processus par lequel les cellules non-differenciees sont
dirigees vers un dé%eloppement particulier.

Dans le but de sirplifier 1le patron de differentiation
des cellulesde carciroses embryonnaires, j'ai inccrpore div-
arses drogues dans le milleu de culture durant le processus
de differentiation. Lorsque les cellules de carcinomes en-
bryonnaires sont sous forme d'aggregats et cultivees en
pre€sence de concentrations non-toxigues dtacide tétinoique,
j'cbserve la ppé%ence de plusieut% cellules senblables a des
neurones. Cette observaticn a €te soutenue par le fait gue
les cultures de carcinomes embryonnaires de la lignee cellu-
laire P19, traitees avec 1'acide retinoique, ne se differen-
cient pas en neurcnes en l'absenca de cette droque.

Les neurones ont €t€ ipitialment i1dentifi€es par leur

morphologle a 1l'atde des microscopes optigque et a balayage
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€lectronique. Leur identification a &t€ confirree par la
presence de neurofilarents cytoplasmiques et de récepteurs
specifiques a la toxine tétanigue localises a leur surface
cellulaire, De rlus, lv'activite spécifique de deux enzymes
inpliques dans la neurctransmission, la choline acétyltrans-
ferase et l'acetylcholinesterase, a augmente sirultanément
dans ces culturess Des cellules gliales, identificdes par la
presence de fillacents conatitues de protéines fibrillaires
gliales ainsl qu'une populationde cellules dtaspect fibrob-
lastique ont éfé'e@alement observees. Rucune cellule de
type musculaire ocu epith€liale a eté detectée dans les cul-
tures trait€ avec un exces d'aclde rétinoique a 1C~® M, con-
centration non-toxique. Les cellules de carcinomes embryon-
naires, suivie selon leur abilite a forrer des cclonies et
par la preSence d'um antigéne specifique a ces cellules, ont
disparues sulte a l*apparition des neurones.,

Les neurcnes et les cellules gliezles sont apparues dans
les cultures exposees a l'acide rétinoique pour aussi peun
que quarante huit heures. L'acide retincique n'a pas modi-
fi€ la capacite de forsation de colonies des cellules P19 et
n'a eu aucun effet sur leur taux de croissance a l'interieur
de la periode etudice de quarante hult heures. La popula-
tion de cellules P19 s'est averce homogene en respect de son
abilite 4 repondre a l'acide retinolgue. Ces resultats sug-
gerent que 1l'effet de la drogue est d?induire le developpe-
mept des neurcones et des cellulas gliales plutdot que dtelim-

iner les cellules ayant d'autres potentiel de dé?eloppement.



Divers composéb rétinoiques ont induit 1le développerent
de neurons avec une gamme d'efficacites similaire a celle
observe€e dans d'autres systémes blologiques affectés par i'-
acide reétinoiquee. Le métabolisme de polyamines ne semble
pas €tre implique dans ces effets, J'al decrit un mnutant
incapable de se diffeTencler en présence de l'acide rétinoi-
quee. Ce mutant peut alder a eludider la série d'e€venements
inities par cette drogque.

La differentiation 4induite par 1'acide rétincique chez
les cellules P19 en cellules aneuronales procure un nodele
pour 1'etude de 1la differentiation des cellules pluripo-
tentes vers une lignee cellulaire embryonnaire spé&ifique.
De plus, ces wémes cellules seront utiles pour 1'ctude des
evenements initlaux de differentlation des neurcnes puilsque
les neurones et les cellules gllales apparalssent selon une

sequence similaire a celle cbservee in vivee.
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Chapter 1

INTRODUCTION

The coarlsx events which occur during mammalian embryo-
genesis are difficult toc study 1in the intact embryo because
many rrocesses take place sismultanecusly in an enbryo com-
prised of a small number of cellis. 4 model systea which
could pe easily menlpulated, provide largw amourts of exper-
imental material, and pimic the developing embryc as closely
as pcssibie would simplify the study of embryonic develop-
ment. Murine teratocarcinomas fulfil at least some of these
rTequirements {Grakam, 1977). These mallgnant tusours con-
tain nct conly differentliatea cells from all three gerr lay-
ers Of the emtrvo, but alsoc a population of undifferentiated
apbryonic-l.ke cells. These undifferentiated <¢ells can be
grown in large numpbers as cell lines in tissue culture and
will differentiate 31z vitre inte a spectrum of call types
glpilar to that seen i the tumour. The purrose ¢f this in-
treduction 18 +to0 Jiscuss the experlaental apyrcaches which
have teen ur-ed to study teratocarcinosas and the undifferen-
tiated celis derived frow then. The foilowing section con-
tains an cutiine of the early developument ¢f ncrmal mouse

enbryos in order to procvide a frarme of reference for the

ensuing discussicn of teratocarcinonas.



1«1  EARLY DEVELOPMENT OF MOUSE EMBRYOS

After tertilization, the zygote divides synchronously tc
form a embryo of 8 totipotent cells (Tarkowski and Wroblews-
ka, 1967; Keiliy, 1977)« The empryo then undergoes a process
of compacticn whereby the cells nmove closer to each other
and come into extensive contact (Duclbella and Anderson,
1975). The cells become polarized with the appearance of
intercelluiar tight juncti&ns and later zona occludens at
the cutside surface. This creates a permeability barrier
between the inside and the outside of the embryo, whichk 1is
now callead & morula (Lucibella et al, 1975; Ducibella and
Anderson, 1975). Gap junctions between the cells also ap-
pear at this stage (Magnusgon et al, 1577; Lo, 1980; Goodall
ana Johnson, 198Z). At the 16 to 32 cell stage, the cutside
ceils tegin to differentiate and +the inner cells are dis-
placed to one end by the formation ot a fluid-filled blasto-
coel in the «nterlor ¢f the embryo.

At the 6u cell stage, which occurs about 3 1/2 days after
fertidlizatioan, two <cell populat.ons can be distianguished;
trophectoderns cells in a layer arcund the ocutside of the
blastocyst and the irner cell mass cells (ICKH) in a plano=
convex disc at one end of th2 blastocoel. The polar tro-
phectoderr cells adjacent tc the ICM are diploid and eventu=-
ally fore the ectoplacental conee In coutrast, the mural
trophectodermal cells surrcound the Dblastocoel and undergo

transforratior into giant cells containing large asounts of
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endoreplicatea DNB. By ispiantaticn of the blastccyst into
the uterine vall at # 1/z Qdays, the cells of the ICH have
differentliated into primitive endoders on the blastocoelic
surface and the primitive ectoderm 4in the intericr and tro-
phectodersal surface (fig l1.%1a). The primitive endoderm
grows peripherally until it covers the entire lnner surface
of the blastocoel. 1hat portion which remains assoclated
with the ICr» is termed visceral endcderm and the remainder
forwus the parietal endoderue. Both «c¢elil 4ypes Lave charac-
teristlc mcrphocicgicel ana biochemical preperties (reviewed
in Grahaas, 1977). After lﬁglantaticn, the prisitive ecto-
deram, covered by visceral endoderp, grows downwards to form
the egg cylind=r whlch eventually fills tne blastcccoel. By
7 days, th= primitive ectodarm is clearly divided into a
dorsai extra-=asbryonic region and & ventral embrycnic regilon
(fig le1b)e Gastrulet.cn begins at about 7 1/2 days when
the prisltive streak sescderm appears at the posterior end
¢f the enbryonic =ctoderme.i#® More detalled reviews of em=
e

bryonic development may be found in Snell and Stevens (1966)

and ¥osszant znd Papaloannoug(1977).
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Figure 1.1+« Diagrams of s=ctions of wmouse embryos at the &4
day (a) and 7 day (b) stages. At the 7 day eqg cylinder
stage, embryonic ectoderm and extra-embryonic ectoderm are
separated by a constriction. Visceral encoderm» surrounds
the eqgg cylindar, par.etal endoderm is located on the blas-
tocoelic surface awvay from the egg cylinder, and the mural
trophectoderm has given rise to giant cells. The shading
indicates the relaticnships between the tissues in a and b.
See text for further details. Redrawn from bFcssart and Pa-

paioanncu (1977).
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The origin of the embryonic <Celi lineages is well under-
stcod 1n many organisms where the embryo is avallable for
eXperimental manipulaticn. However, in mammals where this
complex detereirnation prccess takes place 1in the wuterus,
much less 13 kacvwna Although much descriptive information
can be obtainzi by sectioningy fixed eambrycs, thls approach
prevides cnly a static picture (Snell and Stevens, 1966),
which 1ay pe misleading. For exanmple, the extra-embrycnic
ectoderr was believed to originate from the ICH. However,
experiszental reccnstituticn of blastocysts from genetically
different donors and analysis of their subsequent develop~-
ment after isplantation into a2 foster mother has demonstrat-
ed that trcphectouerm is the origian ¢f extra-embrycnic ecto-
derm (Rossant and Papaicannou, 1977). Similar mapipulations
of the postimypiantaticn esbryo are not possible since they
can not be ¢htained from the utaruse. Attenpts at isolating
preizplaantation empryos and growing thes 1ip vitrc have been
gsuccess=fal until the early somite stage (Hsu et al, 1974).
Untortunately, 1t 1: difr.culec tc obtain large amounts of
experisental anaterial because the embryos are very smalil,
oply = swmall prerertic¢n survive in  culture, and beceause
there are rproplens in cbtaining synchronously dividing ea-~
bryose. The differectiaticn of murdire teratccarcinomas pro-
vigdes a mcdel systes which overcomes sose of the disadvan-

tages ¢f working with embryos.



1«2  TERATQCARCINOMAS IN YIVOQ

In 1954, Stevens and Little descrirved testicular tumcocurs
wvhica arise spontanecusly 1n about 1% of pale strain 129
mice. These tumcurs consist of various tyres of differenti-
ated cells and an undiffersntiated cell type. Stevens and
Pierce (1975) have defined thu follocwing terms: embrycnal
carclinoma (rC) cells refer to the undiffere¢ntiated multipo-
tential stem cells of the tumour; teratocarcinomas are those
tusours which ccnsist c¢f EC cells and differentiated cells
froam all three germ laywers of the embryo; and teratomas are
benign tumours containing only differentiatea cells. Plerce
anad Dixcn (1959) and Fierce 2t al (1960) showed that the EC
cells vere responsible for new tuaours when injected subcu=-
taneocusgly 1irtc & host mOUsce Kleinsmith and Elerce (1964)
showed that a single EC cell from an embryoid body was capa-
ble of forming a subcutapsous tumour consisting c¢f many dif-
ferentiated cell types and ET cells, thus <confirming that
the EC cells were the stem cells of tre tumour. Intraperi-
tocneai injection of tumour celis led tc an ascites tumour
ccusisting ¢f free flcating scuctures termed embrycid bodies
wvhich superficially reseubia2d 5=-6 day e¢azbryos (Stevens,
1960 ) Teratocarcinomas may be rrogfegated by either suktcu~-
tanecus injecticn or as an ascites tumour. Cvarian terato=-
pas arise sponcareocusly in the LT strain ¢f mlice when ovari~-
an €g9gs are rarthenogenetically activated and become

disorganized after the blusrocyst stadge (Stevens end Varnum,
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1974). Cniy a small proportion of thess tumours are tran-
splantable teratocarcinomas.

Teratocarcincnas froa other amouse straips can be preoduced
by transplanting early embryos to extra-uterine sites in
syngenelc mice, wusually under the testes or kidney capsules
(stevens, 1970b; Damjanov et al, 1971a). Some of these enm-
bryos becowe disorganized and produce teratocarclncmas. The
host environment can determins whether é teratocarcinoma or
teratomra develops; certain strains of mice such as C578B1 and
AKR are ncnpermissive for t=2ratcoccarcincmas (Solter et al,
1975) as are athysic mice (Solter and Damjanov, 1979). Em-
bryos from the 2 ce¢ll stage to the sight day egg cylinder
stage will fora teratccarcinomas with the highest freguency
being cobtained with seven to @ight day embryos (Stevens,
1968; Stevens, 1970b; Damjanov et al, 1%71b). Generally
older embrycs give rise only to teratcmas {(Iles, 1977 ).
Transrlantaticn of twelve to thirteen day o0ld genital ridges
tc 2xtrauteripe sites also l2ads to teratocarcincmas {Ste-
vens, 1970a).

Spontanecus tescicular tumgours are likely derived fron
the primordial germ cells of the fetal testis (Flerce and
Beals, 1964). Whar Stevens (1967) grafted gepital ridges
from both anormal and sterile mice to the testes of normal
mic2, c¢nly the normal grafts Jave teratocarciacmase. This ob-
servaticn surpcrts the hypothests of a germ cell origin for

these tumoOUL Se It 1s possible that grafted erbryos alsc
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glve rise tc teratocarcinomas through parthenogenetic devel-
opment of ririmordial germ cells. However, thls possiblity
is not supported by the experimental evidence. kintz et al
(1978) demonstrated that 6 day old esbryos from both sterile
and normal wmice, grafted to the testes of normal rice, gave
rise to the same proporticn of teratocarcipomas, thus elimi-
nating the possibility that, 3t least 1n this case, the ori-
gin of the tumours was from primordial germ cells develcped
after grafting of the enbryos. Teratocarcinemas derived
from embryor have both male and fewale karyotypes 1in con-
strast to those tunmours darived from primordial germ cells
which are always rale. Some strains of mice which can form
teratocarcinomas from grafted eambryoes do not glve rilse to
gera celil derived tuwours (Graham, 1977). These data sug-
gest that another pluripotent c211 type of the emkryo, pos-
sibly embrycocnic ectcderm, may give rise to teratccarcinomase
Diwan and Stevens (1976) have successfuily cbtained terato-
carclncmas by grafting € day embryocnic ectodersr intc the

testes of adualt mice.

1.3 EMBRYONAL CARCINOMA CELL LINES

Lines of emcryonal carc.noma cells can be established in
vitro from teratccarcinomas by elther dissociating cells
from erxcryoid bcaies or sciid tumours and culturing then on

layers of non-dividing feeaer cells (Kahan and Ephrussi,

19793 Marti-. an¢ Fvans, 1975b; MHcBurney, 1976) or by allow~-
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ing embrycid Dbodies to attacn to the surtace of a plastic
tissue culture dish (Rosenthal et al, 1970; Evans, 1972;
Berastipe etv al, 1973; Lehnan et al, 1974). 1In €lther case,
clusters of &C cells arise amid the differentiated cells and
py subculturing, homogencus popuiations o¢f the rapidly di-
viaing EC cells can be obtained ana clcned. These lines of
EC cells can be naintainec in culture by freguent subcultur-
ing t¢ e<nsore tnat they remain in exponential growthe Finch
and Ephrassi (1967) showed that subclones cerived from EC
cells after 25 tc 50 generations in culture could still give
rise tc teratocarcinomas with the same range of differenti-
ated cells. recentiy, methods for generating EC cell lines
diractly rrom early embryos have been developed tbus obviat-
ing the n¢eu for the lengthy ipn vivo grafting procedure (Ev-
ans ang Kaufman, 1vdl1; ‘Martin, 1961; Axeircd apd Bennett,
1982).

The ceils of the enbryc develop in a reprcducible manner
within & prec:s3e crganizational framevworke. The differentia-
tion of EC cells 1s not as rigidiy constrained since they dc
not develcop 15ntc actual ¢rgan structurese. Hewever, certain
conditicns are neco3sary for EC ceils to differentiate maxie-
maitly.in Yairo, 4including a requurenent for a certain level
of cei1l dep:ity. This has peen achieved by culturing cells
in dense scholayers (hicolas et al, 1975), in large attached
cluip- {(Mcburney, 1976) or as aggregates 1ln suspension (Mar-

tin ana Evaans, 1975a). lhe outer cells of aggregates of
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pluripotent £C cells differentiate into primitive endodern
(Martin et al, 1977) 4in a manner analogous to the formatlon
of embryoid oodies in vivo. Faplating the aggregates leads
tc aa ocutgrowth ¢f endodern followed by the appearance of
mapy differentlated cell types incluocing neurons, beating
suscle, keratinizing epithelium, cartilage, and adipose tis-
sue (Martin aad Ekvans, 1975a and b). Scome lipes of EC
cells, whicn have lost the capacity to differentiate, taill
to deveiop any endodermal layer when aggregated (Martin and
Evans, 1975a; #dartin, 1980).

Many morphclogical and biochamical markers have been used
t0 assess the differentiation of EC <cells ipn yitroe. EC
cells bave z characteristic morphology; they have sparse cy=-
toplasms, relatively large nuclei «ith prominent nuclecli,
spharical mitochcndria, 1little endcplasmic reticulum and
Golgi, and pnumerous dispersed ribosomes which give the cells
a uniform appearance {(Fierce and Beals, 19643 Lo and Gilula,
1960). BC cells have bhigh levels of alkaline phosphatase
{Berstine €t al, 1973) and lactate dehydrogenase (Graham,
1977) which may be detected hlstochewmically. Using morphol-
ogy to aistingulsh differentiated celis may not le adaquate
fcr mary cell types, although nerve and muscle are examples
of cell types which can be 1dentified easily with both the
light and <clectrcn microOSCOpPS8S. A anumber of bilochemical
sarkers have been used for more accurate 1dentification of

differentiatea cell types apiearing in Vitroe. Antibodies
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used in indirect immunofluorescence assays provide specific
markers for some cell types and allow individual cells tc be
examlined. Antibcdies tc intermediate filament rroteins are
an example ot antisera which have been used in this . way
(Jones-Villeneuve et al, 1982; Paulinpn et al, 1982). Specif-
ic 1sozymes for aldclase (nerve), creatine phcsphokinase
(muscle), and rhoophoglycerate mutase (muscle) are usetul,
providing tne cells differentiate fully in culture (Adamson,
1976)« Scme c=ll types can be identiflied by a ccnstellation
of zarkers. For exarple, parietal endoderm is chéracterilzed
by producticn of plasmincgen activator, laminin, and colla-
gen tyre 1V {Grabkam, 19773 Strickland et al, 19&0).

EC cell: can thus differentiate into many different cell
types whose appearance can be moanitered by biochemical cri-
teria ip YitICe The question then arises as to how closely
these tumour cells resemble the cells of the early embryo.
The bext evidence that EC cells can differentiate normally
comes froan blastecyst injection experimernts. Brinster
(1vy74) showsd that 129 aerived teratocarcinoma cells trans-
ferrea to a blastocyst fiom an albpino mouse resulted 1in a
ncuse with agoutl hair. Mintz and Illmensee (1975) extended
this observation usirg PC gells from ascites enbryoid bod=-
1e8. Chimeric mice resulted which had many deveiopmentally
uprziated tissues, including the germ cells in cne mouse,
derived frcm the kC cellze Ilinensee and Miptz (1976) gen-

erated chimeric alce from single EC cell transfers, thus
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confirming that a single EC cell 1s capable of developing
into many tissue types. EC cells which have been raintalned
in tissue culture are also capable ¢f contributing to em-
bryonic developmnent after transfer to blastocysts (Papalican-
aou et al, 1975). Using thils approach it may be possible to
obtaln strains cf mice carrying specific rutations by using
EC ceils witrn these muteticons in blastocyst transfer experi-
ments (Dewey &t al, 1977b; Dewey ana ¥intz, 1980). The con=-
clusicr frow the blastccyst transfer experisents was that EC
cells are capable c¢f differentiating like embryonic cells
vhen they are supplied with +th2 proper set of environmental
cues, Althcugh EC ¢ells are malignant, they lose this prop-
erty upcrn differentiation (Plarce et ail, 1960; 1ddamson and
Grahaws, 198(). Thus they can b2 grown in tissue cultures 1in
largye puwmbers duve to their <tumourgenic properties but their
ditferentiation into mature cell types can be used as a sod=
el for normal embrycrnic developnent.

There i- scwe controversy over which embrycnic cell type
EC ceii1s most closely resemble. It bas been shcwn that EC
ceils can ogifferentiate 1nto extra-empryonic erdcderm as
well as <emprycnic tissues but that they do net give rise to
trephectoceinal cells (Grahamy 1977). The embrycid bodies
derivea from BC cells resenmble the structures fcrmed when
ICHM are isolatad and caltured. These cbservaticns suggest
that BEC Cceilsz close.y rescenble ICH celis. Isclated ICM can

genz2rate plur.potent ¢¢1l 1lines when cultured in EC condi-
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tioned sedium (Evans and Raufwman, 1981; Martin, 1981). How-
ever, since ICM cells are the progeniters of the embryonic
ectoderm, it 1s rossible that these pluripotent cells cculd
have ar.se¢n from embryconic =zccodermal cells. Analysis of
prcteins present in EC cells, ICYM cells, and in primitive
ectoderm (Martin et al, 1978), showed that EC cells share @
protein with embryonic ectoderm that is not found 1in ICM
cellse Dewey et al (1978) have demcnstrated that ICH4 and EC
cells aiffer 1in protein profiles seen on two dimenticnal
gels. Evarns et al (1979), also using two dimensicnal gels,
showed that EC cells resentle embrycnic ectoders ¢f the 6 tc
7 day ewmbryc more clcsely than the ICM cells of the earlier
enbryoce. Trese observations suggest that EC cells are the
equivelent of embryonic ectodarnm. It 1s possible that both
ICM ceils and ewbryonic ectodera are capatle of glving rise
to EC cells a4nd that different EC cell lines may represent
sliJhtly different deveiopmental stages. This i1dea 1s sup~
ported by the observation that several EC cell 1lines with
female karyctypes are at different stages ¢f ¥ chromosore
inactivation (McBurney and Adamson, 197¢, Martin et al,

1973, McBurney &nd Strutt, 1980).
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Te EXPERIMENTS USING EMBRYONAL CARCINOMA CELLS
The follcwiag secticu ccentainse as discussion cf ways in
which EC cells have been used to examine develorsental phe-

nomena.

lTe#e1  Cell surface molecules

Many investigators have looked for wmarkers which are
shared by EC <cells and empryonic cells. The cell surface
hag been of particular interest because of 1ts potential
rola in celi-cell interactions during embryogénesis,

Imnunological techniques have been used tc obtain syngen=-
ic and monocicnal antisera against cell surface mclecules of
EC cells. An antiserum raised against F9 EC cells 1n synge-
neic mice serves to 1llustrate this approach (Artzt et al,
1973). Tals antiserus reacts with 9 cells and other EC
cell iines, sperm, and with embryos from the z ca2ll stage to
the blastocyst (Jaccb, 1977). Only the esmbryonlic ectodernm
of the ¢ to 9 day c¢ld embryo is positive. F9 antigen may be
importarnt in cell- cell interactions. Fab fragmerts of anti
F9 antibsdlies reversibly inhipit compaction of the morula
(Remler et aly, 1977), <cell to cell adhesion of ICM ana EC
cells in cuiture (Nicolas et al, 1981), ana modulate gap and
tight juacticas (Dunia et al, 1979), all without affecting
cell divisico (Jacob, 1977). F9 antigen 13 undetectable on
epbrycs homczygcue for some recessive genes of the T complex

(Keunier et av, 1976) and 1t nas been suggested that the an-
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tiserum may reccgnize a wild type product ¢f this locuse.
(Recessive mutations in the T complex are lethal in the ho-
mozygcous forn at various stages of embryonic development)
(Bennett, 1975). Several other antisera have been raised
against EC czlls (Stern et al, 1975; Gachelin, 15763 Devey
et al, 1977a; Webb, 1980). Monoclonal antibodies are a pow-
erful tool because they detect only one antigenic specifici-
tye. Using a moncclonal antiboedy, Scolter and Knowles (1978)
have defined a stage specific antigen (SSER-1) which appears
ou 8 cell stage embryos and is present in highest concentra-
tions on primitive ectcderms The major conclusion from this
werk 18 that FC cells share some antlgers with embryonic
cells that are not present on most adult or other tumour
cells. Cocuversely, some c¢ell surface antigens such ag B-7Z
and beta=-2 gicrocglopbulin are absent from EC cells and appear
only when +they differentiate (Jacob, 1977; Croce et al,
1981).

The cartonyarate content o¢of EC cell surface molecules
ditfere frem that of differentiated cells as assessed by
lectin binding (keisner, et al, 1977; Fuilsotc et al, 1982),
and fucosylgliycoreptids analysis (Murarmatsu et al, 1978).
Grabel et al (1979, 1983) detected a lectin like component
on EC cells whicbhb recognized coligomarnosyl residues presun-
ably found on a complementary receptor on neighbouring EC
cells, A Ca*t*-dependent adhesion system which is shared by

early esbryonic and EC ceils has alsc been descrited (Takei-
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chi et al, 1581; Ogou et al, 1982). These studies confirm
that EC cells and their ditterentiated progeny show differ-
ences at the cell surface. The challenge 1s to ascertailn

vhat roie these¢ aiffereuces play in Gifferentiaticne.

le4.2 Gene expression

EC celis proviade a system for studying the mechanisms of
ditferecnt.al gene =xpression dGuring develcpment. Although
the specific genes and gene products whicn regulate differ-
2ntiaticn are largely unknown, several groups have examined
elther endogencus genes which are expressed cnly after 4if-
fereutiaticn of the EC cells (Croce et al, 1981), or the ex-
pression ol exogencus viral or plaswid genomes after thelir
irtegration .atc the EC ceil DNA (reviewed in Levine, 1982,
also see¢ neubner et al, 1981; Stewart et al, 198zZ; Niwa et
al, 1933; and Gautsch and Wilson, 1983). The ipactivatlon
cf one of the X chroroscmes in somatlic female celis, which
ipvolves the curpming off of transcripticn of almcst an en-
tire chromesone, way also be studled using lines c¢f EC cells
with two active X chroemoscmes {McBurney and Strutt, 1980;

Featnerstone, 1980; Paterno and McBurney, in rreparation).

Tele3 Determination
Altnoagh there are many cell lines which differentiate in
cuiture along steclflc developmental pathways, FC cells are

particuiariy viluable '~ becaus2 they ditfereantiate 1nto many
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distinct ceil types. EC celis can therefore be used to
study detersination, the process by which a cell and 1its
projeay become committed to a particular ditferentlation
pathway. The main obstacle 1n studying determination with
pluripotent EC cells has pbeen the complexity of their dif-
ferentiation patterns and +the lack o¢f control that the ex=-
periment2r had over the processe. One way to surrount these
problems is to manirulate the celis so that they differenti-
ate 1nto only ope cr a fev related cells typee.

Several groups have added drugs to . differentiating cul-
tureé ¢t EC cells in crder to achieve this goal. Strickland
and Mahbdavi (1978) reported the appearance of extra-embryon=
ic ectoederm 1a mocnolayer cultures of F9 EC <cells treated
wita retincic acid (FA). Addition of cAMP to these cultures
lea to the develcpwent of pa;ietal endoderm (Strickland et
al, 1980). Hogan et al (1981) demonstrated that aggregation
of F9 celis during treatment with RA led to the developpent
of visceral endodera rather than parietal endodermn. The RA
treated FY cultures ttus are potentially usetul for studying
determiraticn events leading to the differentiation of EC
cells 1nto extra-~embrycoic tissuese.

Speers et al (1979) aaded hexamethylene bis acetamide,
poiybrene, snd direthylecatamids to cultures cf the pluripo-
tent EC cell line PCC4, and observed tne drrearance of ef-

ithelial-ii1ke and fibrcblast-like cells respectivelye. Eau-—

1in et al (1v79) also observed the appearance cf a flat
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adhesive ceil type in £C <cultures which were treated with
hexamethylene b.s acetimide.

Growth ot EC cells in definea medium without serum leads
to differernt.iacvicn of some FC cell lines into parietal endo-
derm {(EKizzino, 1983). Darmon at al (1981) grew pluripotent
EC celi line¢s in defined medium and cbtained peurens and fil-
broblastse

Recent work ir cur laboratory has been ccncerned with the
differentiaticon cf EC cells into emkryonic cell types. He
have repcrtea that high doses of RA induce several lines of
EC ceils to a.fferentiate into neurons and glia (Jones=-Vil-
leneuve et al, 1962) whlle dimethyl sulfoxide (D¥SO) and low
dcses ¢f kA lead to production of muscle (McBurney et al,
190¢3 Eadaras ana McBurney, 1983). The effect of RA in in-
duclng differentiation of neurons is the subject of this
thesise 4 oncrt Gciscussicn of the differeﬂtiation of neural
tissue 1o tne embryc 18 pressnted in the next section. I
shall alsc summarize the piocnemical and celilular actiones of

Ra.

1.5 BEURAL DIEFERENTIATION IN IHE EBBRYO

The LeCVuls sSysten of wmaamils originates from the em-
bryonic ectcderm after the appearance of the primpitive
3tTre@ak MeSCOAECL M. Neuralatlon begains at 7 to 7 1/2 days in

the mouse with tre appearance of a groove on the dorsal sur-

tace of the Jestrulating <mbryo. The lateral margins turn
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up as the grocve widens and eventually fuse beginning at the
anteriocr end. This process forms a stucture called the
aeurad tube (Snell and Stevens, 1966). Neurons and glial
celis ¢f tne central nervous system (CNS) differentiate from
the neurocepithelium of the neural tube. The neural crest, a
traasient structure which develops on the dorsal surface of
the neural tubza, gives rise to most of the periperal nervous
systeme. I shall ciscuss the differsptiation of the CNS.

IPhe celis of +the CNS may be divided 1ptoc three classes;
the neurons, the glial cells, aad fibroblasts. 5llal cells
are classifizc as astrocytes, oligodendrocytes, ependynal
cells anpd m.croglia. There are a number of markers which
can be usea for identification of the varicus neural cell
typas (revi:wed by Fields, 1979 and Schachpsr, 1982). Teta-
nus toxin binds srecifically t¢ neurons of both the central
and peripheral nervous £Y3tens. Neurcns also ccntaln three
specific intermeciate filament protelns. Astrocytes, which
are diviaed .atc proteplesmic ano fitrous subclesses, are
recognized by the presence of the intermeailate filament pro-
tein, gl.ei fibriislar acidic protein (GFAEL). Oligodendro=-
cytes synthesize (NS myelin and are thus 1dentified by the
presence of galactocerbroside, the major glycelirid of mye-
iin. The ependyral ceils, characterized by beating cilia,
lins the vestricle: of the brain and aiso the spiral cord in
a palisade arrangewent. The microgllal cells, derived fronm

nezoderm, =«re sSbeil migratery ceiis with phagccytic proper-
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tles. Fibroblasts ere characterized by the presence of fi-
brcnectin and also Thy~=1, a cell surface molecule alsc seen
On some neurons and T lymphocytes.

The very early events in differentiaticn ¢f npeurons and
glia 4n the CNS are still unclear. This 1is largely due to
the complexity of the developing brain, its inaccessibliltry,
and a lack ot markers for the differentiating cell types.
At some point, neurons and gilia probably share a common pre=
cursor, but it remaisns uncertain at which pcint thelr dif-
ferentiation pathvays diverges The develcpmental relation-
3h.ps between the varicus types of glial cells i1s aiso under
investigation. Fecently, there has been progress in this
area, partiyY because moncclonal antisera recognizing arnti-
geLs on specific neural cell types have become available.

Some investigators have used embrycaic or neconatal brairn
t0 generate mcnoclonal antisera on the assumption that Gif-
ferentiatliag cells contain speclfic antigens characteristic
cf their deveioprental stage. Sommer and Schachner (1981)
have 1sclated wmonoclonal antisera which react with wurine
o0l.igoderdrccytes at different stages of dirferentiation.
Ancther interesting antigen, designated C1, is detected on
the primitive radial glial ceils of 10 day embrycse Later
it is e¥preczsed con gila which do not undergo extensive mor-
phological <chrange and upon ependymai cells (Schnachner,
1982a)e. Extensive reviews on these monoclonal antisera are

fcund in Scnachner (198Zb) and Mirsky (1582z).
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The neural tube of the CNS can be divided into a nunber
of zones (Boulder Coamitt2e, 1970). The inner ventricular
zcne contains witotic cells, the subventricular zone con=
tains divid:iug cells which are presumably limited in differ-
entiation potential, the intermediate zone consists of non-
rmitotic cells and committed cells, and the outer marginal
zone 1s copprised mainly of migrating cells and azons.

The diffarentliaticon of neurons and specific neuronal pop-
ulations witnin the CNS may be dividec intc several stages;
the generatior ¢f neuronal pracursors Ly successive waves of
mitosis ip the ventricular zone, their post-mitotic migra-
tica tc thelr final locaticn inp the developing brain, thelr
aggregation with cther neuromns, and the difterentiation and
migraticn ¢f prccesses with the formation of connections to
other neurons {(owan, 1978). in general, neurons belonging
tc a specific layer of the brain are genesrated and withdraw
from ritosis at about the samz time. A striking example of
this is seern 1ir the monkey visual cortex where the neurons
for the inper layers form first and so on with the mcst su-
perficially-destined peurous appearing last (Fakic, 1974).

It was long +thought that the ventricular zone of +the
neural tube was composed of only one primordial cell type
which first generated neurcns and then gave rise tc glial
cells after neurcgenesis was ccoaplete (Jacobson, 1978 )
However, wusing sn lsmuncrerogidase technigue corbined with

clection microscepyYe Levitt ot al (19817) have demonstrated
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that bcth GFAP positive and GEAP negati&e cells are present
in the ventricular zcpe of fetal wonkeys. This work does
not iaeutify a common precursor for glia and neurons, but 1t
doces show that at least some cells produced in the ventricu-
lar zone are determined +to be glia and that they coexist
witn neuronal precurscrs. It alsc demonstrates that glial
cells begin +to cifferentiate before they cease <cell divi-
S1Che.

The first differentiated glial cells observed durlng de-
velopment are +the radial glial «c¢ells, procecsses of which
traverse tne developing brain wall from the cell body locat-
€d 1in the ventricular zone. It has been suggested that
trese glial cells may function as a guide tc migrating neu-
rcns, thuz providing & way of establishing patterns ¢f neu-
rons withain the brain (Rakic, 1972) . Radiai glial cells,
after a period ¢f mitotic ilpactivity, ﬁividg and may gener-
ate astrocytes., Other astrocytes may be derived directly
from tie GFAE pcsitive cells of the ventricular zcne.

I'he origin of oligcdendrocyres i1s also under investiga-
tica. Raff et al (1983) have ruecently isclated a cell type
from necnatal rat ortic nerve which can dgifterentiate intc
2:ther a fibrcus zstrocyte or an cligodendrocyte. This cell
typa 1s characterizea by the presence cf AZBS5 antigen, rtec-
ognized by a moncclopnal antiserum (Eisenbarth, 1979; Scha-
ckner, 19c«p)e. This finding is ccnsistent with previous ob-

servaticn: that AcBS5 antigen 15 locatea co l1lmmature
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astrocytes and cligodendrocytes, but since this antlgen can
also be detected on some neurons it is nct a unique marker
for the precursor cel. described by kaff et al (1983).

Neural tissue has been studied ip ¥yitro as a way of sim-
plifying the complexity encountered in vivo. The study of
cell iineages may be apprcached jipn vitro by isclating cells
at different stages of development and allowing them to form
colonlies. 1The cellular conmposition ¢f the colonies may help
tc idgentity isnrature «cells which cannct be distinguished
mcrpholeogically and may alsc ailov some guantitation of im-
Bature cell types. Pederoff and Doering (1960) have exanm-
inel the asirocyte cell lineage in this manner.

Prizary explants of developing neural tissue allow closer
gan.pulat.Gu af\the cellular z2nvironmente. Cultures derived
from disaggregated neural tissue are valuable in answering
guestitns about the time of determination ¢ srecific cell
lincayes (Abney et ai, 19617), and the importance of the mi-
cro2nvironsent in such processes as the cyteoaifferentiation

0f processes {(Ccwan, 1978).

1e6 RETINOIC ACID

Retinoic acia (rRA) is a derivative of retinol, more conm-
nonly knowa as vitamin Ae vitamin A and 1its derivatives,
vermed retipoias, are ultinmately derived from the plant com-
pcund, tete-carctene. The pareat structure of tte retinoids

consists ¢f a tr.omethylcyclohexenyl riug, & oimetbyl substi-
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tuted tetraene chain, and a polar end group which is a car-
bcxyl group in the case of RA (fig 1.2) (Pawson, 1981).

Vitamin A& was shcwn to be essential for life in 1909.
Since then i1ts importance to growth, visicn, reproduction,
and glyccprotein biosynthesis has been elucidated (Lotan,
1960)e RA, a natural metabolite of retinol, 1s important to
the growth functions c¢f vitamin & {Lotan, 1980), particular-
ly #ith respect to the differeatiation of epithellal tissue
and the suppression of epithelial «cancers {(reviewed by Eol-
lag and Matter, 1981).

Retinoius derived from dletary sources are stcred 1in the
liver &s retinyl esters and secreted 1ntc the blocd as reti-
ncel bound tc a retincl binding rprotein which then forrs a
complex with serur albumiv for tramsport (lotan, 1980). Up=-
take intc target cells is via the cell membrane, probably by
a specafic membrare recertor. Different cytoplaseic binding
proteins, wnich are srecific for retinol aand retinoic acid,
are present w.thin many cell +types (Chytil and Ong, 1979).
In the tarjz:t cell retinol may be metabclized tc RA, wtich
can tonew biud to the celiular retinocic scid binding protein
(ckABF)e 1t has been suggestad that retlnoilc acid and reti-
ncl '‘are trarspcrted +to the cell nucleus complexed to treir
binding protelns, where they may mooify gene activity in a
gTeBper anailcgcus to stercid normoaes (revievwed in Chader et

el, 19¢1).
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RA has other biochemicai effectas. like retinel, a hy-
droxyl containing metabclite of RA can after phosphoryla-
tica, combine with a nucleotide sugar and subsequently
transfer the sugar to a membrane glyccprotein (De Luca ,
1977). Specific cell surface glycoproteins have been shown
tc¢ aitered 1o retinocid treated celis and glyccllipid bios-
ynthesis may alsc be affected (Lotan, 1980).

On the cellular level, RA has diverse Licloglcal effects
inciuding 2nhibiting gproliferation c¢f various turour cell
lines (Jetten 2t al, 1979%a; Lotan, 1960), antagcnizing the
eftects of tumour promotors (Verma et al, 1978; Fish et al,
19¢1), reversal of k=2ratinization in epithelial cells (Srorn
et al, 19763 wilkoff et al, 1976), and regression of carci~
nogz2n~iniuced s3kir turcurs (Lasnitzlei, 19763 Chopra and
WFilxoff, 1977). &®A car als¢ affect rattern formation in de-
veioping and rsegepnsrating limbs (Mauden, 19832; Tickle et al,
1962 ) Ihe underlying mechanisms of tnese effects may lie
ip the interacticn of EB with .ts binding prctein or could
be a resuit 0f glycoslyaticn ot cell surface proteins. Two
excallent reviews of c¢f th: 1literature concerning FA may be

fcund in Lotan (1980) and De Luca and Shaplire {(1581).



Figure 1.2. Structure of 21l trans retinoic acid.
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1.7 THESIS PRQJECT
EC cells provide a model system with which to study the
commitwent of pluripotent ceils to ditferentiate along par-
ticular developmental pathways. However the differentiation
pattern of piluripotent EC c¢ells 1s conplex and 1t is diffi-
cult tc examine the events necessary for commeltment +to a
speclfic differentiaticn pathwaye. By adding drugs to the
culture mediua during differentiaticn of the EC cells, I
hoped to reduce the spectrum of cell types formed by inter-
fering with some c¢cf the determination events leading to par-
ticuiar develcopmental pathvays. Early in the wcrk, I ob-
served that AC cells differentiated in neurons, glial cells,
anc fibroblasts in tne presence ?f non=-to0xic concentrations
of RA. The rest of my project has copsisted c¢f persuling
this cbservation. 7T bave collaborated with a numbter of peo-
ple in ord=r to bring a greater number cof technigues to bear
on this proebleme Dre Vale Kalnins and Mre K. kogers provid-
ed some cf the ant.bodies fcr the intermediate filament work
and Mr. rogers demonstrated both the iwmunofluocrescent andg
phctograph.c precedures ipnvoived in that rhase ¢f the pro-
ject. Dre JeBe Harris provided the monoclcnal antiserun
against EC c¢ell antigen and perforwed the experiments in-
vclving the quantitaticn of +this antiges c¢n differentiating
cells. Mr. M. Fudnicki did nils fourth year honcurs project
uncer my supervision and is respconsible fcr the assays for

tetanas toxain binoing and cholin: acetyl transferase.
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The thesis takes the fcllowing foru; chapter 2 contaians
details of the exrerimeatal methods which were used, chapter
3 documents the observation obtained with RA, and chapter &
describes some experiments aimed at elucldating the mecha-
nisa of action c¢f RA in this system. Appendix A consists of
a paper describing the effects of DMSO .n inducing F19 cells
to differentiate into cardiac and skeletal nmuscle. It is
inciuded because I was involved in the electror microscope
verk and as a basis for discussion ccntalned in chapter 5,

the conclusiorse.



Chapter 1II

MATERIALS AND METBODS

2.1 CELL LINES AND CULTURE TECHNIQUES

The cell lines C145312 {McBurmey &nd Strutt, 1979),
0C1581 (McBurney. 1976), and P10 (McBurney and Strutt, 1980)
are pluripctent lines c¢f EC cells which diftereﬁtiate into a
varlety of c=1l1 types when aggregated ip vitro. All other
cell lines are subclcne:z cf the P19 ceil line. The P19 line
of EC cells was 1solatea from a teratocarcincema induced 1in
the C3H/Be strain of nrice. These celils are euplcid vwith a
normal male kairyctype { McBurney and Rogers, 198Z). P19818
is a cell line aerived froes a single B1Y celle. E19S518C111

i a ouabaln r=:zistent aad 6=-thicguanine resistent subclone

tn

of P19516 (rcEurney et al, 1382). All cells were cultured
in atpha @m-ic.mal =ssentisl medium (Stanners et al, 1971)
(Gibcc Laboratcries, Grand Island, MY), supplemented with
2.5% fetal caif ge<rum and 7.5% calf serun (Flow Laborator-
ies, kississiuga, Ontario). Thzy were maintained at 37°C in
a2 5% CCZ atuacsplere.

Diffterentiatiorn of all the cell lines was carried out as
foilows: cell: .u expeonertial growth were treated with catt
ana Mg**- tree phbosphate buffered saline (PBS) containing

0e(25% tryf-.n ana 1nM EDTA to remove ther frem ths surface

- 30 -
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of the tilssue culture dish. They were platead at a concen-
tration of 105 per ml into a bacteriological grade Petril
dish (Martin and Fvans, 1675a) where they aggregated sponta=
neouslye. The medium was replaced atter 3 days and 2 days
later the aggregates were plated into tlssue culture dishes.
The drugs uc-ed in the experiments were added at the initia-
ticn of the aggregation phase and remained in the medium us-
ualiy for the duration of the experisent. Aggregates were
scored for neurcns at 7 to 8 dayse
PR

RA and the <cther retinoids were rrepared as sftock sclu-
ticnos at 102 M in 95% ethanol. The stock soluticn was di-
luted directly into tbe culture,mediom tc obtain the desired
ccnceptratica, usually 5 X107 M. In experiments where RA
#as remcoved fros the culture medium, +the aggregates were
vashea 3 times with serum—free medium bzfore resuspension in
serum~ containing mediume. 13=cis=-RA and the TMME retincids

were kind girts from Hotrfman- Larcche Ince {(Nutley, NeJs)e.

2.3 GKOWIH EXPERIMENIS

Cells were grcwn fcr either 48 hours or 8 days 1in the
presence or absence of 5 X107 4 RA. In the 48 bour growth
eYper.neats, the cells were seseded at 10° per ml in 2 ml
Linbro wells and counted aftar 48 -hours with a <Coulter

Couater (Coulter tlectrinics Ince., Hialeah, Floridal. For
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the 8 day experiments, the cells were initially plated at
10° per al 4into 2 100 sm tissue culture dishes. After 24
hocurs the cells in one dish were counted ana discarded. At
48 hours, the cells from the remaining dish were counted and
used tc seed 2 wore 100 mm dishes at a concentration of 10%
per ml. These dishes wers counted at 3 days and 4 days re-
spectively and the cells from the 4 day dish vere used to
se€t Up 2 more uaizhes. The process was repeated for 8 days
and allowed us tc¢ keep the cells at coptimal density for

grcwth during the eniire experiasent.

2.4 ELECTRON MICROSCOPRY

_—remESenes EsEasbEo oo

2.4.17 Transpission electron microscopy

P19 cells vwere fixed in 4% gluteraldehyde in 0.1 M phos-
phate buffer, tH 7.2, for 1.5 hours at room temperature,
washed in the same buffer and postfixed, on ice, ir 1% osmi-
ur tetroxide. After d«hydration, on ice, in increasing con-
centrations of acetcne, the cells were brcught back to roonm
temperature in 100% acetcne and infiltrated with SPUEKRS.
They were then placed in Beem c¢apsules and the resin was al=-
lowad to polymerize at 60°C ovarnight. Thin sections were
cut *+ith a glass knife, colliacted on cocpper grids, and
stacsned fcr 7 minutes with uranyl acetate in  ethanocl fol-
lowed by 5 winutes 4in lead cltrate. They were examined and

phctographed with a Phillips-201 transmissicn electron mi-

CTGSCCLE
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2.%.2  Scapning electron microscopy
The aggregates were plated onto coverslips, fixed, and
stained ip situ. Flxatiocn was in 2.5% glutaraldehyde in Oe1
M sodium cacocdylate buffer pH 7.3 at room temperature for 30
nin. The cells vere vashed iIn scdium caccdylate buffer and
postfixed in 1% csmiur tetroxide on 1ice in the same buffer.
They were dehydrated in ethanol stepwise frem 5% to 100%.
After criticali point drying, they vwere gold coated and ezanm-

iped 2rn a AMER 100C3 model scanning electron micrcscopee.

2.5 PREPARATION OF ANTISERA

The antisera tc vimetin, glial fibrillar protein (GFaE),
and tubulain were gifts frocm Dre VoI. Kalnins (Department of
Apatory, University of Tcrcntoj}. Electrcphoretically pure
vimzntin (Mwn 57,000), irepared fror a cytcskeletal prepara=-
ticon ¢f 3I3 ceils according to tpe methoa ¢f Franke et al
(197%a), was used for the i1mmunizaticn of rabbits. Glial
fiiaments were 1solated from calf brain {(Jorgensen et al,
1976) Ly a =si-ght rcdlfication of previously described meth-
ods (Yen et al, 1976) and the filament protiens separated by
FAGE . Ihe 54,Cu0 MW bana was @luted from the gel, and the
elecrcphoretically purified protein was used for the imouni-
zeticrn cf rabbitse.

The preparaticn of the antiserum to tubulin has been pre=-

vicisiy aescribed {(Connclly et 1i, 1978). Antiserum to ker-

atin Wwas raised in rablrits against keratin purified from hu-
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man stratum corneum (Sun and Green, 1978). This was a gift
froa Drs. k. Fuchs and He GLreen {(Department ¢f Biclogy, Mas-
sachusettse Ianstitute of Technology)e. Antiserum to neurocfi-
laments (Liew et al, 1978), . raised in rapbits against the
160,000 Mw component of bovine Dbrain neurcfilaments, was a
gift frome Dr. Re Liewn (Department of Pharmacology, New York

School of Medicige).

E S T2 P 2 P2 P F P22 4

2.6.1 Filament antigens

Agjregates were plated directly onto coversllirs, and fizx-
ation and staining was carried out ip'situ. The cells were
rinseu conce 1n PBS, ph 7.0, fized fcr & wmin in 100% metha-
nol, and for 2 min i1n 100% acetone, both at =-20°C. After
wvasning #ith FBS, they were treated with one cof the antlsera
at a ¢iluticn of 1:30 (antitubulin, antineurofilament, an-
tigiial fibrillar protein, antiviwentain) or 1:50 (antikera-
tin)e Thi+ was followed py washing +three times in PBS and
treatment with flucrescein-conijugated goat IgG raised
agc.bDget ratoit Ig6 (HByleno Liagnostics Dive, Travenol Labo-
ratories, Costa kesa, CA), diluted 1:5. BAfter a further
three washe. in EEo, the coverslips were mcunted in 50% gly-
cerol and <xawmined with either a leitz or a Zeiss Photomrl-
croscore 2 (Card Zei:ws, InCe, New YoTk) e€quipred with epifl-

ucrescent optics.
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2.6.2 Tetapus toxin
The assays for tetanus toxin were carrled out in collabo-
ration with M. FRudnicki. After washing in alrha medium
({buffered with FPBS 1:1), the cultures were incubated at roonm
tenperature for 30 min with 50 ul of tetanus toxin (which
had been dialyzed agalinst v»BS), diluted 1:20 {(Ccnnaught Re=-
search labc¢ratories, Willowdale, Ontarilc) {Mirsky et al,
1978). After washing, the coverslips were +treated with
horse anti tetanus toxin (Connaught) at a 1:50 dilution for
30 ailn, vasned, and c¢xposed to rhodamine conjugated goat
ant: horse IgG (Cappel Laboratories, Cocchranville, Pa) at a
1:50 dilution for 30 wvin. The coverslips were then washed
ara fixed in 5% acetic acia ia mathanol for 15 min at -20°Ce.

Subseguent staining with anti GFP was as described above.

2.7 EMBRYONAL CARCINOMA ANTIGEN ASSAY
2+701 Impunofluorescence of disaggregated cells

The aggregates were disscciated in 1 mM EDTA in PBSe. The
cells were allowed to settle onto ccverslips which had Leen
previgusly coated with pcly-I-lys.ne (1 mgysml in £20). Af-
ter washing in PBS, they werz treated on ice with a 1:25 di-
lutionu ¢f ascites flu.d from nypldoma AEC341-9 {J.F. Harris
et 1l, i1n itreparaticn) tor 30 min. The coverslips were
washed and treated wauth <rluorescein conjugated rabbit IgG

ralsed eJainst wmouse IgM (Cediarlane Laboratcries, Hornby,

Onrtarlo) diluted 1:5« fThe cells were tixed .1 10(% mzthanol
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at -20°C, then stained with ethiaium bremide (1 ug/pl in
PEs) and scored immediately. Cells were scored as positlive
even 1f they haco only one patch of fluorescence associated

with tbeir cell surface.

2.7.2 Iapunoabsorption

Cells for the quantitative absorption analysis were fixed
at 2 x10® /&l in 0.1% glutaraldehyde 4in PBS for 15 min at
TOOR temperature. Bovine serum albumln was acdded to give a
fipal concentration of 1% (v/V). The cells were vashed 3
times 2n Fes, resuspended in PBS and frozen until analysis
vhicn was carried out by Dre JeFe Harris. The cells were
disjateu s=qu=ntially by tactors of 2 in REMI 1640 mediunm
vita 5% FCS ana 0.02% azide and absorbed with a 10=% dilu-
tion ¢f AEC321-9 ascites fluid for 16h at 4°C in a humidity
ccntrclled snaking chambere * After centrifugaticn at €00g
for 10 m.n, the supernatant was tested for residual activi-
ty in a twc step binding assay, using fized F9 cells and
1251~-F(ab)®'2 rakbit anti wmouse Fab (125I-EAM). The cell
concentraticn required to reduce the AEC3A1-Yy activity by
5S0% (D50) was derived from the cell t.traticn data and pnore-
@walized to tne L50 vaiuve for a contrecl P19:5180C1A1 culture in
oraer tc¢ calculate the relative amount of AEC3A1-9 antigen
present on adifferent cell populations. This metrod assumes

a 1i1.near retat:cns=hip between the resative DS5C and the

arocant of ant.gen per cell.
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2.8  ESTIMATIOR OF MEDIAN CELL VOLUME
I estimated the median cell volume from the size distri-
butions obtained from a Couter Counter Channalyser (Coulter
Electrcn.cs Ince., Hialeah, Florida)e The chanpalyser was
callbrated with spheres of known diameter and eé&ch channel
¥as caldculatea tc equal 24.23 u3. My estimation of the me-
dian celi volume was the cnannel midwvay between the two
chennels contalning 50% c¢f the peak number of cellse. Since

the distribution was somevhat skewea, thls estinated value

vas larger thea the peak.

2.9 ENZIME ASSRYS

IThe celis vwere removed froms the tissue culture dishes by
scraping sith & trubber poiiceman ¢r in some cases by tryp-
sinization. The samples were then washed z times in FBS and
stored at -00°C. Befcre assay, all samples were resuspended
in an e€quai vclume of water and sonicated. iroteln concen-
traticrs were detaruined using Hartree's (1972) modified
LOWNTY LLOCSLULE.

cholzne acetyltransferase (CAT) was assayed ty M. FRud-
nicki wusing a radiochemical methoc described by Fonnun
(1975). czerine, an esterase Lnbhibitor, was added to each
reacticn mixture +to prevent degradation of acetyicholine.
Acetylcholizest2rase was auded to a auplicate reaction mix-

ture to determxine the activity specificaliy attributable to

the formatioa 2f ecetylcholina.
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The spectrophctometric method of Ellman et al (1961) was
used to assay acetylcholinesterase (AchE}. The activity
specifically atiributable to AchE was wvetermined by adding a
srecific inhibitcr of Ache, bW 284C571 (Slgma Chemicals, Ste.
Louls, MOe)a In some expzriseunts, ethoprcpazine which spe-
citicaily lnhibits peevdoesterases was added to a duplicate
reacticn mixture end the values thus cbtained were averaged.
Both inhibitors were kept in a stock solution at 1072 ¥ at

5°C and used at a ftinal concentration of 107% HM.

2.10 ISOLATION OF NONRESPONSIVE MUTANTS

dutapt cells which did not dlffereptiate in the presence
of RA were 1solatea by a two step procedure from the P18518
cell iine by Dre Me W. McBurney. Initialily, P19518 cells
ver: culturea in meciun supplemented with 10677 M RA. The
cells were subcultured and maintained at subcconfluent densi-
tles fer +twvo veeks. Undifferentiated cells were selected
because of thedir relatively rapid growth rate. After plat~
ing at low aznsity fcr a furthzr 10 days, colcnies of mor-
phciogically undifferentiated <c¢ells were obtained, one of
which vwvag expanded Jnto & cell line and called F19518kAC6.
P1¢531852C6 was subjected to a second selecticn step in the
presence ¢f 1075 M kA fir 3 wz2gks. These cells were plated
at low density tor an additicaal week in the presence of the

drugy auwa cue of the cclonies, P195S18FAC65, was greown up for

furtper study.



Chapter III

CHARACTERIZATION OF THE CULTURE SYSTEM

3.1 RESULTS

Pluripotent FC cells can often be induced to differenti-
ate ilnto varicus cell types if they are aggregated and cul-
tured in suspension for several days before plating cnto
tissue culture grade ©plastic surfaces (Martin and Evaas,
1975a apd b For all of my experiments, the aggragates
vere cultg;ed for 54 in suspension. They were then plated
apd examinea 2 to 3 days later when differentiated cells had
nigratea out of the aggregates.,

For my d1aitial experiments, I used a pluripoternt cell
line C1T45A1. (McBuruney and Struti, 1979). When 107 N RA
vas continucusly present in the culture medium, wunusuaily
afvidant gsoesbers ¢f seurcan-llke czlis appeared within 48 h
of plating the aggregatess. It had been reported that RA has
nc 2ffect cu the tissue di:tribution which arises during the
different:iation c¢f pluripotant EC cells (Jetten et al,
1¢75b). %y observation on C145812 cells may, therefcre,

have Deen pecul.ar to thet cell 1linz. Thus I examined the

responsz c¢f scveral cther EC cell Lines to RA.
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TABLE 3.1

RESPONSE OF DIFFERENT CELL LINES TO RETINOIC ACID (RA)

1

CELL LINE  REFERENCE #AGGREGATES CONTAINING NEURONS
IN 10~ 1 RA WITHOUT RA

C145A12 licBurney and 100 0213
Strutt, 1979

P19 licBurney and 94 O3
Rogers, 1982

0C1551 licBurney, 1976 94 54

P10 licBurney and 79 0213

Strutt, 1980

1. Three cays after plating, aggregates were examined for
the presence of neuronal-like cells using phase contrast
optics. 50 aggregates were scored per measurement and
a positive was scored if the aggregate contained cells
with long processes (see figures 3.1c and d).

2. Although C125412 and P10 aggregated cultures did not
contain neurons 3 days after plating, neurons were
routinely present 5 to 7 days after plating.

3. Some aggregates were surrounded by extra-embryonic endoderm-
like cells.
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The drug hau a similar effect on the other three cell lines
tested (Table 3.1). Virtually all RA treated aggregates
conrained scme cells with neuroanal morphoclogye. Since aggre-
gJates from some cell lines forsgd no neuron-like cells in
the absence of the drug, it seemed likely that <the RR was
inducing the formaticn of these neuron-like c¢ells, rather
than 1nhibicliag the developmeat of other tissue types.

Ino subsequent experiments I used P19 (fig 3.%a), an EC
ceil line with & normal rale karyotype isclated from C3H/He
mice (McBurney and Rogers, 1982). The EA effect could be
easily evaluatz2d with P19 ceils because no neuron-like cells
vere fcrued in the absence of the adruge Figure 3.2 is an
electrcn micrograph of a E19 cell shoving the characteristic
aorphology of embrycnal carcinoma cells: the nucleus 1s rel-
atively large with promina2nt auclecli, and the cytoplasnm
contains fes corganelles. Ahen aggregates ot E19 cells were
plared 1n tissue culture dishes in the absence of RA, I ob-
served only undifferentiated ceils surrounded by a small
awrcuat of tissue Tegembling extraembryonic endcderms (fig
3.1b)e Continued i1ncubation of these cultures resulted in
the proiiferaticn of both cell types, with the appearance of
noc other differentlated cell types. When P19 cells were
cultured &z aggregates in the presence of kA, the cell types
pres=nt 2 d after plating were markedly aitferent. Within
24 h ot plating, a flat 1layer of fibroblast-like cells mi-

grated out irow the rerirhery of toe aggregjate. These fi=~
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broblast-like cells did not resemble either EC cells or the
endodern-like cells seen in untreated cultures. Between 24
and 48 h after plating, neuron=-like cells appeared whose
processes grev rapidly from the aggregate over the fibrob-
last=like cell layer. Phase contrast wicrographs of these
cell types are shown in figs 3.1c and de The sScanning elec-
tron micrographs in figs 3.7e and f show this worphology in
more detail. The prccesses from these peurcn-like cells
were freguently arranged in bundles. They had multiple

branches with tips located on the fibroblast-like cellse.

3.1.1 Dose-response characteristics

The diffentiation of EC cells into neuron-like cells was
dependent on the concentration of FRA present in the culture
Teaium. Fig 3.3 shkows the response c¢f aggregated P19 cells
t¢ varicus PRA ccancentrations. At concentrations greater
than 5 X10~® #, essentially all of the aggregates contained
ceils with nzurcn-iike processes by 72 h after plating. Un=-
differentiated EC cells could not be 1dentified by phase
coptrast micresccery in cultures containing neurors. Cells
capable of foraing cclonies of undifferentiated cells, under
conditions au which the plating efficiency of the P19 EC
ceitls was about 50%, disappeared from these RA treated cul-
turese. Exrerirents using an EC cell antigen confirmed this

cbs=rvaticn {(s2¢ £2Ctich 4+7«8%e Dbelev). Thus the drug-in-

duced arpearance cf neuror-like cells was accompenied by the
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disappearance ot FC cells. Between 10-2 and 5 ¥1(~® M, many
aggregates which did not comntain neurcn-like cells did con-
tain fibroblast-like cell:s. In soue experiments, a small
preporticon ¢f aggregates concteilned small areas of beating
muscle at RA concentraticns ot 102 to 1072 M. !Se MeKeSe
tdwards ha- docutentea the appearance c¢f both cardiac and
skeietal auscle witin the B19513072A1 EC cell line (Edwards,
ana McBurney, 19c3). At 10-2 M, the cultures resembled un-
treated ccntrols and c¢cntaineo only EC cells and small
amcunts J3f extra~vmbryonic endoderm~liike cells. In sutse-
quent €xperisénts Giscussed 1in this ttesis, I used a dose of
5 X 1077 M, a ccrcentraticn of RA with whick all aggregates

ccntained neuron-like c¢=2lls and few, 1t any, EC cellse.
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Fiqure 3.71. Morprhclogles ¢f the P19 cells folliowing various
treistmentse. Ihe undifferentiatzd EC cells (a) grcw attached
to the zurface «¢f the til-.ue culrure dishe When they are
allowed tc agjjregate for 5 4 and the aggregates are then
platea iatc t.ssue culture dishas, a srall number of cells
differertiate i1nto the extra—-endoderm-like ceil type indi-
cated by the zrrow 4in be If RR 18 pr-sa2pt in the aggrugated
cultures, utarcn=1iike and fibroblast- like cells appear
within - d ot rleting the aggr=gates {(c and d). Scanning
2lectron micrograrhs of =uch KA treated culitures (e and f)
shcw networks ¢f rrocesses extz2iding over a moncleyer cf fi-

brcblast-iike celils. FPars: (a=d) 3.6 um; (e and £f) 17«1 une
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Figure 3.2. Trapsmissicn electron sicrcgraphs c¢f P19 cells
show that they have a morphology which is +typical of EC
cellse. The nuclear to cytoplasmic ratic is relatively
large. A fow mitcchondria (m), small amcunts c¢f swollen en-
doplamlc reticulus {er), and numerous scattered riboscmes
character.ize the cyroplasm, There appear tc¢ be some junc-

tions between the cells {arrows)e Magnification 1s X9420.
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Figure 3.3+ kelationship rtetween BRA concentration and dif-
ferentiation of npeuron=-like cells, The aggregates of P19
cells, continuously cultured sn the presence of the drug,
vere plated atter 5 4 in suspension and scored 2 to 3 4 lat-
er. Normally, 50 aggregates wzre sccred for each drug con-
centration in each expericent. The polnts indicate the mean
Obtained frcm 6 to 11 separata experiments. The sapple

standard deviation is representsd by the vertical barse.
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3.1.2 Properties

o
irh
et

he peuron=like cells

The experiments in this section and the next were under-
taken tc ldentify the cell types present in KA treated cul-
turas.,

Microtubules fcrm one of the major cytoskeletal systems
in cells. 1In neurons, the mlicrotubules are arranged in bun-
dles running down the axon parallel to 1ts long axise. Such
microtubuie pundles were visuallzed in cells in RA treated
cultures using indirect immunoflucorescence techplgques with
antibodies cgainst puritied tubulin (Ccnnolly et al, 1978).
Figures 3.4a and b show that both the cell bodies and the
processe«s of the neuron-like cells were .ntensely stalined,
in a pattern sizilar to that given by antitubulin stalirning
of neurcons Lo culture (KRalnins and Connelly, 1981). The an-
titubulin staining revealed varicosities on some cf the pro-
cesses as icdicated by the arrow 1in fig 3.4b. It was also
pcssible to visuallze the cormplex patterns c¢f neurite
braanching ard interccnuections 1n these cultures. The fi-
brcblast-1ike cells 1in these cultures alsc showed staining
of microtutules :-n a pattern simllar tc¢ that of other fi-
broblasts (nct shcwn)e.

Ancther cytoskeietal zystem, the 10-np intermediate fila-
ments, 1is cowprised cf proteins speclfic for varicus tissue
types {(Lizarides, 1980, 1982). Neurcofilaments zre the ip-
termediate filarents srecific for neurcns and ccnsist cf

peptide supbunits ¢f 210,000, 160,000, and 65,000 Bw {Hoffmzn
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and Lcsek, 1975; Scnlaerfer, 1977; liem <t 31, 1978). AnRt:l-
bcaies preporcd agalnst the 1¢u,(0L %% neurciilament pcly-
tertide vere used with indirect imuunoflucrescerce proce=
dures to <xamine kA tréated cultures (fig 3.4c and d).
Staining was locslized alcng the prccesses and cell bogles
of the neuron-like cells. Ina contrast, the nonneurcnal
cells were unstained except for nuclecli which stained non-
specifically. MNeither the undifferentiated nor the extraen-
bryonic endoders-iike <celis in the uﬁtreatea cultores vwere
stained Dy this entiserum, indicating the absence of neuro-
fiiaments from ttese cell types.

Ceil surtac2 t:tanus toxia receptcrs are ancther marker
for neurons (Bizzinail, 1979). Tetanus tcxlin binds to neu-
Ton3 1t the c:intral pervous zystam explant cultures via spe-
clfic cells surface ganyliosides (Dizpiel, 1577). Nonneu-
ronal cells rrom the -ame cuitures 4¢ not bipnd tetanus toxin
(Mirsky et al, 1578). The binding of tetanus tcxin to neu-
rcos .r kA tre-ated cultures was visualized using an indirect
irnuncfiacr=scence assayes F1g 3e¢5a 15 « prase ccntrast mi-
Crejreph ©f a4 pertoct ¢f & rd trcated 1ggregete. Both the
neurcnel celi bcdl=s anc theil prccesses bcuna tetanus tcxin
(f.3 3eb0) N¢ ¢hthsr cell vyps LiL these cultures or <n ug-

treateo cuitur=2. bcuasd tetanus toxloe.
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Figure 3e4. Visvalization of microturules and neurcfilaments
ir celii- trow RA treatec cultares. Imrunoflucresence stailn-
ing was w.th aatiseras tc tubulin (b) and neuroflilament (rc-
tein (d)e 1Ipe antitupulin antiserum stained the neuron-like
ceiis, =hcw.iag their rranch.ng patternse. The fibroblast-
like cells w21e lightly stained by this antiserur. The an-
t.s2rum t¢ n2urcfilaments stain2d the neuron-like cells and
thelr proce-ses but dia nct stain the cytoplasm ¢f the un-
lerly.ng tibroblast=-i.ke cells (a)e. The rhas= ccrtrast mi-
cregrarns ot tne same ce.ls are shown in panels & and ¢, re=-

3pectiveiyes Ber, 10 um.
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Flgure 3.5. letanus toxin labels the neuronal cells in reti-
nolc acid treated aggregates. tanel a shows a phase ccn-
trast micrograph of a retinolc acid-treated aggregate with
neurocn: ly.ng ¢n « monclayer of flat cellas. The surface ¢f
the neuronal cell body and processes are clearly labelled in
a patchy fashion characteristic of tetanus tocxin labelling
(b)e (Thers is some randomly scatterea fluorescence asscci-

ated with the underlying monlayer). Bar 10 un.
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Acetyichclinesterase has baen frequently used e&s a wmarker
for neuronal differentiation although tnils enzyme 1s present
in sore nonneurcnal vissues (dilson et al, 1972; Levine et
al, 1974; Aiamscon et al, 1977)« F1g 3.6 shows the result ot
one of tour experisents in whicn the AchE activity was meas-
ured 1in agyregated cultsres of both treated and untreated
cells. Although the absolute values ¢f AchE activity varied
from one ¢x,2rimernt to anocther, the pattern wae consistent
and the rescelts shown in flg 3.6 are representative. Un=-
treated cultures contained little activity. However, 1in R2A
treatea cultures, AchE activity peaked at a time when neu-
rons were BOSt DUTEICUS.

Chcline acetyltransferase (CAT), the enzyme responsible
fcr the synthesis of the nesurotransmitter, acetylcholine,
has alsc been used as a2 neuronal cell marker (Pfieffer et
al, 1981) and was as-ayed ip these cultures Ly ¥. Rudnicki.
This activity vwas absent from the untreated cultures but did
appear in kA treatwd cultures coordinately with AcChE activi-
ty (fig 3.7)s The decline in specific activity of these en-
zym2s at 10 days is probably a consequence of the rrolifera-
tion of nonneurcnal ceils in these culturese.

The apove infcrmeticn ¢a2 the blochemical, smmivroflucres-
cent, and anatomical aspects 1s consistent ana indicates the

presence of neurocons in EA treated cultures.
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Figure 3.6+ Acetylchclinesterase appears 1in RA treated but
not untresated aggregate cultures. The specific activity of
AChE was determined in ireatel {(ciosed circles) and untreat-
ed (open circles) aggregated P19y cultures. Aggregates vere
plated at 5 d {(arrow) and neurons became abundant by 7 d.
Each point represente the activity which was srecifically
iphibited by dw 284C57 using acetylthiocholine as a sub~=-
strate. 7The activity of acetylcholinesterase in adult mouse
brain homogenates {(strain CH3/He, the genotyre of P15 cells)
wvas 53 nmoel/min/mg proteln, about 10 times the maximum ac-

tivity seen in RA treated cultures.
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Figure 3.7, Choline aceryltransferase and acetylcholinest-
erase activities rise coordinately in RA treated cultures.
The specitic activities of CAT and AchE were determined in
treated (filled circles) and untreated (open circles) aggre-
gate cultures ¢f P19 cells., Aggregates were plated at 5
days (arrow) and neurons becase atundant at 7 dayse. (a)
Each polnt represents an average of the specific activity of
AchE which was specificaily inhibited by BW 284C51 and the
specific activity remaining aftar ethopropazine was added tc
thke reacticn mixture +to iInhibit pseudcesterases. Acult
C3H/He mouse brain extracts contained a specific activity of
120 nucles/xin/mg protein. {b) Each point represents the
stecific activity o¢f CAT obtainad 1ip the presenze of ese-
rine, an esterase 1inhibiter. An actlvity of 40 pmoles/min/

g protein was found in adult mouse brain.
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3.7.3 Nonpeuronmal cells ip retlnolc acid treated cultures

The experiments described in this section were undertaken
to characterize the nonneuronal cells present in RAR treated
aggregates c¢r P19 cells.

As discussed above, tne tissue-speclific intermediate fi-
lament proteins provide a means of identifying =cme tissue
types. Antisera directed against vinentin, keratin and gli-
al fibrillar proteln vwere used in ilmsunofluorescence experi-
ments to determine whether mescodermal-liike, epithelial, and
glial celis vere rresent in these culturese.

Vimentin 18 an intermeaciate filament protein originally
thought to be present cnly in mesodermal cellse. It 1s, how-
ever, present in many tissue culture cells of nonmesodermal
origin (Franke &t al, 1976; Franke et al, 197Sb). The fi1-
breblast-1ike cells contaiiL an intermediate fllament network
vhich stains with antiserum cto vimentin (fig 3.8b). The
stalnicg patterr is typical of that of other virentin-con=-
talning 1ntercsediate fllament systems {(Franke et al, 197%b).

The keratins are a class of proteins, ranging in M# from
41,000 to 65,000, found in the interrediate filaments of ep-
itheital ceiis (Fuchs and Green, 197t)e Antibocdies directed
against keratin oid not stain 1ntermealate filaments in any
of the celis in kb treated cuitures (fig 3.84)., Thils result
sugJjesta that kR treated cultures do Lot contazin epithesial

cells.
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Glial titrillar protein (GFP) 1s the sajcr ccrponent of
the intcrmeciate filaments in gilol astrecyte cells (Kalnine
and Ccnnolly, 1981). It is very similar, ir not identical,
to 31lial acidic fibrlllar proteln, a sélublc protein isolat-
ed fror gliai ceils which has been shown to be & major conm-
porant of giial filaments (Eng et ai, 1971; ©Bignami et al,
1972 )« MNeither the neurcns nor the fibroblast-like cells
3ta_ned witr antiserum sprecific for GFP. However, 4-5 4 af-
ter plating kA trcated aggregates, a porulaticr of cells
ccrntaining this protein appeared at the junction ¢f the fi-
broblast-like monclayer ana the aggrecate. Fig 3.8f shows
the stalning patterns cbteined frcm this populaticn of glial
ceils. Thus, ~A& treated cultures contaimed three distinct
ceirl types based on the aantigenic characteristicszs of thei:
irtermcdiate filarents (Table 3.2).

RA treated aygregates whnlch were exposed tc tetanus toxlin
Jerz al=c treated with antiserum directed against GFP (fig
3.9)e Flg 3evd sbhow= that the aonolayer of cells underlying
the neuro.s in fig 3.9¢ 43 composed of glial cells, The
neurcns did nct stain with GFPe 1bus, neurons ard glia forre
tWe 01£t_nCt ¢eul populetions 1in RA trezted culturese. The
glial «celi= aicd mnot label uniforsly with anti GFP (fig
3.94), preoubiy becazuse of the azyuchrony witi which the mi-
tcracasly active glictlasts (GFP-) terainaily ditferentiate

ints Detrure 18trocytes (wFid)e
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F:3ur: 3ede Ilamurofluorescence stainingy of interrediate fi-
lawents in ceils from RA treated cultuges. a and b show the
same fieiu ot fitrcblest-like cells photcyraphed by phase
contrast (a) and follcwing immunoflucrescence staining with
aptlserum raised against vimentln (b)e The tyrical "basket®
pettern ¢t virentin-containing intermediate filawents 1is
Fresent 1i: vircuelly all celis. ¢ and d show the same flela
ptctographea by phase ccntrast (c¢) and fcllowing ipzuncfl-
uore¢scence staining using antiserum against keratin (d).
Scae ncnzpecsflc perinuclear stalning was observed, but no
internediate filements s»tained with this procedure. Antig~-
l1ial fibrillar prctlen antiserum was used 1in panel e anc f.
A populaticr c¢f glial filawment=containing cells arpeared 4-5

d after plating tr« aggregates. Bar, 20 um.
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Figure 3.9 Tetanus toxin and anti GFP antiserur label two
different cell ©populations in retiancic acid treated aggre-
gates c¢f P19 cells. All panels show the same field of cells
after double labelling with tetanus toxin and arti GFP an-
tiserum. Panels a and ¢ were photographed at a higher focal
plane than b and d. Fanel ¢ shows the cells phctographed
using rhodarlne filters which allow tetanus toxin binding to
be visualized. tanel a is the corresponding phase micro-
graphe. Glial interrediate filaments are rresent in most of
the flat cells but the neurons are clearly not stained with
the anti GFAP antiserum (d). The arrows in a and b indicate

the positiocn cof one of the neurons. Bar 50 ume.
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3.7+4 Cell types present in untreated E19 cultures

The untreated aggregatea cultures c¢f P19 cells contalned
undifrerentiated BC cells and cells which resembled extra-
enmbryonic endoderau. These cultures were analyzed with the
antisera described abovee.

Neitner giial fibrlilar protein-containing 1intermediate
filaments ncr reurof.ilawents were observed ir either cell
types Fig 3.10b shows that +the extra-<abryonic endoderm-
like ceiis 1n ontreated «cultures contained intersediate fi-
lameats which were stain=d with antibody to virentine. 1
al-o cbserved these fiiaments in undifferentiated EC cells
(nct s8tcwnje Paul.n et al (193(0) have shcwn that BCC3/411
EC cells also ccontain vimentine. Thus, vimentin is present
in many <¢<1ll1 types in both treated and untreat<¢d cultures
(Table 3.2)e

The <extra-embryonic :ndcderm-like ceiis 1in untreated cul-
tures conta.ned bundles of intermediate fillaments that were
3tainec with antiserum directad against keratimn (figs 3.104
and f)es Tnese tilaments sxtended frow the nuclear region to
the periphery ¢f the cell, znding c¢n desmosches which were
shared by the neighbouring cells (fig 3.10t). Tte presence
of cytckeratin-ccntalning filam:nts in the extra-embrycnic
epdodcrm-iike cells 1in vntreated aygregjates 1indicates that
theo® ce&i1s. are iltf:r=pnt froa the fitrcblast-like ci(lls
preseuat 1in HfB treated cultures. The uncitferertiated E16

Zedrl 3 uid et ztesin waeth zptiszeruw tC KeTat.nhoe
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Flgure 3s.%0. Immurofluorescence staining ot the intermediate
fliaments in the extra-embryoanic endoderm-like cells formed
in the absence of RA. These cultures were staired with the
antibody tc v.mentin (b) and the ;ntibody to keratin (4 and
f). Phase contrast micrographs of the same cells are shown
in a,c and e respectively. The vimentln intermediate flla-
ment system 1s sirilar to that seen 1in the flbrcblast-llke
cells rresent 1in KA treated cultures. The endodermn—-like
cells also contain an intermediate filament system stained
by ant.bodies to keratine. Thes3® keratin-contalnirg interme-
diate filanents extend rfrouw the rperirhery of the nucleus tc
the <cell bcrdar where they appear +0 e€end on desmoscmes

shared by neighbouring cells (arrow, f£). Bar, Z0 ume.



TABLE 3.2

CELL TYPES PRESENT IN AGGREGATED P19 CULTURES

Untreated Retinoic Acid Treated
Intermediate embryonal  extra-embryonic neuron astrocyte fibroblast
Filament Protein carcinoma endoderm ’
vimentin + + - n.d.* +
keratin - + - - -
glial fibrillar - - - + -
protein
neurofilament - - + - -
protein

* n.d. not determined
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3.2  DISCUSSIO

The aim of this project was to usge drugs to sinplify the
differentiation patterns of EC cells in wvitro s¢ that 1t
would be pcssible t¢ examine the irmportant determination
events leading to the differentiation of a limited number ot
cell types. My experiments showed that, in the rresence ot
RA, EC cells cifferentiated intc a limited spectrum of cell
types, namely neurons, glia, and fibroblast-like cellse. The
experiments described in this chapter convincingly demon-
strate that neurcns and glial cells are present in RA treat-
20 cultures of azggregated P19 EC celis.

The neurons present 4in these cultures were initially
identified ¢n the basls of tnelr distinctive morpbclogy. As
obszarved with botn the light and zcanning electron nmicro-
scopes, the processes from these neurons fcrmed a branched
and intercosnnected network. ITamuncfluorescent staining of
these cells with antitubulin antiserum highlighted the vari-
Ctsataes On scme ¢f the neuronal procezses, structures which
are often seen on isclatea neurons using this technlgue (see
example .n Kalning and Cbnnclly, 1981)+ The neurcnal nature
of these celis was confirwed by the presence of reurcfila-
a2pts in their cytoplasm and +tetanus: toxlp receptors on
thelr cell surface, two neuron=-specific celi markers. Icen-
tificatson ¢f nDpeurctransritters aand G&ssoclated enzymes 1is
another way of claracterizing neurchnse. This agprroach was

taken by ffesffer 2t al (1981) who have 1sclatec a line of
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EC cells which appeared to be spontapsously ccmmitted to the
formaticn of cholinergic neuronse. tlevated levels of AcChE
and CAT were present in the differentiated cultures derived
from these cells. The activities of these enzymes vwere ele-
vated ccordinately in kA treated cultures of P19 cells and
vere highest when the cultures contained the largest numbers
ot morphologically identifiable neuronse. However, the ac~
tivitles increased many days before neurons became apparent.
Perhaps these enzymes are expressed very soon after neurcnal
determination. The presence of CAT and AchE suggests that
these rneurons may be cholinergic.

In addition toc neurcns, KA treated cultures of P19 cells
also contained glial astrocytes, 1ldentified by theilr stain-
ing with antibody to GFF. In the normal embryc bcth neurons
and giila are derlved fror the ectodermal germ layer. Eoth
neurai ceil types resemble the embrycnic rather than the
adult because they lack markers of mature neural cells. For
2xample, +the neurcns do a0t stain with antibody to Thy-1
glycoprotein {see review by Fizlds,  1479) and the glial
cells do notr ccntain S100 protein (Moore, 1968; reviaved by
Zorxzely-Neurath and Walker, 1980) {(Dre. Je. FEell, perscnal
commupicaticon)e. I have not been able tc fully characterize
the fitroblast-like <cells. The presence of virentin-con-
taining intermediate filaments 1n theee cells does not 1imply
that they arz mescdermally-derived, since vimentin is pres-

ent in mosc celle irn tissue cJulture (Franke et al, 19783
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Franke et al, 1979b), including P19 EC cells. Since the fi-
broblast-like cells did not develop into muscle, adipose, or
cartiiagenous tissue, 1t veems likely tnat these fibroblasts
are analogous to cells of similar morphology fpresent in cell
cultures derived from embryonic brain (Abney et al, 1981).
The extra-erbryonic endoderm=~like cells in untreated but
aggregated cultures of P19 cells contained two intermediate
fllament netwcrks, one of which ccould be visualized by an~
tiserur tc pr=keratin and the other by antissrur to vimen-
tine. Paulin et al (1982) have reported prekeratin-contain=-
1ng aintermecaiate filameats In parietal extra=-embrycnic
endoders celis <cbtalned froa F9 cells treated with RA in
mcreclayer apd it has recently been reported +that vimentir
and cytokeratin-containing intermediate filamepnt networks
coexlist in the parietal epndodernm cells of the embryo {(lane
et al, 1983). I did not cobserve cells with irekeratin-con=-
taiaiug intermediate filaments Ln RA treated aggregated P19
ceils and tanerefcre conclude that extra-embryounic endoderm
does nct appear urder these conditions with this cell line.
The absence of wepndocern from tuese cultures indicates that
the differeat.aticn c¢f this tissue type is uot a prerequi-
slte first step in FC cell differentiaticn. More important=-
ly, 1t demonstrates that P19 cells differentiate into a dif-
fer2nt =zt of cell types in the presence of FA than they do
in its absernce. This suggests that &A might affect the de~-
Cizicn eventz which determine the fate ¢f undifterentiated

P19 cells.
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RA has been previocusly shown to induce the
ditferentiation ¢t EC cells. The cell type(s) formed by
RA-exposed +C cells seems varlable derending c¢n the particu-
lar cell line used and on whether the cells are expcsed to
the drug as aggregates or in monolayer cultures. The EC
cell line F9 {(Berstine et al, 1973), has been nost exten-
31valy studled. Strickland and Mahdavi (1978) first showed
that RA treated mcnolayer cultures of F9 cells differentiate
into cells resembling extra-embryonic endoderm cells. If
subsequently treated with dibutryl cAmp, these cells further
change inte parietal endoderam (Stickland et al, 1980). Ho~-
gan et al (1901) Lave shown tnat some cells 1n agoregates of
kA treated F9 cells develop into visceral endoderm. Kuff
ana Feveil (1v80) have observed 'peuron=-like' cells 1n RA
treated cultures of F9 cells but the neuronal nature of
these cells has not been unequivocally established and these
celis may be iz fact have be2n the parietal endcderm cells
descrited by Strickland et al (1980). I found that some F9
cells diffarentiatsd into neurons whea they were aggregated
and treated with nigh concentraticns of KA (greater +than
10=¢ n)., However, only small nurbers of neurons were
foraea, wmany of +the aggregates contained no necrons, and
scm2 of the nonneuronal celills dia contain prekeratin inter-
mediate filasents,. Thus, extra-embryonic endcderm was
forned by F¥35 cells .n conditicas in which ncne 1g made by
P19 cells, and F9 cell only inefficiently developed into

neurons it our handz.
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Aggregat.on wags first used by Mart:n and Evans (1975a and
b) to induce differentiation of EC cells in culture. Speers
et al {(1%79) have shown that hexamethylene blsacetanide
treatment ¢f ap EC «cell 1ip2 results in the fcrmation of
differentlated cells with epithslial or fibroblast morpnolo=-
gles cerend.ng cn whether or not cells are aggregated during
drug treatment. The effects of RA repcrted in this thesis
and these on F9 cells reported b% Hcgan et al (1981) are
also dependent on cell agaregation. The effects cf aggrega-
tion may result from inside-outside interactions similar tc
those hypotnesizec in octher mammalian developmental process-
es (Hercert and Grabam, 1974).

I have «cbserved that the differentiated cell types ap=
peared in a rerroducible sequence after plating RA treated
aggregatese. Fibroblast-l.ke ceils appear initilally (1 4),
fcilovea by aoeurons ({2 d), and glizl cells (4=5 4). The
morphcliogy ¢f the cells and the sequence of thelr appearance
1s i1dentical to that seen 1n exylants of braip frcw 10 d-old
rat eabrycs (Aoney et al, 1941; Baju et al, 1981). This me-
quence prcbibiy reflects the rates of neurcnal and glial ma=-
turation api suggests that sA causes a rapid commitment to
erbryonic ectoderm and neorocepitheliur which is fcllowea by
differentiat.cn ¢t neural cells. This 15 discussed further
in chagter 5. One could speculate that the aggregqgate sup-
plizs the secessary three dimensional envirowcent found in

¥ivo in the neural tube,
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Chapter IV

MECBANISM OF ACTION OF RETINOIC ACID

elel Induction versus selection

There are at least tvo differert socdels which <could be
used tc explain the effects of RA cn B19 cells. The first
proposes tnat RA acts by directly incucing P19 cells to éif-
ferentiate alcag the developmental pathway leading +to neu-
rons and glial cells. Alternatively, RA could act by se=-
lecting for cglls capable of different.ating intc these cell
types. 1he observatiocn that neuarons and glial cells do not
affF=2ar in P19 cultures, which havz nc¢t been expcsed to RA,
sugJjests that RA pight act by lnductlcn. The f£c¢llowing ex~
per.ments provide further support forlthe inducticn model.

RA did not ki1l EC c¢ells., Flg 4.% shows that the nusber
of colonies formed by 19 cells ir the presence of BRA at
cocncentrations up to 10~% ¥ was simsilar to the number ob-
tained in the absence of the drug. The colcries formed in
RB concentrations abeve 5 X107® M were couspcsed c¢f the fi-
broblast=like ceils, whereas colonies formed at 1lower KA
concentrations were composed of cells with rC morrhologye

The grcwth rate of P19 cells in medium containing RA was

rneasured during a 48 h drug exposure. 48 hours cf 2xposure

- 76 =
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to RA is sufficilent tor neurons and gl.al cells tc¢ differen-
tiate 1n all a&aggregates exposed to kA As can Lke seen in
fig 41D, RA had little effect on the growth rate durling
this tinme, In other experinents, I fcund that aggregates
grown 1in the presence of 5 X107 M RA for 9 d in suspension
culture contaipned 80% of the number of cells fcund in un-
treated aggregates grown for the sase length of tise. Thus,
1t seems unlikely that the effects cof kKA can be explained by
it sliwply killing cells destined +to develop intc other cell
types such «s muscle.

The cells of +the P11y cultares may be heterogeneocus with
respect to their respcnse tc RA. although undifferentliated
cells cisapreared frow EA tresatad cultures, k4 night act by
selecting ter the overgrowth of a subpopulaticr of cells
precomnitted to form neurors and giial cells (sees section
LeTeld below)e. T¢ te=st this possibility, 25 F19 cells were
individually ricked and plated into =eparate culture dishes.
19 forred ccicnies, and 17 were sucessfully exranded into
clenal cell lines. 15 of thesa 17 ceil lines responded to
RA Iipn a mamnesr similar to that for the paurental culture {(Ta-
ble 441), The excepticns were P1958, a tetraplcid clcne,
which gave rise tc a few neurons even in the absence of RA,
ana F19511, which also gave vary spall numbers of neurons in
a sinor fraction ¢f untreated aggregates. Thus, each cell
within the +1% cultures avpears to be capable of responding

to RA.



TABLE 4.1

RESPONSE OF SEVERAL SUBCLONES OF P19 TO RETINOIC ACID (RA)

SUBCLONE NUKMBER OF AGGREGATES CONTAINING NEURONS

4.

WITH RETINOIC ACID' WITHOUT RETINOIC ACID

S1 79/80° 0/50
S2 60/60 0/50
S3 56/60 0/50
S4 39/40 0/44
S5 37/40 0/50
S6 49/50 0/76
57 40,/40 ND3
s8 33/36 39/83
Sg 70/70 ND -
S10 60,/60 0/50
14 61/61 10/Lz
s1z 75/75 0/50
13 61/61 0/41
S14 55/56 0/18
S15 65/65 0/70
s164 99/100 0/50
S17 60/60 0/46
LolTorss vere Trested woth 5 10 7 ret.noic acicdc.

svmales ol szgrezzves conteining neurcus 3 days elter
pieting escregetes/ Loumber of ag rescves exzmined.

S16 cells are referred 10 as 19318 in text of thesis.
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It FA atfects determinacvion events, it might e possible
to rewove the drug follewing commitment but lefore cytocif-
ferentiation. RA was theretore removed from aggregated cul-
tures at various tires after the beginning of the experi-
ment. All cultures were plated ? d after aggregation and
sccred z=-3 4 later. The results; illustrated in fi1g 4.2,
indicate that a 48 h exposure to the drug was eadeguate to
ensure that neuvrons formed in virtually all aggregatese.
Thus, RA acts very early, 3 to 4 days befcre differentiated
ceils first beccne evidernts There would be 1little time for
selection tc occur and as demcnstrated abcve, there are no
toxic effects during this 48 hour periocd.

Monclayer cultures of ¥19 cells couid be treated for 48 b
witn kA pefcre aggregaticn aand subsegquent culture in the ab-
sence of the druge. In such experiments, neurons develcped
abundantly fron ecach aggregate. ¥hen mcnclayer cultures
Wwere treated with KA but not aggregated, virtually all the
cells differentiated into fibroblast-like cells anc few, if
any, Dnearcns vwers founae. Apparently neuronal differentia-
ticn vas greatly facilitateda by both sA treatment and the
tiga density achbieved by aggrejativne Rggregatlion and RA
treatment are twe seéperate conditions which may Le pet si-

multanecusiy or kB trectment n1ay precede aggregation.



(W) UOIJDAUSdU0D PIOD Jlouljay

9Ol

6Ol

g-Ol

-0l

¢-Ol

Relative doubling time

Relative survival

: o o .y
@© o o0 ™ o
L I ] ] 1
B —— ————
~ ——t PN
———i
—— Py
- ——t —e
—e— - ®
™~ ——i ! o
o / Q ———
- ————




81
Figure 4.7. RA 1is not toxic to P19 celis. The plating effi-
clency and growth rate of P19 cells vere measured in cul-
tures containing KA. The relative survival (a}) was calcu=-
lated from cxperiments In which P19 cells were plated at low
density (°200 cells per 60 mm diameter petri dlsh) and the
punber ¢f cclonies counted after 10 de The polints represent
the mean in 3-5 separate experianents. The mean plating ef-
ficiency iu the absence of kA was 41%. The dcubling time of
P19 cells was calculated after jrowing the F19 cells (seeded
at 108 cells / ml) for 48 h in the presance of El. The ra=-
tic of the aoubling time of the treated culitures tc the
dcubling t.me c¢f the untreated cultures 1s plotted versus
the RA concentration in be. The polnts represent the mean of
12 or 24 separate deterrinations obtained 1in 3 or 6 separate
eXperimedtse The mean doubling time of the ccntrols was 16

he Vertical bars represent the sample stapndard deviation.
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Figure #+2. RA need nct be continuously present 1in aggregat-
ed cultures. RA (5 XY10~7 M) was added at the initiation of
aggregation and removed at various times by washing 3 times
vitn npormal medium. Aggregates were plated at 5 d and
sccred for the presence of neurons 2-3 d after plating.
Each point represents the mean of 2-6 separate experinments.
The sample standerd deviation was calculated for those con-

centraticns which were tested in at least 3 experircents.
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%#.7.2 Retipolc acid apnalogues
RA has uv.verse biclogical <rtect- o¢n many different cell
tviase ibe i1ntracellular trargets of Fh which are important
ir the diff. regtiction ¢f F19 c-4ils, ray be similar to those
in otber rB=-sc<cnsitive biological systems (ailittouvgh the con-
sequerc:8 of rf wctlcenh are very different). structural ana-
logues ¢f L have beer uscao to investigat: whiclr parts of
the KA WIicltudie &ere irpcrtant for blolegical activity {(Lo-
tany, 15c0). A nuiber of ra2tinclas were tested for their
ab.1ity to incuce +19 cells tc differcentiate 1inte neuronse.
Tabre 8.2 spows that retinoids with majcr mcdifications tc
the C15 curhexyiic acld grour of bR requirea much hlgher
concentratioens to attein the sams efficiency as KA. The
Tedit.Vve cft.conciez ¢f t+he analogues are similar +to those
obtained ipn sCwe other blological systenrs {(Jetter and Jet=
tely, 197y; Lotan, 19%s0: Letan 2t al, 1987) ard svggest that
the sntraceslular vechanisss of retincid action ir BY9 cells
iTe Biwzial tc the=z in cther systems apd way arpvclve bind-

iy tou the cRaDP.



TABLE 4.2

E¥~ICIENCIES OF SOME RETINOIDS ON INDUCTION
OF NEURONAL DEVELOPKENT

1

RETINOID HALF-EFFECTIVE DOSE EFFICIENCY RELATIVE
X 10=° L) . TO ALL TRANS RA

£11 trans RA 2.8 1

13~-cis RA 3.8 .72

retinal 50 .06

retinol 280 .01

retinyl acetate 430 .007

a2 analogue of 450 .006

ethyl retinozte

TiZ® anzlogue of >1000 -

I-ethyl retinamide

1. Dose at which 50% of plated aggregates contained neurons

3 days after plating the aggregates.
2. Til’P = trimethylmethoxyphenol.
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4,1.3 Polyamipes
kA 1s ap anti tumour prowotor. 1his activity may result
from RA mnedlated suprression of ornithinse decarboxylase, a
key enzyme in polyarine biosynthesis (Vgrma et al, 1978).
Since polyasines may play a role in some other ditferentia-
ticn syscens (Fish ¢t al, 1981; Scott et al, 1982), it
seemed possible that the RA effect c¢n $19 coula be mediated
by a decrease in untracellular polyamine levels. Cultures
of aggregated P19 cells were exposed to the following drugs,
botn in the jpresence and absence of kKA: 3 X10~® M spermi-
dine, a polyamine, 3 X10~“* M alpha-wmethylornithipe and 107
M methyligiyczal=bls-{guanyl-hydrazone}, tve inbibitors of
polyamipe biosynthesis, a tumour promotor, 10~ ¥ phorbol
myristate acetate and 3 ¥10-® ¥ dexamethascpe, ar antli-tum=~
OUr pIrCumotCre These drug concentrations were ncn=-toxic in
48 n growth tests. Ncne of tnese drugs bad any effect on
the P19 cultures, suggesting that <¢hanges in pclyamine me-
tabolisi ao not zedliate the developmentai effects inducec by
KA and that tuaecur promotors are indffective in altering the

respcnse ¢f P19 cells.

4.7.4  Mutant cell linpes

Siuce the impcrtant bic.ogical consequences ¢f RA treat-
ment were pot obvious, 1 used a genetic approach to attempt
to determine which events are crucias to the differentiation

PLEOCEHE o ihis section descr.n2s the sterwise 1sclatlon of
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P19 derived cell lines which 4o not differentiate into neu-
rons in the presence of RA. P19S1b cells, a subclone of P19
(see sectioan aoove), vwere cultured 1n the centlnuous pres-
ence o¢f 10=7 M EaA, anc a partially ponresponsive clone
P19S18kKAC6 was 1solated (£fig 4e3)e FT19S518RAC65 (RAC65) 1is a
subclone of P19S18RAC6 which was isolated in the rresence of
10—S M KA. RAC65 cells do not dirferentiate intc neurons at
ccncentrationz of RA as high as 107 M (fig U4.3). RACES
cells are similar in morphology to P19 EC cells and have 42
chromoscaoes.

No cells with EC morphology were appareant in RA treated
P1S aggregates by 7-8 days atter the beginpning of the exper-
imente. In contrast, 7-8 day o©0l1d identically treated cul=-
tures of wACH6S cells consisted entirely of EC-1like cells.
In order tc Jdocument this observation, I used a monoclonal
antibody, AEC3A1~9, which daetacts an antigen found on uncif-
ferentiated EC cells but which is not present on differenti-
ated cells (JeF. Harris et al, in treparaticn)e. The
AEC3A1-9 ant.ger 13 closely related to the antigen detected
by SSEA-1 (Solter anc Knowles, 1978). As can be =een in fig
44.4b, the number cf cells carrying the apntigen in RA treated
P19 aggregqgates, as detected by indirect ismunoflvorescence,
decreased after 2 days and reached a plateau of 25% by 6-8
dayse. Ceris from DMSC treated aggregates ~howed a similar
pattern. Tne fluorescence on the cells after 6 days was

Vvery weak and quantitative imauncabscrption (Dre J.F. Hare-
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ris) experiments indicated that the ceils ia these RA treat-
ed‘cultures contained only about 1% ¢f +the antigen concen-
tration present cn untreated cells (fig 4.84a)e. The amount
of antiger on che control untreated cells decreasea, but to
a much lesser extent. This decrease can be attributed to
the formaticn of extraembryonic endcderm. Fige 4.4c shows
that the amoupt cof antigen on RA treated RACES cells did not
decrease dur.ng the exper.went confirming the cbservation
that these cultures consisted of EC cells. Experiments on
the growth rate ¢f RAC65 cells in mcnolayer cultures provid-
ed further :zurport fcr this i1dsa. The RAC6HS5 cells grew con-
tinuously anc rapidly in both tane presence and alsence of RA
(fig #4.5b), whz2reas the parental P19 cells did not grow con-
tinuousiy in &A tr2ated cultures {fig HBe5a)e Bfter z ¢ in
RA, proliferaticn ceased and +the P19 cells changed d4nto
ce1ls with a fibrobiast worphologye. No such change occured

in RA-treatced HACES cultures.
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Figure 4.3. RAC6S cells oo not differerntiate into neurcns in
the presence of RAe RAggregates of cells were cultured for 5
days in the presence c¢f drugq, plated and scored 2-3 days
latar. Ncrmally, 50 aggregates were scored for each drug
concentration 1n e€¢ach experiment. The pocints ipndicate the
mean obtained fror several experiments. P19518 (filied cir-
cles), P19518RACE (cpen circles), RAC65 {oren squares), and

HY=-1 (filled sqguares).
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Figure 4.%. AEC321-9 embryonal carcinoma cell asscciated an-
tigen disaprears from kA and DMSO treated aggregate cultures
of P19 <cells but not from similarily treated RAC65 cells.
(a) The amcunt ot antiger per P19 cell was deterrined by an
absorption procedure after gluteraldehyde fixation ¢of the
cellse. The percent of antigen positive cells in P19 (b) and
RAC65 {c¢) cultures was measured using an indirect immuncfl-
ucraescent procedure. Fach point represents the wtean of 2-3
experimentse. 500 cells were scorec for each pcint in each
exreriment cf panels b and c. Untreated cells (filled cir-
cles), 5X%X 107 M RA treated (open circles), and 1% DMSO

treated (cpen sSquUares).
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Figure 4.5. The growth rate of RAC65 cells 1s not changed in
the presence ¢f 5% 107 M RA. The growth rate of cells in
monolayer cultures was determined by plating cells at a con-
centration <cf 10% <cells/ml into duplicate tissve culture
disness The cells from the two dishes were counted after 24
and 48 hours respectively. Twd new dishes were sgeeded fronm
the cells in the 48 hour dish and the process was contlnued
for 8§ days. Ihe pelnts represent the mean of 2 experimentse.
P19 cells (a), EAC6S5 cells (b), and HY-1 cells (c) were
grown in the continucus presence (open circles) or absence
{fiiled circles) of retincic acld. The dcubling times were
as folleows: P193; 14.7h in untreated cultures, RAC65; 16.3h
in treatea and untreated cultures, and HY-1; 16.7F in treat-
ed and wuntreated cultures for 3 days at which time it in-

creased to z0.1b in treated cultures.
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In crder to determine whether the RAC65 phenotype was
dcminant or recessive, cell-cell hybridization e¢xperinments
were <carried cut d4in which RAC65 cells were fused to
P19513061217, & 6-thloguanine and ouvabain-resistent clone of
P19 cells (McBurney et al, 1962). Ciones of hybrid cells
ver2 gelected Lin BAT (Littlefield, 1964) medium supplemented
Py 1«5 #M ouabain. Twc clones, HY~1 and HY-Z {(isclated by
Pr. M.W., McBurney), were sxaminad in detail. The basic ob=-
servation was that the mutant phenctype was recessive be=
cause both bhybrid lines dirfereatiated into nsurons when ag=-
gregated in tne presence of RA {fig 4.3), althcugh a few
ardifferentiated cells rerained 1o the aggregates. Bybrids
between EAC65 and OTA1D3, which I isclated, alsc differenti-
ated intc neurons (data not shovn)e. 014903 «<ells are re-
sponsive t¢ kA but non-responsive {0 D&SG\ {Edwvards, HkS5C.
thesis, 1983). In monclayer grosth experiments, the results
vere nct as clear-cut. HY~-T1 and HY=-2z c¢ells grew more slcwly
aftar 3 days iz KA but did not abruptly cease prcliferation
as did F19 {£fi3 4.5¢c)e Scome of the bybrid cells had a chro=-
mCcsome pumber less than the combined parental nupber of 82.
Thus, the intersedliate phenotype oi the hybrids may te a
ccusequence 0fF tlhe hetercgenelty of the chromoscme numbers
in the hybrids and the arparent segregation of recessive al-

leles.
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4+1.5 Cell volume changes during differentiatico
The cells in I19 aggregates becanre smaller in kA treated
cultures as comnpared to those from untreated cultures. Fig
4,6 shows a cell size distripution obtainec 4 daye after ag-
gregation. 1 estinated the madian cell veolume from these
ard other cultures (see Materilals and Methcds) and these are
plotted in fig 4.7. The 30% decrease in volume cf untreated
cells prcepapiy reflects accumulation of cells 1n the 61
phase cf‘the cell cycle. BA treated P19 cultures showed a
such more aramatic 75% decrease in cell volume, but only if
the cells were aggregated. Monolayer cultures ¢f P19 cells
treated with RA did not show changes in cell volume. In
contrast, KACH6S5 c2lls treated w#ith kA did not shovw thilis ex-
tensive vcuume Cacrezase and behaved 1like uatreated P19

cells.
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Fiqure 4+46e¢ The size distribution of cells frcw 4 day old RA
treated (dotted line) acd untreated (sclid line) P19 aggre=~
dJatese The aggregates were disasscclated and the size dis-
tibation ot the cells obtained using a Coulter Counter Chan-
nalyser. The peak channel ¢f the distributicn cbtained from

unajygregated P19 cells was 60.
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Figure 4%#+7. The volume ot <cells frou KA treated aggregates
decreuses. Aggregated cells were disscciated at dally in-
tervalse kach rolnt represents the relative wmedian cell
volume caicuiated from a size distribution cbtained with a
Coulter Ccocuuter Channalyser, Relative cell volure 1is de=-
fined as the median vclume at time t divided by the median
vclume of untreated cells. Untreated P19 celis (filled cir-
cles), 5 X10°7 M FA treated P19 cells (open circles), and 5

X107 M KA treated RAC65 cells (filled squares).
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4.2 DISCUSSION
My resuits argue against models whiclh attempt t¢ explain
the action of RA by cell selection. RA was not toxic to P19
cells durilng the first 48 hours when RA must be presente. RB3
also allowed unreduced plating efficlencies c¢f EC cells
plated into kA-contalning mediume. The population of EC
cells wvas found to be homrogeneous with respect to 1its re-
spcase to kKA treatmente. It could be argued that the P19
popalation as a whole 1is committed t¢ making neurcns, glia,
and fibroblast-like cells and that KA acts to enhance the
d1fferentiaticn process but has no role in directing the
ditferentiation ¢f these cells. However, since P19 cells
can differentiate intc extra-embrycric endcderm-like cells
and muscle (McBurney et al, 1982), 1t is ncre probable that
they cocmprise a pluripctent EC Zell pcpulation._This is sup-
portad by expceriments in which P19 cglls were irniected Into
acuse blastccyste (Fcssant and McBurney, 1982). The P19
ceils ccntributed tc wmost of the tissues 1n the consequent
develcring mous3e €mMbIYO. In addition, c¢ther pluripotent EC
Ceil llnes also respond to RA, Lnaicataing that the effect is
not peculiar to F19. Mest consistent with the ckservations
1s the mode. which prcopose. that RA acts at the level of de~
teraination to induce a set of events which do nct occur in
the absenc=z ¢f the drug. Thus, +the intracellular conse-
quences or RA treatment may be slwpllar to the ncrmal devel=-

opmental o»ignals which determia: neurcnal end gilal tissues.
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It rewains unclear how BEA triggers the neural developmen-
tal pathvay. RA has a number of diverse rlological effects
(Lotan, 1980). The relative efficlencies of RA analogues
are slsillar in many in vitro systems (lotan, 1980; Lotan et
al, 1980). This heirarchy of efficiencies 1s correlated
with the affinity of the retinoids for the cellular retinoic
acid bindang prctein (chABP) (J=2tten and Jetten, 1979; Lo-
tan, 1980). Tne effectiveness of the various retinolds that
I have tested 1in the P19 zystea suggests that the reaction
of RA with tha2 cRAbF may be a first step in 1inducing P19
ceiis to uifferenticate int0 n2UrONDSe. CKABE complexed RA
might then be transported to the nucleus where it would act
directly upon the DVA. Liau et al (1981) have, :ZIn fact,
demonstrated tnat retircl, bound to its cellular binocing
proteain, is trapeportec tc the nucleus ot rat liver cells
wvhere it binds speclfically to sites located on the chroma=-
tine 1The orservatlons of Schindler et al (1981) sre consis-
tent with th.s tyre ¢if rodel for the mechenism c¢f action of
EA in EC celize. They have isolated RA non-responsive PCCH
EC cells and have demonstrated +that they lack cRABF activi-
tye In soB2 systams KA actis by inhibiting the induction of
crnitinioce decarboxylase, a key enzyge in polyamine bios-
ynthesis (Verma et al, 197¢; Lotan, 1981; Fish et al, 1581;
Scott et ai, 1782). However, our data suggest that polya-
min2 picoynthz2s3is 18 not fpvolvaed i the triggering of the

neural developuental pathvwaye.
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I could find no evidence the RAC65 cells differentlated
in the presence <cf FA. XAC65 c=21lls have maintalred thelr
nonresponsive phenotype for many generaticns in tissue cul-
ture suggesting that a stable genetlic change has cccurred in
these cells. It seems unlikely that this change 1s the re-
sult of a :=ingle point mutati>n slince twe selection steps
vere needed fecr its isoclaticn. I have been unsuccessful in
sevaral attempts to¢ isclate a nonresponsive mutant with conly
one seiecticn step. Since the inabiiity tc respond to RA
3eeas to0 behave as a recessive character in the <c¢ell hy-
brids, the two=-step isolation requirements probably reflects
the presence o¢f two -w;ld—type alleles in the diplold P19
cells. These non respons.ve muatants sbould be useful as a
basis of ccmpariscn t¢ the responsive +19 ceils with respect
to speclific biochemical propertieses Their effect on P19
ceils in mixlng experiment might provide infermation on the
importance ¢f intercellular interacticns during deternina-
ticn.

The voiuge ot cells in RA treated F19 aggregates began to
decreacse reiative tc the control by 48 b after the initia-
ticn of the experiment. The decrease 1n cell vclume is an
early event in the neural deva2lopment of P19 cultures but it
15 not necessary tor all forms of EC differentiaticn because
nc drop Lp cell volume 15 se2n in DMSO treated aggregates
of P19 ceiis destined to develop into nonneural tissues, in-

cluding muscle (Edwards, KSce. thasic, 1963). This observa-
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ticn suggests that changes in ion flow might be important 1in
neural difrterentiaticne. Decreases in cell volume have been
shown to be an early event in the copmitment of Friend er-
ythroleukemic cells (Loritz et ai, 1977), apd the spontane-
ous ditfererntiaticn of aun EC celil line called 1009 {(Pfelffer
et al, 1981). The effects noted on RA’treated P19 aggre-
gates are more dramatic because the cells do not simply ac-
cumsulate in th2 €17 phase of the cell cycle, but shrink tc¢
25% of their c¢riginal volunme. RAC65 cells from RA treated
aggregates behaved like F19 ca2ils from untireated aggregates,
showing a small decrease in velume which stabilized after 3
days. This cbservaticn is consistent with the previous ob-
servations that RAC65 cells are non-responsive to El.

Different concentrations of RA are effective in inducing
the developrznt ¢f different cell typas (Edwards and Mckur=-
ney, 1983) and structurally unrelated drugs suchk as DMS50,
tutyrate, and 6-thicguanine hava similar differentlation-in=-
ducing propertles to those of 1low concentraticns cf RA (Ed-
Waris, MSce thesis, 1983, Appa2ndix 4). The fact that RAC65
cells faii to respond tc any of these drugs suggests that
al: of these 1irugs may have a conmon intracelliular pathway
of action and that th< defect(s) in FAC65 cells affects sone
ccmpouent ¢f this shared pathwaye.

The data ip this chapter can be used to forwulate an in-
terim working owccéel feoer the mechanlsm of acticn of RA in

this systen. in the presencz of kA, P19 cells become com~
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mitted to differentiating into a neurcepithelial-like cell
type and suisequently the cell types of the neural develop-
sental pathwaye This may be accomplished via the intracel-
luiar binding of FBA tc its binding protein. This step of
the process dceces net regquire aggregation and but FR pust be
present for 48 hours fcr waxisum effect. After this time,
the dsterainza P19 cells must be aggregated in corder to ex-
press the differentiation program which leads to neurons and
glial cells. 5Some aspects of this model will be discussed

further in the neit chapter.



Chapter V

CONCLUSIONS

The primary cbjective of this project was to find a way
of manipulating the diftrerentiation pattern of EC cells as a
first step in studying the events invelved in conmitting
piuripctent cells to particular developmental pathways. I
have observed that P19 EC «<cells differentiate entirely into
neurons, guiial aztrocyte cells, and fibroblast-like cells 1in
the presence of non-tcxic concentrations «c¢f RA greater than
107 M. The tact that cligodzndrocytes were nct cbserved in
RA treated F19 cuitures may be a sirple consegquence of the
presence of 3erup in the mediunm. tligedendrocytes, while
sharing a cosaon precurser with scme astrocytes, differenti-
ate only in cultures with 1low concentrations of serum (Faftf
et al, 1983). Neural cell types were not observed in un-
treated P19 culturcse The simplest conclusion is that RA
induces P11y cells to differentiate along an neurcectodermal
devalcoraserntel pathways Th.s system soould, therefore, be
useful for studyaing comanitment to neurcoectodermal differen-
tiatiorn.

Severul riecex o¢f infcrimation wcuid be useful ain con-
structing a mcdel of the events whiclh occur when EB is added

to a culture of P19 cells. The first involves ascertaining

- 106 -
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the embryonic cell type which 1s eguivelent te P19 cells.
This would enable us tc establish the minimum rusber of cell
type changes undergone by the P19 cells as they differenti-
ate 1nto neuronse. The fact that P19 cells differentiate

tc yolk sac in vivoe (kossant and McBurney, 198Z) suggests
that they are squivalent to ICH cellss. Injecting single ICH
ceils intc genetically distinct blastocysts has shown that
the ICE is partiticned ircto primitive endoderm and primitive
ectoders Ly 4 1/2 days and tnat the latter cell type can not
give rise to the former after this time (Gardner, 1981).
However, sor2 in vitrc studies {(Pederson et al, 1977: Dzia-
dek, 1979) suggest that primitive ectoaern QOes retain the
capaclity toc differentiate 1nto priwitive endoderm for a
short periode. Therefcre it 1s possible that P19 cells may
be equivalent tc an early primitive ectodexrmal cell 1n spite
of their apility t¢ guove Tise to small amounts c¢f extra-am-
bryonic 2ctcders-like ce2ils. Tne commitwent of E19 cells to
ditfercntiate intc npeurdl cells requires 48 hours, during
which time tte cells wculd be able tc divide tirree times.
If cell a.vizion 18 neceessary for cemmitment t¢ occur and
P1y cells dc indeed represent IZVN celils, then there would be
very iittie t.me for & F19 cell to develor from arn ICM=-1ike
tc an ectodermal-like and finally intc a cell ccmmitted to
leurcepithelial differentiation. This tine frare may argue

that F1vy celiiz are, in fact, ectodermal egquivalents.
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The correlation observed between +the ability cf retinoid
analogues to 1induce the differentiation ot F19 cells and
their reporiad ability to bind to the CRABF indirectly sug-
gests that a peesible mechaniam for the biochemical action
of RA wmight ainvolve, as its first step, binding to the
CRABP. B aefect in CcFAEF activity could explair the reces-
sivity of the KkAC65 rmutation, the non-responsiveness of
RAC65 cells tc RA, and the aprarent requirement for two hit
kinatics in obtaining the RAC65 nmutants. However, RAC65
cells d¢ nct resrond te [DMSO {(Adwards, MSce thesis 1983).
Sipce 1t i3 difficult to understand how DMSC could bind or
affect CRApP, this suggests that the RACES Dblock 13 at
avent(s) afcer binding tc ckABP. RACEHES cell should be test-
ed for cRABE activitys The DMSO nop-responsive cell iine,
O01h1D3 (Edwards MSce.thesis, 19833) which does differentiate
ipto Leurcns in the prezence of KA, should be mseful in in-
vestigating whether RA and DMSO act independently in the E19
celis.

Ancther rossible mechanism of action of RA, which I did
not lovestigate 1in thls tnesis, wouid lovelve changes in
cell surface glyccproteins. In this type of model, RA wculd
enter F1J c<ll3i and be ccnverted to a retinyl phcsphate. It
has been suggested that a wetabolite of RA can fcrmw retinyl
phcsphate which can then act as a carrier for mannosyl resi-
dues, tranzporting them across the plasma renbrane (De luca

et al, 1979). In this manner, the ceil surface glycopro-
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teias of the P19 cell could be modified. These changes
vould presusably cause surrounding cells to act differently
ana tr.igger the changes leading to neural differentiatione.

After the initial 48 hours of RA treatment, the P19 cells
sust be aggregated in order to differentiate into neurcns.
RA- 1is no longer required. Non-aggregated cells develop into
fibroblast-like cellse. Fresumabiy, the three dimensicnal
arrangement ¢t +the differentiating cells is d1mpcertant Jjust
as it is in vivoe. I have no information on the spatlal or-
ganization cf the differentiatiug neural cell +types within
the aggregate, but it 1s tempting to compare it t¢ the neur-
al tube with neurons and glial cells generated in ap 1cner
layer and m.grating ourwartrds after they begin to differenti-
atee This system cffers exciting poessibillities fcr studying
neural precursor cell types and for examing the cytodiffer-
@atiatica ¢f neurcans ard glial cells. In particular, it is
sti1l not knowrn if neurcns and glial cells share a cosron
precursors. W-.th this systenm, it should be possible tc iden-
t1fy tuis cell tyre, 1f 1t does exist, by exasinirg the pro-
jery of suitably labellecd ceilse.

8dwards and ¥cBurney (19s3) have presented data which
ahow that FA, at concentrations of 10°% M and lower can in-
duc2 P19 cells to differentlate 1intc cardiac erd skeletal
auscles Thusy k& has ditfereuat effects at ditferent concen-
tratiocnce. Mader et al (1982) and Tickle et al (1982) rLave

shewn that FA can affect pattern formaticn inm developing and



110
regenerating i1imbs, a developmental preccess which seems to
involve gradients of morphogens. One cap speculate that the
different ccncentraticns 0f RA effective in the P19 systen
pight represant a gradient effect in vivo.

In cenclusion, the effect of RA on P19 cells appears to
be an effect on the determination events which commit pluri-
potent celis to ectcdermal pathways o¢f differentlation.
This systen can be used to study the events involved in this
determinatica process and also can be exploited for studying

neural developnment.



Appendix A

RESPONSE OF P19 CELLS TO DAMSO

This agrenaix contains the preiisinary vrepcrt of the ef-

fect ¢f DMsC ¢n the ditfurentiation cf P19 cellse.
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Control of muscle and neuronal
differentiation in a cultured
embryonal carcinoma cell line
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Pluripotent murine embryonal carcinoma cells can differentiate
in culture into many tissue types similar to those normally found
in early embryos’ and may be useful in invest.zating some
developmental events'®’. Central to our understanding of
embrvonic development are explanations of cellular determina-
tion, that s, the commitment of early embryonic cells to form
divergent cell types. Of relevance is recent work with the F9
line of embryonal carcinoma cells which suggests that certain
extra-embryonic cell types are specifically formed following
treatment of undifferentiated cells with drugs® * and the mampu-
lation of culture conditions®. We report here that the P19 line
of embryonic carcinoma cells® may provide an analogous syvstem
in which drugs can be used to msznipulate the formation of
tissues which normally comprise the fetus. In the presence of
dimethyl sulphoxide (DMSO) aggregates of P19 cells difierenti-
ate rapidly to form large amounts of cardiac and sheletal muscle
but no neurones or gha. We have previously shown that in the
presence of high concentrations of retinoic acid (>5x 1077 M),
aggregates of these same cells develop 1nto neuronsl and glial
tissues but not muscle’. Thus, drugs can be used to generate
two quite different spectra of embryonic tissue types from the
same population of embryonal carcinoma cells.

P19 1s a euploid (40 XY) embryonal carcinoma cell line
derived from a teratocarcinoma induced in C3H/He strain
mice® For thé€ experiments described below, we used
P19S1801A1, a ouabarn-resistant and 6-thioguanine-resistant
subclone of P19 1solated without mutagenesis Suspensions of
dispersed cells were plated onto bacterial-grade plastic surfaces
to which cells do not adhere® Cells adhere to each other to
form small aggregates These aggregates were cultured in sus-
pension for 4-5 days in the presence or absence of DMSO
They were then plated into tissue culture-grade plastic dishes

In the absence of drug, the plated aggregates contained
undifferentiated embryonal carcinoma cells along with small
numbers of extra embryonic endodermal cells” (Fig 1a) The
presence of DMSO 1n the culture medium produced effects
which became clear 1-2 days after plating, that i1s, 6-7 days
after imitiation of the experiment In cultures exposed to 0 25%
(v/v) DMSO, most plated aggregates contained embryonal
carainoma cells, rhythmically contracting muscle and fibroblast-
like cells At concentrations of 05, 075 and 1 0% DMSO,
none of the plated aggregates contained embryonal carcinoma
cells (1dentified by morphology), virtually all contained areas
of rhythmically contracting muscle, and all contained cells with
fibroblast-like morphology (Fig 1c) By 10-12 davs the amount
of contracting muscle had increased (Fig 1d,e) Also at this
time many of the DMSO-treated aggregates developed areas
of bipolar myoblasts which fused into myotubes (Fig 1f) These
myotubes were usually non-contractile but often developed
spontaneous twitching activity by 14 days

Electron microscopy of the cells in DMSO-treated cultures
ndicated that the rhythmically contracting cardiac muscle cells
contamned glycogen granules, large numbers of mitochondna,
and numerous areas of thick and thin filaments which were not
orgamzed mnto mature myofibrils (Fig 2a) The multinucleate
skeletal muscle cells were similar in appearance (Fig 2b) Thus
both muscle types seemed to be immature Many of the non-
muscle cells had abundant rough endoplasmic reticulum and
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Fig 1 Phase contrast photomicrographs of live teratocarcinoma cells The
condstions for cell culture” ' and aggrepation® have heen descnibed pre

viously Cell aggregates were formed from a stock culture of P19S1801A1)
cells and parallel cultures were carried in a normal medium o medium
plus 10% fetal bovine serum’ ) b mn medium contaiing Sx 10 M
retinoic acid and ¢ f 1 medium containing 0 S% (v v DMSO Agpresates
were cultured in suspension sn bactenal grade Petni dishes for S davs beforc
being plated on to uissue culture grade plastic surfaces Photographs were
taken 2 days (a—c) or 9 days (d f) later a Untreated aggregates contain
embryonal carcinoma and a few extra embrvomic endoderm cells (arrow}
b Aggregates of cells which had been culturedinthe pres a eof s 10\
reunoic acid contain neurones and astrocyte glial cdlls ALt nate

cultured continuously in the presence of 0 S DMSO conta n small area

of rhvthmically contracung cardiac muscle tarrows in ¢ wh (b be me
more extensine with time (d) At higher magmhcauion are « arcas of
rhythmically contracting mononucleate cardiac muscle and f multinucleate

skeletal muscle Scale bars 200 um

some were surrounded by extracellular matrix which included
collagen fibres (Fig 2c)

The DMSO treated aggregates of P10S1801A1 cells
developed muscle but neither neurones nor gha Treatment of
the same cells with retinoic acid resulted 1n the deselopment
of neurones (Fig 1b), ghal cells, fibroblast-like cells but no
muscle Cultures exposed to both retioic acid (5x 10 7 M) and
DMSO (0 5 or 1 0%) developed as 1if exposed only to retinoi.
acid, that 1s, neurones and gha but no muscle were formed

Differentiated cultures contained more actin than did
untreated cultures (Table 1) Much of the actin in DMSO
treated cultures was a-actin, the type present only 1n skeletal
and cardiac muscle cells’ Muscle-specific mvosin was also
detected 1n both cardiac and skeletal muscle by immunofiuores-
cence using monoclonal antibodies directed against muscle
myosin About 15% of all cells were muscle myosin positive
in these cultures by 8 days but none were detected 1n untreated
or 1n retinoic acid-treated cultures
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Fig 2 Electron micrographs of some of the ussues formed in DMSO
treated cultures a A section through cardiac muscle shows bundles of
thick and thin filaments 1n longitudinal section 1arrows) glycogen granules
arrowhead! and numerous mitochondrna b A section through a mulunu
cleate mvotube shows the thick and thin fillaments 1n cross section {arrow}
and glvcogen iarrowhead) Many of the non muscle cells in these cultures
secreted collagen (c) which was often seen forming part of an intercellular
matrix Scale bars 05 um

When 10 uM adrenahne was added to DMSO-treated cul
tures, the cardiac muscle responded by a 2-2 5-fold increase
1n contraction frequency and some previously quiescent areas
of the culture were stimulated into rhythmic activity Therefore
B-adrenergic receptors were present Such receptors are
apparently acquired by cardiac muscle after the acquisition of
spontaneous contractility’”

DMSO was not demonstrably cytotoxic to the P19S1801A1
cells at concentrations effective 1in differentiation expenments
Figure 3 shows that the efficiency of colony formation was
unaffected by DMSO at concentrations up to 1 0% Virtually
all colomes formed 1n DMSO contained only embryonal car-
cinoma cells In other experiments, monolayers of cells were
cultured for 20 days in 1% DMSO without change i growth
rate or morphology At the end of this 20-day penod, the
DMSO-treated cells were aggregated in the presence or absence
of DMSO (0.5%) Those aggregates formed in the absence of
DMSO did not differentiate while those cultured in the drug
formed muscle and fibroblasts in the usual way Thus, 1t seems
that the DMSO had no effect on the P19S1801A1 cells cultured
as monolayers and that both the drug and cell aggregation are
necessary for muscle differentiation DMSO could be removed
after 2-3 days but cardiac muscle still developed at 6-7 days
as 1n the continuous presence of the drug

The effects of DMSO described above were observed not

Table 1 Presence of a actin in DMSO treaqted cultures

% Muscle
Treatment Total actin® o actin® actin
Untreated day 7 1911007 0161002 84
Reunoic acid, day 7 2312003 030+£002 130
DMSO day 7 262x015% 052+001 198
DMSO day 1} 305014 068+002 223

Aggregated cultures were prepared as descnbed 1in Fig 1 legend Two days
after plating (day 7) or 6 davs aficr plating (dav 11) the cultures were collected
for analysis The DMSO treated day 7 culture contained rhythmically contracting
but not multinucleate muscle Bv day 11 both muscle types were prescnt Protuin
and peptide 1solation was carricd out as previously described?® except for the
use of trypsin insiead of chymotry psin {or pepuide generation The actin contents
were calculated by measuring the amounts of mate 18! which co punficd dunng
electrophoresisat pH6 5 2 1 and 3 S with tryptic peptides generated from muscle
actin Total actin values were calculated from the amounts of radioactive matenal
co-migrating with the two chemically modified peptides CmCys-Asp He Asp lle
Arg and CmCys Phe All known actins contain peptides which should co punfy
with these two a-Actin values were calculated from the amount of matenal
co-purifying with an 18 residue CmCys contaiming peptide generated from the
N terminal region of @ actin Acuns from other tissues differ from o actin in
this region® so should not co-punfy with this peptide Total acun 1s higher 1n
differentiated than in undifierentiated cultures and there 1s more muscie specific
a actin i DMSO treated cultures The 8-13% of muscle actin present in
untreated and in retinoic acid treated cultures may represent a background of
radioactive label denved from non a acun peptides which co purify with the
Jegiimate peptide

* mg actin per 100 mg total protein

only on P19S1801 A1 cells, but also on the parental P19 cells
and on all of the subclones from this line which were tested
However, DMSO had no effect on the differentiation of the
embryonal carcinoma cell ines F9'', OC1581' and C86S1'"
whereas some clones of P10 cells'® appear to form an excess
of neurones in the presence of DMSO (G D Paterno and
M W M, unpublished) Vamnation has also been observed 1n
the response of different embryonal carcinoma hnes to retinoic
acid’” and to aggregation 1n the absence of drugs’”

DMSO 1s an inducer of Friend cell differentiation’ as are
6-thioguamne’®, butyrate'® and ouabain'’ The effects reported
above for DMSO have also been observed with non-toxic
concentrations of 6-thioguanmne and butyrate but not with
ouabamn Another Friend cell inducer, hexamethylene bis-
acetamide (HMBA), has previously been shown to influence
the differentiation of some other embryonal carcinoma cell
Iines'® '° but we have not tested this compound with P19 cells

Many papers have reported the formation of a imited range
of cell types following spontaneous or induced differentiation
of lines of teratocarcinomas and of embryonal carcinoma
cell™ %, but1t1s not clear whether this 1s the resuli of differen-
tial selection or of the occurrence of a hmited number of

00 |- {——-—i\}
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0 10 20
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Fig. 3 The efficiency of colony formation of P19S1801A1 embrvonal
carctnoma cells in the presence of DMSO indicates the absence of toxian
at concentranons of less than 1% (v/v) About 200 cells were introduced
into replicate 60 mm diameter disnes contaiming various concentrations of
DMSO dissolved 1n @ medium supplemented with 10% fetal bovine serum
and 10 *M 8 mercaptoethanol Incubation was for 8 days at 37°C Al
colonies consisted of cells with embryonal carcinoma morphology  Those
colonies formed in 1 5% DMSO were smaller than control colonies indicat
ing that at these concentrations the rate of cell prohferation was decreased
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determinative events. We think it is unlikely that differential
selection can account for our observations because: (1) the cells
did not differentiate into embryonic cell types in the absence
of drugs, (2) the cell types formed in DMSO-treated cultures
were substantially different from those formed by the same
cells in parallel cultures exposed to retinoic acid, (3) neither
drug appeared to be toxic, (4) all subclones responded to both
drugs, (5) the drugs were effective even when cultures were
exposed to them for 48 h at the beginning of an experiment,
and (6) DMSO did not inhibit the formation of neurones in
cultures exposed to both retinoic acid and DMSO. The simplest
interpretation of these data seems to be that each drug acts by
‘inducing’ uncommitted embryonal carcinoma cells to
differentiate along a hmited number of developmental avenues.
If the drugs act by bringing about intracellular changes which
mimic the results of certain embryonic decisions, it may be
possible to use the drugs to identify parts of the cellular decision-
making apparatus.

This work was supported by grants from the NCI of Canada
and the MRC of Canada. We thank Irwin Schweitzer and Kem
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Memfield.

Received 10 January, accepted 15 June 1982

N AWLN

10
11

12
13
14

15
16
17
18

19
20
21

22
23
24

. Grah C. F 1n Concepts in M /f

(MIT Press, Cambndge, 1977)

Martin, G R Science 209, 768-775 (1980)

Strickland, S & Mahdawi, V Cell 15, 393-403 (1978)

Stnckland, §, Smith, K K & Marotu, K R Cell 12, 347-355 (1980)

Hogan, B L M, Taylor, A & Adamson, E Narture 291, 235-237 (1981)

McBurmney, M W & Rogers, B J Devl Biol 89, 503-508 (1982)

Jones-Villeneuve E M V, McBurney, M W Rogers, K A & Kalmns, V 1 J Cell
Biol (in the press )

Martin, G R & Evans, M ) Proc nain Acad Sci US A 72, 1441-1445 (1975)

Vandekerckhove, ] & Weber, K Ew J Biochem. 113, 595-603 (1981)

Lipshultz, S, Shanfeld, J & Chacko, S Proc natn Acad Sct US A 78, 288-292 (1981)

Bernsune, E G, Hooper, M L, Grandchamp, S & Ephruss;, B Proc nam Acad Sct
US A 70,3899-3903 (1973)

McBurney, M W J cell. Physiol. 89, 441-456 (1976)

McBurney, M W & Strutt, B 3 Cell 21, 357-364 (1980)

Fnend, C, Scher, W ,Holland, J G & Sato, T Proc natn Acad Sai U S A 68,378-383
(1971)

Gusella,J] F & Housman, D Cell 8, 263-269 (1976)

Leder, A & Leder, P Cell §,319-322 (1975)

Bemstemn, A., Hunt, D M, Cnchley, V & Mak, T W Cell 9, 375-381 (1976)

Jakob, H, Duboss, P, Eisen, H & Jacob, F Cr hebd Seanc Acad Sci, Pans 286D,
109-111 (1978)

Speers, W C, Birdwell, C R & Dixon, F J Am J Path 97, 563-584 (1979)

Gearhart, ] G & Mintz, B Cell 6, 61-66 (1975)

Vandenberg, S R, Herman, M M, Ludwin, S K & Bignami. A Am. J Path 79,
147-168 (1975)

Pleiffer et al J Cell Brol 88, 57-66 (1981)

Darmon, M, Bottenstein, J & Sato, G Devl Biol 85, 463-473 (1981)

Anderson, P J Biochem. J 179, 425-430 (1979)

Embr is (ed Sherman, M 1) 313-394



REFERENCES

Abnay, EeRey, £+Fe Bartlett, and M.Ce. Raff. 1981. Astrocytes,
ependymal cells, and cligodendrocytes develop cn schedule
in dissociated cell cultures of ewbryonic rat brain. Dev.
diol. 53¢ 301-310.

Adamson, EeDe 1976. Isczyne transiticns of creatlne
phosphokinase, aldolase, and phosthoglycerate rutase in
differentiating mouse cells. Je Embryol. e&xpe. Morphol.
35: 355-367.

Adamson, EeDe, Mede Evans, and GeGe Magrane. 1977.
Bilochen.cal markers of the progress of differentiatiorn 4in
cloned teratocarcinoma cell lines. Eure. J. Biochem. 739:
607‘615.

Adanson, Ee.De, and Cs.F. Grahase 1980. Loss of tumerogenicity
and gaip of differentlated functicn by embryonpal
carcinora cells. Results and Problems in Cell
Differenctiation. 11: .90~-297.

Artzt, Ke, s Dubols, De. Bennett, B. Condamine, C. Babinet,
and fe. Jacsb. 1973. Surfacz antigen ccmmen tC mouse

¢ ¢Cleavage eibryocs and primitive teratocarcinoma cell ir
sultures Proce Natie BACades Scles UeSehe 70z 2988-2992,

AxXeirod, HsRe, and D. Bennett. 1962. A sivpi.fled method for
obtaining gmbryonic stem c21l lines from blastocysts.
Abstract fros workshop on teratocarcinosa ster cells,
10th Cold spring Harbour Conference on Cell
Proliferation.

Bennett, Do 1975. The T lccus of the mouse. Cells 6:
451=-454,

Berastine, Eeue, MslLs HoOOper, S. GranchLamp, ana B. Ephrussi.
1973+ Alkaiire phcsthatasze activity in mouse teratoma.
Proce. Natl. Acade. Scie. UeSeldo ZQ: 3899-3903.

Bignami, A+, Le.F. Eng, L. Dahl, and Ce1l. Uyeda. 1972.
Localization ct the glial fibrillar acldic protein in
48trccytes by imauncflucresences FErain Rese. 43
429=435,

Bizz1nl, Be 1979. Tetanus tcxine. Microbic. Rev. 43:
224-240.,

- 115 -


http://tiiocb.eiu-.cal

116

Boliag, We, and A. Matter. 1981. Fros vitamin A to retinolds
in experimental and clinical oncolcgy: achievenments,
failures, and outlock: Anne Ne.Y¥Yes Acade Scle 339: 9-23.

Bouider Committees 1970. Embryonic veterbrate central
nervous system: revised terminology. Anate. Rec. 166
257-262.

[ 1]

Brinster, R.L. 1974, The effect of cells transferred into
the mouse blastocyst on subsequent developmente. J. EXxre
Mede 180: 1049-1056.

Chader, G4,Je«, Be niggert, P. Russell, and M. Tanaka. 1981.
Retinoid binding proteins of retina and retinoblastona
cells in cultures Aflne. NeYe. Acade. Sci. 359: 115-133.

Chopra, DeFey and Lede wilkcffe 1977. Reversal by vitamin 2
analogues (retinoids) of hyperplasia induced by N-methyl~
¥'=nltroN~nitrosoguanidine in mouse prostate organ
culture. Je. Natl. Cancer Inst. 58: 923-930.

Chytil, Fe, and DeEe Onge 1979, Cellular retinol=- and
retinoic acic=-binding proteins in vitamin A actione. Fed.
Proce. 38: 2510-2514,

Cconnolly, Jele, VeI. Kalnins, D.W. Cleveland, and M.He.
Kirschner. 197¢es Intracellular localization of the high
molecuiar welght microtubule accessory protein by
indirect imnpuncfluorescerce2. Js Cell Bicl. JF6: 781-786.

Covan, WeM, 1978+ Ampects of neural development. Ints. Rev.
Physiol. 17: 149%-191.

Crccey CoeMe, Be Lipnenbach, K. Heubner, Jebe Frarnes DeHa.
Marquilies, Fo Apella, and Je Ge Seidmane. 1987. Control
of expreszsion of histocorpatibility antigens (E-2) and
beta=-2-microglcbulin in F9 taeratocarcincma stem cells.
Proce. ¥atle. Acade. Sci. Ue.SeBhs I8: D5754-5758.

Damjancvy, I., De. Solter, M. Balicza, and N. Skreb. 197%a.
Teratomas obtained through extrauterine growth of seven
day wmouse embryo~e Je. Natle. Cancer Inste. #46: 471-480.

Dasjancv, I., De. Solter, and Ne Skrebe. 19710,
Teratocarciacgenesis as related t¢ the age of enbryos
gratted under the kidney capsules. wilhelm Roux?' Archiv.
167: 285=290. ‘

Darson, M., Je Pottenstein, and G. Sato. 1987. Nevral
differentiatlicor fcllcwing culture ¢f embryonal carcincaa
cells in a serus-free defined medium. Dev. Blol. §5:
463'“730



117

De Luca, Le.f%. 1977. The direct involvment of vitarin 2 1n
glycosyl transter reactions of masralian membranese.
Vitam. Horm. 35: 1=57.

De Luca, LeMs, FaVs Bhat, N Sasak, and 5. Adano. 1979.
Bicsyntheslis c¢f phosphoryl derivatives of vitarin A in
biological membranes. Fede. Proce. 38: 2535-3539.

De Luca, LeMe, and SeSes Shapirce edse. 1987. Modulation ¢f
Ceilular Interactions py Vitamln 8 and Derivatives
{Retincias)}s Anne Ne Yo Acade Scie. 359: 1=-U428.

Dewey, MeJe, JeDs Gearhart, ana Be. Mintz. 1977a. Cell
3urface cntigens ¢f totipotent mouse teratocarcinona
cells grewn in yitro: their relation to embryo, adult,

L2 IR T P4

and tumour antigens. Devs. Biol. 55: 359-374,

Devwey, HeJe, DeWe Martin, GeRe #dacrtin, and B. Mintz. 1977b .
Mosaic mice with teratocarcinoma-derived mutant cells
deficient in hypoxanthine phosphoribosyltransferase.
Proce Nati. Acade Scie UeSede 14: 5564-5568.

Dewey, MaJe, Re Filler, and Be. Mintze 1978+ irotein patterns
0of deveicpmertaily totipotent mouse teratocarcinoma celils
and noruxal embryo cellse. Deve.e Blole 65: 171-182.

Deway, MedJe, and Be Mintz. 1980. Teratocarcinoma cells as
agents f.r prcduclicg nmutapt mice. Hesults and Problenms
in Cell Differentiaticne. 11: 275=282.

Dimpfel, we, FeT+Ce Buang, and E. Habermanue. 1977,
Gangliosides in nervous tissue cultures ana binding of
1257~}abeli»d t2tasus toxid~4 seuronal BArkers Je.
Jeurochwie 293 329-334,

Diwan, Sebey, and LeCe Stevanss 1976. Develcopment cf
teratonas Ircm the ectcderm of mouse egg cylinderse Je
Natie. Cancer Itste 573 937-939.

Ducibelia, Te, DeF Albertini, E., Ander-on. and Je.ls Biggers.
1975, T1ne preiwplantaticn maimuallan embryo:
character.zatzern ¢f dinterczllolar junctions and thelr
appearance durlng develcpma2nte. Deve Biol. 45: 231-250,

Ducibelli, Te, ant Fe Bnderscns. 1975 Ceil shape and
mesbrane changes in the eight cell mouse embryc:
prerequ.zictes for th: roerrhogenesis of the blastocyste
Deve Biole 47: 45=5u.

Dunidy Ie, JefFe MiCcClas, Be. Jakob, E.L. Bendetti, and F.
Jacope 1979 Juncticnai modulaticrn in nmouse erbryonal
carcincema ce&lis by tab fragments of rabbiv anti-embryonel
carcincma c¢2ll serur. Froce Nati. Acads. Scl. UeSed. 76:
3307"33‘)10


http://preivplantatj.cn

118

Dziadek, M. 1979. Cell ulfferenctiaticn iu l1lsclated lnner
cell masses of mouse blastocysts in vitro: onset of

specific gene expression. J. Embryole. expe. Morphe 53:
367=-379.

Edwards, MeKeSe 1983. Induced aifferectlatior of embryonal
carcincma cellse. MSce. thesls, University of Ottawa,
Ottawa, Ont. pr 1-106.

Edwards, MeKeSe, and M.We. McBurney. 1983. The concentration
of retinoic acid determines the differentiated cell types
formed by a teratocarcinoma cell iine. Deve Blcl. 98:
187-191.

Elsenbarth, GeSe, FeSe Walsh, and M. Nirenberq. 1979.
Monoclonal antibody to a plasma membrane cell antigen cf
neuronse Proce Nate AcadeSci. UeSeds 763 4913-4917.

Ellman, GeLe, KeDe Counez, V. Andres, and K.M. Featherstone.
1967« A new and rapid colorimetric determinaticn of
acetylcholinesterase activity., Biochem. Pharwmacol. 7:
88-95.

Engy LeFey Jdede Vanderhaeghen, As Bignaml, and B. Gerstle.
1971« an acicic protein 1solated from fibrous astrocytes.
Brain kes. 28: 351-354.

Evans, MeJe 1972 The isoclation and properties of a clonal
tissue culture stain of acuse teratoma cells. J« Embryocl.
eXxpe Morrhe 28: 163-176.

Evans, MeJe., and ¥.d. Kaufwane 19871. Establishment in
culture ¢f pluripctential cella frou mouse embryos.
Nature 292: 154-156.

Evans, MeJe, FeHe Lovell-Badge, P.L Stern, and Me.G.
Stinnakre. 197%. Ceil iineages of the mouse ewbryo and
esbryonal carcinora cells; Forssman antigen distributicn
and patterns cf protein synthesis. INSERM Sywrrosium J0:
115=-129.

Featherstcne, *+5. 1980. X Chromosonme actlvity and embrycnal
carcincme cellse. MSce thesise. University of Ottawa,
Ottawa, Ont. pp 1-9%9.

Federotf, 5., ard L.Ce Doering. 1980+ Colony culture ot
neural ceils as a nmethod for the study cf cell lineages
in the developing central anervoug system: the astrocyte
cell lineages. Curre. Topics Dev. Bicl. J6: 283-304,

Fields, KeLe 1979. Cell=type specific antigens of cells of
the central and peripheral nervous systewnse. Currs. Toplcs
in Deve Bacie 13: 237-257.



119

Finch, Behe, and P+ Ephrussi. 1967. Retention ¢f nultiple
developmental potentialities by cells of a mouse
testiculer teratocarcinoma during proionged culture in
vitro and their extinction upon hybridizaticn with cells
of permaneant lines. Froce. Natl. 3cade Scie UsSeAs 57:
615-621.

Fi&h' LeAe, CeSe Baxter, and J.S. Bash. 1987. Murine
lymphccyte comitogenesis by phorbel esters and its
inhibiticn by retinoic acid and inhibitors of rclyamine
biosynthesis. Toxicecl. Apple. Pharmaccl. 358: 39=-47.

Fonnum, Fe. 1975+ B rapid radiocnemical method for the
determination c¢f chcline acetyltransferasee. Je. Biocher.
243 407-409.

Franke, Webre, E+. Schmid, ¥. Osborn, and K. Weber. 1978.
Differernt intermediate-sized fliaments distingquished Ly
imsunofiuorescence microscopys. Proce. Natl. Acad. Sci.
UeSede .Z§: 5634~5038.

Franke, Wene, Ee¢ Schmid, K. Weber, and M. Osborn. 1979%a.
Hela cells contain intermediate-sized filaments of the
prekeratia typre. Expe. Cell Res. 118: 95-109.

Franke, #Weme, be Schmid, S. Winter, P. Osborn, and K. Reber.
1979bs Wwidespread occurrance of the intermediate-sized
filasents of the vimentin type in caltured cells from
diverse vertebrarese. Fxpe. Cell keso. 123: 25~-46.

Fuchs, E., and Be Greenes 1978. The exrression of keratin
genes 1in epiderals and cultured epidermal cells. Cell 15:
887‘897.

Fuijiamcto, Ha, Te Murematsu, He. Urushihara, and K.Ce.
Yanagisawae. 1962. Fkecertors to *Liloches biflerust
agglutinine. 2 new surface marker ccmaon to
teratocarcincme cells and pr2implantaticn mouse embrycs.

Dirfereatiation z<2: 59-61.

Gachelin, Ge. 1976, Le teratocarcinome experimental de la
souris: une systeme wsodele pour l'etude des relations
2ntre QGz:r zurface ce¢llula.res et differentiaticn
embryonnaire. bull. Cancer 63: Y5-110.

Gardner, Res Le 1987« 1In vivo and ip vitro studles of cell
lineage ana cell determination in the early mcuse embryoe.
In: Celilular Controls in Difterentiation. CeW, Lloyd and

DeBes Ae2Se ¢Uce, Rcadenic Press, Lopdon, pp 257-278.

Gautschk, Jewse, and H.C. ¥ilscn. 1983, Delayed 'de novo!
methyiat.cn 1in teéeratccarcinoma suggests additicnal
tizsue=--frzcific rechanismes for contrclling gene
expresssictes Neture 301: 3z=-37.



120

Goodall, He, and M.H. Johnsone. 1982. Use of
carboxyfluorescein diacetate to study formation of
permeable chapnels betveen mouse blastomeres. Nature 295:
524-526.

Grabel, Le.Be, SeDes Rcsen, and GesRe. Martin. 1979,
Teratocarcinoma stem cells have a cell surface
cartohdrate=binding component implicated 1n cell=-cell
adhesion. Cell 17: #477-484.

Grabal, LeBe, MeSe Singer, Geske Martin, and 5.D. EcCsen.
1983« T2ratocarcinowa stem cell adhesion: the rele cf
divalent cations and a cell surface lectin. J. Cell Biol.
96: 1532-1537.

Graham, CeFse 1977. Teratccarcinoma cells and norwmal mouse
esbryogenesis., In: Concepts in Mampallian Embryogenesis.
MeI. Sherman «de The E.I.Te. Press, Cawbridge, MA. pp
315=-397.

Hartree, E+Fe 19772. Determination of protein: a mcdificaticn
of the Lcwry method which gives a linear photometric
responses. Anal. Biocherm. H48: 422-427,

Herbert, MeCe., and C.Fe Grahame 1974+ Cell determinaticn and
bicchenmical differentiation of the early mouse embryoc.
Curr. Tops Dev. Bicle. 8: 151-178.

Heubner, K., A« linnenbach, Se. diedner, G. Glenn, and C.N.
croce. 1981, Leoxyribonuclease 1 sensitivity ¢f plasmid
jencumes 1n teratocarcinoma stem and differentisted cells.
Proce Netl. Acade Scle UeSed. 763 5071-5075.

Hoffman, Pebse, and ReJe Laseks 1975. The slow cosmpcnent of
axoral traasporc. Identification of major structural
pelyreptiiles ot the azon and thelr generality amoung
nammaliac peurcns. J. Cell Biol. 66: 351-366.

Hogan, BeleMe, A. Taylor, and E. Aderscn. 1981. Cell
interactions mcdulate embrycnal carcinoma cell
differentiation intc perietal or visceral endcderme.
Nature 291: 235-237.

Hsuy Yele, Je Baskar, leC. Stevens, and MB.F. kaste 1974,
stage to che—Zafi§-§omite stages. Je Embryol. expe. Morphe.
33: z35-245.

Iles, tehAe 1977, Pouse teratomas apna embrycild bodies: thelr
induction and a.fferentiation. Je kmbrycle exye. Mcrphcle
38: 63-75.



121

Illaensee, Ko, and B. Mintz. 1976. Totipotency and normal
differentiation of single teratocarcinoma cells cloned by
injection intc blastocystse Proce. Natl. Acad. Sci.
UeSehoe Zé: 549=553,

Jacob, Fe 13¥77. Bouse teratocarcilnoma and embryonic
antigens. Immupnol. Fev. 33: 3-33.

Jacobson, M. 1978+ Developmental Neurobiology, 2nd ed.,
Plenum Press, New York, pp 27-55.

Jetten, AeMe, and MesEe.Re Jetten. 1979. Possible rcle of
retinoic acid binding protein in retinoic stirmulation cof
embryornal carcinona cell differentiation. Nature 278:
180-182.

Jetten, A.Me, HMateRe Jeiten, S+5¢ Shapirc, and J«P- FoOD.
1979a. .Characterization of the action of retincids on
aouse fibroblast cell lines. Exps. Cell Res. 1192
289-299.

Jettern, A.Ms, MeEe.R. Jetten, and M.I. Sherman. 1979be.
Stimulation of differentiation of several wmurine
embryounal carcincma cell lines by retincic acid. Expe.
Cell Res. 32&: 381-391- '

Jonas-Villeneuve, EeMeVe, M.W. McBurney, K.d. Rogers, and
V.I. Ralunins. 1982. Fetinolc acid induces embrycnal
carciaoma cells tc differentiate intc neurons and glial
cellse. Je Cell Blol. 84: 253~262.

Jorgensen, AeOe, L+ Subrahmaanyan, Ce. Turnballi, and V.I.
Raininse. 1976. 1Llocalization of neurofilawent protein in
nenrcblastoma c=211ls by immunfluorescent staining. FProc.
Natl. Acad. Sci. Ue.SesBs 73: 3152-3156.

Kabhan, BeWes, and E. Ephrussi. 1970. levelopmental
potentiaiities of clcnal ip vitrc culture cf mcuse

teést.cular teratomas. J. Natle. Cancer Inst. H44:
1015-1066.

Kalaing, Vele., and Jeke Connolly. 19817. Applicaticns of
imaunofluorescence in studles of cytoskeletal antigens.
Advances 1n Cellular Neurcobliolcgy 2: 3893-460.

Keily, SeJde 1977+ Studies of the developmentai potential of
four and cight coll stage mouse bleastomeres. Je« Expe
Zoocl. 200: 365~376.

Kemler, Re, Ceo Ebabinet, Be Cocndamine, C Gchelin, JesLe
Guenet, and Fe. Jaccbe 1¥y76+ Embryonal carcinoma antigen
and the T/t lcoccus ¢f the mouse. Proce. Natle Acad. Scle.
UeSehs lg: 4050‘“08“.



122

Kemler, R., Ce. Babinet, He Eiszen, and F. Jacob. 1977.
Surface antigen in early differentiation. Proc. Natl.
Acade 5Cis UasSeAs 74: 44494457,

Kleinsmith, LeJde, 2and Ge.Bs Pierce. 194, Multaipotentiality
of single embryonal carcinoma cells. Cancer Res. 24:

1544-1551.

Kuff, EeLe, and Jenhs Fewelle. 1980. Induction of neural-like
cells ip cultures of FY9 teratocarcinoma treated with
retinoic acid and dibutryl cyclic adenosine
monophcsprhate. Deve Bicle 77: 103-115.

lane, E«Be, Bel.Ms Hcgan, M. Kurkinen, and J.I. Garrelse.
1983« Cc=-exrressicn of vimeatin and cytokeratins in
parietal endoderm cells of the early mouse embryo. Nature
303: 701=-704.

Lasaitzle., I. 1976, Reversal of methylcholanthrene~induced
changes 1n mCuse proststes 1o vitrc by retinoclc acid and

its analcguese. Brit. J. Cancer 34: 239-248.

Lazirides, E. 1980, Intermediate fillarents as mechanical
integrators of cellular space. Nature 283: 249-256,

Lazarides, £« 1982, Interrediate filaments: a chenically
heterogenecus, develcprentally regulated class cf
prcteinse Arn. hkeve Blochems 31z 219=-250.

Lehman, JeMe Speers, nw.Ce., Swartzendruber, DeEes, and Ga.B.
Plorces 1974+, Necplastic alfferentiaticn:
characteristics of cell lines derdved frow a murine
teratocarcinomes Je Cell Physicle B84: 13-27.

Levine, BAeJs, e Torisian, A.Je. Sarokhan, and A.Ke. Teresky.
1974+ B.ochemical criteria for the ip vitro
jifferenciation ¢f embryoid bodies prcoducec by a
transrlantable teratoma of micee The prcduction of
acetylcbcline esterase and creatine phosglckinese by
teraxohaé c.1llse Je Cell Physicle.e 84: 311-318,

Levine, Bedse 198.¢ The pnature ©f hoot-range restriction cf
3V4(0 and pclyoma viruses in 2mbryonal carcinoma cells.
Curre. 1opics ticrcbiol. Imaunois J01: 1-30.

Levitt, P- “ele Coorer, anu P Rakice 1987. Ccexistence of
neuronai and gliai precursor cells in the cerebral

ventr.cuiai zepe of the fetar monkeys: ar ultrastructural
immupnoperoxidase analysis. J. Neurosci. 1: 27-39.

Liau, Ge.y Debs Cngy, and F. Chytil. 1987. Interacticn cf the
retinol/ cellular retincl-pinding complexr with isclated
nuclei and nuclear ccmponent. Je Cedl Biol. S1: 63-6b.



123

Liem’ FeKosliey, Ss~He Yen, G«Ds Salomon, and Mel. Shelanski.
1978. Intermediate fllaments 1o nervous tissues. Je Cell
Biocl. 19: 637=645,.

Littlefleld, JeWs 1964, Selection of hybrids frcm matings of
fibroblasts 1n vltrc and their presumed recomblinants.
Science 145: 709-710.

Lcy CeWs 1980+ Gar junctions and developrernts. In:
Develcpment in Masmalss. #4: M.He. Johpnson, ed.
Elsevier/North=-Holland Biomedical fresse. pp 35-80.

Lo, CeWe, and NeBe Gilula. 1980. PCC4/azal teratccarcinocra
ster cell differentiation in culture. 2. Morpkological
characterizaticne Deve Biole 75: 93-111.

Loritz, Fe, A« Bernstein, and R.G. Miller. 1977. Early and
late volume changes Guring erythroid differentiation c¢f
cultured Frienc cellse Js Cell Physiole. 80: 423-430,

Lotan, R. 1980+, The effects of vitamin A and its analogs
(retinoids) on norsal and neoplastic cellse. Blochemn.
Blorhyss. Acta €05: 33-91.

lotan, Re, G» Newmanp, and De. Lotan. 1980. Relaticuships
amcng retinoild structure, inhibiticn ¢f growth and
cellular retinoic acia binding protein in cultures of 591
meiapoma cells. Cancer Rese 40: 1097-1102.

Maden. M. 1962. Vitamin A and pattern formaticn in the
regenerctiny limsbe. Nature 295: 672-675.

Magnuscn, 1., A. Demsey, and CsW. Stackpoles 1977,
Characterization c¢f intercellular junctions in the
preipplantation mcuse ewmbryo by freeze-fracture and thin
3action elecircn sicroscopys Dave Biol. 61: 252-261.

Martin, Ge.ke 1980, Teratocarcinomas and mammal.an
2mbryocgenesis. Scilence 203: 768-776.

Martiao, GeR. 1987, Iscletion of a pluripotent cell line from
early mcuse embryos cultured in neaium conditicned by
teratocarcinonsa stes ceilse Procs. Natli. Acade Sci. 7§:
7634~-7063¢C,

Martin, Seke, Cedoebpstein, B. Travis, G. Tucker, f. Yatsiv,
Dens Martin, S. Clift, and S« Cohene 1978+ X chromcscne
inactivaticn during differentiation of a female
teratocarcinoma sten ceil. Nature z71%: 329-333.

Martin, Gehe, and M.Jes Evans. 1975a. Multiplie
ditferzntiaticn of clonal teratocarcinoma stem cells
following embtryolod bcdy formatlon ip vitro. Cell 63
Y YELYER



124

Martin, GeRe., and M.Je Evanss. 1975b. Differentiation of
clopai lines of teratocarcinoma cells: formation of
ambryoia bodies 1p vitro. Proce. Natl. Acade Scl. UsSl.A.
72: M441=-1445,

Martin, GeRe, Srith, Se, and Epsteln, CeJ. 1978. Frotein
synthet.c patterns in teratocarcincma stem cells and
mouse embryos at early stages of development. Dev. Bicle.
9_6_: 86-16.

Martin, GeRe, LeM. Wiley, and I. Damjanove 1977. The
levelopsent of cystic embryoid bodies in vitro frosm
clonal teratocarcinoma stea cells. Deve Biol. 61:
230=-244.,

McBurney, M.We. 1976+ Clonal lines of teratocarcincrma cells
in vitro: difrerentiation and cytogenetic

characteristicse. Js Cell. Physiol. §9: 441~0456.

McBurney, MB.%., anl E« Do Adamson. 1976. Studies cn the
activity of the X chromosomes in female teratocarcinoma
celis in culture. Cell 9: 57-70.

McBurney, MeWe, and BeJ. Strutt. 1979. Fusion of embryonal
carcinoma cells tc fibroblast cells, cytorlasts, and
karycplasts. Expes Cell Rese. 1Z24: 171-180.

McEarney, MeWes, and BeJes Strutte 1980. Genetic activity of X
chromcsomres in pluripotent female teratocarcincma cells
and their aifferentlated progeny. Cell 21: 357=-364,

Mcburney, Mene, EeMeV,s Jones-Villeneuve, M.KeSe Edwards, and
P.Jes Anacerson. 1982. Contrcl of muscle and neuronal
Jifferent.ati¢r in a culitured embryconal carciccma cell
lines. Nature 299: 165~167.

McBurney, MeWe, and Bede Fogers. 1982, Isolation cf male
ambryonal carcinoma cells and their chromoscme
replication ratternss. Deve. Bloi., 8y: 503=-508.

Mintz, Be, Ae Cronmiller, and BsPs Custer. 1978+ Somatic
cell origin ¢f te¢ratocarcinomase. Froce. Natle. Bcade. Sci.
JeSehde 15: 2t34-20386,.

¥intz, Be, and K. Illmensee. 1975, Normal genetically mosalc
mice prcauces from malignant terctccarcincma ce€llss FIocCe
Natle Accle Scle UeSeRBe 72: 3585-358Y.

Mirsky, Re 1982+ The use of antipbodies tc detine and study
major c¢zll types in the central and peripheral nervous
3ystems. In: Neurocirmuncidgye JeBrockas ¢de., Flanum
Press, Lcndon, pp 14171=-151,



125

Mirsky, Rey, LeM.Be Wendon, P. Black, C. Stclkin, and D.
Bray. 197v. Tetanus tozxin: a cell surface marker for
neurcns in culture. Brain Res. J148: 251-259,

Moore, BeWs, VeJe Perez, and M. Gehring. 1968. Assay and
regional distribution of a soiuble rrotein cnaracteristic
of the mervous systems Je Neurcchews 15: 265-272.

Muramatsu, 1e, GeGachelain, Je.F. Nicolas, H. Condamine, He.
Jakob, and F. Jacob. 1978. Carbohydrate structure and
cell difterentiation: uanique properties of fucosyl-
glycopeptides isolated from embrycral carcinoma cells.
Proce Natle Acade Scle UsSelhe 15: 2315-2319.

Nicolas, JesFe, Fe Dubois, HBe. Jakob, J. Gailllard, and Fe.
Jacecbe 1575, Teratcocarinome de la souris:
differentiation en culture d*une lignee de cellules
primitives a pctentialires multiples. Annoe. Micrcbhiol.
{Paris) 126A: 3-:2.

Nicolas, Je-Fe, ke Kemler, and F. Jacobe. 1987. Effects of
antiestryonal carcinora cell serus on aggregation and
metabolic coofreration betwz2en teratocercinoma cellse Dev
Biol. 81: 127-132.

Nivwa, Ce., Y. Yakcta, He Ishi1da, and T« Sugahara. 1983,
Independent mechanisus involved 1n the suppression of the
Malcney loukenila v.irus genome Jduring ditferentlaticn of
murine teratocarcincwa cells. Cell 32: 1105-1113.

Jdgouy Se, Ts Okada, and M. Takeichi. 1982. Cleaveage stage
mouse eabtryos share a common cell adhesion system with
teratocarciucma cellse. Devs Biol. 92: 3521-528.

papaiocanncu, VeEs, MeW. McBurney, R.le. Gardner, and M.J.
Evanse 1975. Fate of teratocarcincma cells injected inte
early mouse embrycs. Nature 258: 70-73.

Pauiin, D, N. Forest, and J. Parreaus. 1980, Cytoskeletal
protéeirs a5 parkers ¢f differantiation in mouse
teratocarcincma cellse. Js Mol. Bicl. J44: 95=-101.

Pauiin, De, He Jakch, Fe Jacob, K. Weber, and M. Osborne.
190Z+ 1n vitro differentlation ¢f mouse teratccarcincma
celis monitored by intermediate f£ilament expressilion.
Differentiation 22: 90-99.

Paulin, De, Je Eerreau, He Jakob, Fe. JdJaccb, and M. Yaniv.,.
1979, Iroromycsin synthesls accompanies formation of
actis filaments 1n eanbryonal carcinoma cells induced to
difterentiate t'y hexaaseirhylane bisacetamides Eroc. Natle
ACiaOe S5C.e UeSelo Zé: 1391-1895.



126

Pawson, BeAe 19681. A historical introducticn tc the
chemistry of vitamin A and its analcgs (retinoids). Ann.
NeYse Acade Sci. _3_;_9_: 1=8.

Pederson, ReAe., AeFs Spindle, and LeM. wiley. 1977,
Regeneration cf endoderm by z=ctoderm 1sclated from mouse

blastocystse. Nature 270: 435-437.

Pfeiffer, SeEe, Be Jakob, Ke Mikoshita, E- Dubois, J.L.
Guenet, JeFe MNiceclas, Je. Gailllard, G+ Chevance, and Fe.
Jaccbe 1981, Differentiation of & teratccarcincma line:
preferential development of cholinergic neurons. J. Cell
Bicle. é_a_: 57"66.

Plerce, GeBe, and T«F. Beals. 1964, The ultrastructure of
prircrdial gerns cells c¢f the fetal testes and cf
2nbryocnal carciunoma cells of mices. Cancer Fes. 24:
1553-1567.

Plrercc, GeBe, and FeJe Dlxon. 1959. Testlicular teratomas 2:
Peratocarcinoma an ascitic fiuide. Cancer J2: 584-589.

Pierce, GeBey, Fede Dixon, and E«Ls Vernaye. 1960.
leratocarcincgenic and tissue-fornming pctentlals of the
cell tyres corposing neoplastic bodies. Labe IDvest. 9:
vivo 583-602.

T

kaff, Ce, FeHe Miller, and M. Noble. 1983. A glial
Or an oligodepndrocyte depending_oﬁ-zﬁiture mediume.
Nature 303: 390~396.

Raju, Te, A« Bignami, and D. Danl. 1987 1In vivo and 4in

rat esbryo. 1luimunoflucrescence study with neurcfilament
and glisi filamrent antlisera. Dev. Blol. 85: 344-357,

Rakic, te 1972z« ¥ode of cell mijraticn tc¢ the surerficial
layers of tetal mcnkey cortese. Jeo Compe Neurol. 145:
61‘8“-

Fakic, Pe 1574+ Neurcns= in Fhesus ncnkey visual cecrtex:
systematic relation between time c¢f origin and eventual
iisrcsicicne. bclence 183: 425-427.

Reisner, Ye, Ge Gacheliln, }te. Dubols, J.-F. Nicolas, N.
Sharon, and Fe Jeccbe 1977, Interaction ¢f peanut
agglutinin, a lectin specific for non-reducing terminal
D=-galiactcsyl residues with esbryonai carcincma cells.
Deve. Bicl. 61: 20~:7,

Rizzinc, A. 19¢3. Twec multipotent embryonal carcincma cell
Lines zrreversibly d.ffereatiate .pn def-ued medlia. Lev.
Biol. QQ_: 126“1360



127

Rosenthal, MeDe, Re Mo Wishnow, and GeHe Setce 1970. 1Ip
vitro growth and differentiation c¢f clonal populations of
multipotent mouse cells derived from a transplantable
testicular teratocarcinomae Je. Natle. Carcer Inst. A44:
1001-1014.

Rcssant, Je, and E.%w. 8cBurney. 1982. The develormrental
potential ¢f & euploid teratocarciroma cell line after
bilastocyst injection. J. Embrycl. expe Morphe 170:
99-112.

Rcssant, Je, and V.F. Papailoannous 1977. The biolcgy of
emnbrycgenesis. In: Ccncepts in Mampalian Embrycgenesis.
Mele. Sherman e€de The M.I.T. Press, Cambridge, Fasse. pp
1-36.

Scnachner, M. 1982a. Glial antigens and the expression of
neurcgliai phenotypex=s. Treads in Neurcscl. 5: 225-228.

Schachner, M. 198Zb. Cell type-specific surface artigens in
the mammalian nervous systeme Js Neurochems., 39: 1-8.

Schindler, J., Kel. Matthaei, and Mel. Sherman. 1981,
Isolaticon and characterization of mcuse mutant embryonal
carcinocxa cells which faill to differentiate inp the
prezsense ¢f retinolc acid. froce Matl. Acade Sci. DUsSa.A.
78: 1077=106G.

Schlaepfer, wens 1977. Immunological and ultrastructural
studies ot neuvrcfilaments isclated frcm rat peripheral
nerve. Jo C211 Elol. J4: 226-24C.

Scctty KeFeFep, Fele Meykeus, and D.H. Russel. 198Z.
Retincid-» 1uncrease transglutaminase activity and inhibit
ornitrine d=carboxylase activity 1in chinese harster ovary
cells anc 1a melanoma c¢ells st.mulated tc differentiate.
Procs. Natle. Acade S5Cile UesSelds 22: 4093=4097.

Snell, GeDe, and I.Ce Stevenss. 1966+ Early embryclcgy. In:
Biclcgy of the laboratory Mouse. 2na ed. Lel. Green ed.
McGraw=-filil, New Yorke pp 205-245,

Soiter, De, N. BAdans, I. Camjanov, and He. Kagrrowski. 1975.
contrcl ¢f teratocarcinogeaesis In: Teratomas end
Differentiation M.I. Spberwman and De. Solter, eds.,
Acaagenlc Press Inc., New York, pp 139-159,

Soiter, De, and Damjanov, I. 1979, Teratocarcinomas rarely
develop from embryos transplanted into athymic mice.
Nature 278: 554-555,

Solter, De, 8nu EFeBe Knovwies. 137ce. Moncclcnal antabody
definisg 2+ stagespecific mouse =mbryonic zntigen
(SSEA=-1). Preoce. Matle AcCcade oCie Uedele 15: 5565=55¢9.



128

Somner, I., and M. Schachnere. 1981. Monoclcnai antibedles
{01 to O4) to oligodendrocyte cell surfaces: ar
iBmunocytological study in the central nsrvous system.
Dev. Biol. 83: 311=-327.

Speers, WeCey CoRe Birdwell, and FeJe Dixon. 1979,
Chenmicalliy induced bildirectional differentiaticn of
ambryorna. carcincra cells Ln vitree Ame Jo Pathole 97:
563=->84.

Sporn, MeBey, Goele Clamon, NeMo Dunlop, DeLoe Newton, J.M.
Smith, and U. Saffiotti. 1975. Activity of vitamin A
analogues .t ceil cultures of mouse epidermis and ¢organ
cultures of hamster trachea. Nature 253: 47-50.

Sterny, Pele, GeFRe Martin, and MeJe. Evans. 1975. Cell surface
antigens of clonal teratocarcincra cells at various
stages of uvifferentiation. <Cell f: 455-465,

Stevens, lLeCe 1560+ Embrycnic potency of eunbrycid bodles
derived frem & trapnsplantaple testicular teratcma of
elce. Deve Bicle 2: 285=297.

Stevens, Le.Ce 1967. Origin cf testicular teratcmas fron
prisgsordial germ cells in mice. Je. Natl. Cancer Inste 38:

349-552.

Stevens, L.C. 1968+ The cevelopaent of teratcwmas fron
ilatratesticular grefts of tubal mouse eggse Jeo Fmbryol.
2%Xre Mcrphcl. 20: 329=-341.

Stevens, LeC. 197Ca. Experimental prcduction c¢f testicular
teratomas in rice of strains 129, BR/He, and their F1
hypr.dse. J. Natl. Cancer Inst. 44: 923-929.

Stevens, LeC. 1970bes The development of transplantable
teratocarcincres from jintratesticuler grafts cf pre- and
postimplantat.on mouse c¢nbryos. Leve bBiol. 21: 364-382.

Stevenz, 1,l., and Littlz, CeCs 1954, Spcntanecus testicular
teratomas in ap inbred strailn of rice. Froce. Natle. Acad.
Scie. Washe 40: 108(~-1087.

‘Stevensy; Leley, and GeBese Plerce., 19v75. Teratomas: definitions
An0 termipncicgye.e In: Tsratomas and Differentietion. Mol
Snerwanp ana De Solter, edse. pp 13-=15.

Stevens, LeCe, a3nu DeSe. Varnum. 1974. The develorsent cf
teratomas from parthogenetically activated c¢varian mouse
2ggse Deve Biocle. 37: 369-340.



129

Stewart, Cele, He Stuhlman, De Jahner, and R. Jaepisch.
1982« D¢ nove methylation, expression, and infectivity
of retroviral gencmes introduced into embryoenal carcinronea
cells. Proc. Natl. Acade. Sci. UsSeAes 79: 4098-4102.

Stanners, Cete, Ge Elicieri, and He Greene. 1971. Two types
ot ribosom¢s in amcouse~hamster hybrid celils. bdature 230:
52'5“-

Strickland, Se., and V. Mahdavi. 1978. The inducticn of
differentiation in teratocarcinoma stem cells ry retinolc
acide. Cell 15: 393-403.

Strickland, Se, KeKe Smith, and K«Re. Marctti. 1980, Hcrmonal
inducticn cof differentiation in teratocarcinoma sten
ceils: generation ¢f parietal <pdcderm ty retinoic acid
and dibutryl chdP. Cell 21: 347=-355,

Sun, T«~T:, ani He Green. 1978+ Inmuncfluorescent stalning
of keratin fibers in cuitured cellis. Cell 14: 469=476.

Tak2ichi, ¥., Te. Atsuwni, C. Yoshelta, K. Unc, and TeS.
JkaGae Ivole Seclective adhesion ¢f embrycnal carcinona
cells anc differentiated cells by Ca*t dependent sites.
Deve Biol. 87: 340-350.

Tarkowski, A«Ke, and J. Wroblewska. 1967. Developrent of
blastomeres ¢f mouse e€ggs isolated at the four and eight
cell stay2. Jeo Embrycl. expe. Morphol. 18: 155-180.

Tickle, Cey Bs Alberts, L. nolperr, and J. Lec. 1982. Local
aprl-.cat.cn of retinoic acid tc the limb bud rimics the
action of the rolarizing region. Neture 29€6: 564-5606,

Verba, BAefey be Me Fice, BeGe Sharas, and F.Ke Boutwell.
1978+ Inbkibiticn of 12-0-tetracecancylphorbol-13-aceteate
is0ducea crnithine decarboxylase activity in mcuse
epiderri- by vitamin B analogues {retinocids)e. Cancer
R2E _§§: 793"801.

Wetb, CeGse 1vyt0., Characterization of antisera against mouse
teratccerc.ucma OTT 6050: meclecular species recognized on
embryoid bcdies, rreisplaptaticn eabryos, and spern. [ev.
Bicl. 76: 203-214,

#illkotf, ledo, Jele Peckham, Ee«As Dalwaoge, ReW. tCcwLy, and
Dere Chopraie 1976, fvaluatis>n of vi.tamin # analogues in
iodulating ariteslial differentiaticn ot 13 day chick
2mbryc metatarsal skir explaidtee. Cancer Fose 363
364-971.0


http://blaston.tr

130

Wilson, Se.Hs, BeKe Schreir, J.lL. Farber, E.J. TiLOBpPSOne FeNo
Rosenberg, As.JeBlume, and Me.Ae Nireapverge 1972. Markers
for gene expression in cultured cells frcs the nervous
systems Je Bi0l. Cheme 247: 3159-3169.

Yeny Se=Hey, De Dahli, Me Schachner, and Me.l. Shelanski. 1976,
Bicchemistry ¢f the fiiameuts of the braine. irccs. Natls
Acad. 5Cis UeSeA. Z}_: 529=-533.

Zowzely-Neurath, C.Ee., and wWede. Halker. 198U. Nervous
system-specific proteins: 14-3-2 protein, neurcn-specific
enclase, dand S=-1G0 protein. In: Froteins of tle Nervous
Systenm, <0d 2d. FeA. Bradshaw and DeMe Schineilder eds.,
Raven Press, New York, pp 1=57.



