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Summarz

"Soprding out", that iz the grouping of cells
according to type and the positioning of cell types
rolative toe the inside and outside in aggregates has
boonn investigated in aggregabtes foruwed Ffrow mixtures of
disageregated 5 day ewbryonic chick heart and limb bud
relise The cell types were recognized in aggregates
by radicactive labelling. Two gquantitative tests for
sogregation of cells according to type have been used,
one attempting to relate to the two cell itypes used and
incoyvporating corrections for percentage labelling of
1sbolled cell suspensions. In some cases the positioning
of cell types within aggregates has been analysed
guantitatively.

Data from wixed aggregates of "labelled" and
Tunilabelled! limb bud cells provided a corucial control,
Bach experiment has been carrioed out using reclprocally
labelled cell suspensions,.

Tho time course of "sorting out" and the elffects
of thyree disaggregation procedures on this process have
boen oxamined,

A marked degree of segregation of cell types in
aggregates formed after 2 and 4 hours reaggregation in
couetio viscometers was found, Tentative evidence was
ohtained that beart cells may be positioned internally
in these aggregates forwmed from BDTA disaggregated cells,
When the colls are reaggregated in reciprocating shakers
for %2 hours the grouping of ocells in resultant
aggregates was found to be less sogregated than in the

aggrogates/
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aggregates formed afber 2 and 4 hours reaggregation,

Tn aggregates fovmed after 48 hours reaggregation, in
gvratoyy shakers, of cells disaggregated with TDTA, the
calls show the sawme degree of segregation as in

aggregatos formed from cells similarly disaggregated

after 2 hours reaggregation and heart cells were pogsitioned
externally.

Cells disaggregated by the three prooeduros
invoestipated show different degroes of segregation in
aggregates formed after 2, 4 and 42 hours reaggrogation,

The results have been discussed in relation to
thooyies explalining “sorting out",



INTRODUCTION

H@orting ont" ig a terw which can be considered to
have eovolved as the phenomenon it describes has been further
investigated., By reforence te the highliphts in a wealth of
literature 1t is possible to trace historically the discovery
of the phenowmena which the term "sorbting out" defines.

"Smfﬁing out" has been Found to occur in an
experimental situationy 1in reapggregates of uwixbures of
disageregated cells of different tvypes. Separated frog
blastomores were ohserved bto reaggregate by Roux (1894),
Wilson (190?) found that disaggreguted sponge cellis would
recongbitube 2 sponge when allowed to reaggrogato in a glass
dish. Wilson realised that there were two hypotheses to
explain this reconstitution; that the sponge cells
Yyodifferontiated! according to their positlion in the
aggregatbe, or that the sponge cells moved during reaggregaw
tion to take up siwllar positions in the aggregate to those
cccupiled in the intact sponge. Huxley's (1924) finding
that oniy the types of cells allowed to reaggrvegate were
found dn the resultant aggregates led Lo a general acceptance
ol stability of cell tvpe during reaggregation and the
ccourence of ¢ell segregation according to cell type.

Townes and Holtfreter (1955) drew attention to the
faect that, not only did disaggregated cells segrogate into
groups of like cells, bul that these groups ltook up a
defivned position within the aggrogate, In a sexries of
exrporimonts using awmphibian matorial, the cell segregation
and positioning was dooumented for various cowbinations of
tissune slicos and for the same cowmbinations of disaggregated
colls. The behaviour of mixtures of tissue slices and
digsageregated cells was shown to follow a definable pattern
Por/
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for the tissue types used, These studies led to further
investigations of these phenomena, of cell segregation and
positioning of groups of like cells in aggregates, in
spouge, enbryvonic chilck and wouse matorial,

Thus the ocoourence of "sorting out": that is, the
sogrogation of disaggregated cells according to their tissue
(Qr specles) type and the relative positioning of these
segrogated groups of cells in aggregates, bas been shown in
many gowbinatlons of tissunes and species. Also Steinberg
(1964) has dowmonstrated in some cowbinations of embryonic
ehick ddssues a Yhierarchy' ol "sorting out?, This wmeans
that I cells of tissue A segreogate internally to cells of
tissue B, and tissue B 1ltself sorts internally to cells of
tisente €, then in wixtures of eolls of tissues A and O, cells
of tissue A segregate in an internal position,

Diverse and inecreasingly sophisticated techniques
have been used to investigate "sorting out"., These model
syastoms of cell interactions wmight yvield inforwation wrelevant
to nermal worphogenesis, during whieh extensive cell wmovewent,
aggrogation and organization of tissues btake place, and {o
such processes as regeneration and wound healing. However,
the zsysbows unsed to delimit the behaviour of mixturces of
colls way noet be strictly couwparable. The evidence fox
Tgoprting out" can only be assessed in relation to the wodel
gysboms in which this phonomenon has been veporited to occur,

Bxperimental disaggregation of cells has led to
hypotheses of how cells adhere, A wide range of treatwments
have been found to disagpgregate tissues, Mechanical
dieporsion alone was used by Wilsen (1907) to obtain sponge
colla,/
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cells, and usually ebill is for bhese animals exceps foxr a
voport by Moscona (1968) of the efficacy of pronase, This
tochnigue (mechanical dispersion) has to be used to saparate
colls frow tissues, in which the intercelluiar adhosions
have boen weakened by btreatument with chewical agonts.

Roux (1894) found that in calclum Free wedia, frog
blastomeres were wore easily soparated thanm in wholo sals
solution, Ringer (1880) bad previously Tound that caloium
was necessary (0 preosorve the normal intercelliular contacts
in tisesnoe. These findings led to the didea that caleium
was invelved in the adhesion of cells and the use of calciuw
cholating agenﬁs)(suah ag ethylene~diamine tetra~acetate
[EET%! } in disaggregation of chiock and mammaﬁiﬁﬂ owbryonic
tiosue, (Zwilling 1954, Anderson 19%3). Alkaline pH has
also beon used bto disapgregate tissuwe {Townes and Holtfreter
1958%), Treatwents with enzymes such as trypsin, papain ete.
vore also found to disaggregate tissue (Willwer 1945, Moscona
1951, Basty and Mutolo 1960, Rinaldini 1958)., Prom his work
on the onzywlc disagsregation of tissues, Moscona (1963 a,b)
sugpegsted that cells adhere by umeans of a trypsin sensitive
intorcellular binding substance., This substance was presumed
o he present in all cell adhesions and not a specialised
differontiation product such as a collagen wmatrix, which is
anyvay insensitive to pure trypsin, This also led to vhe
semantic and real confusion of the definition of the coll
suprface. (See Curtis 1967 for discussion).

Many experiments have been perforwmed to discover the
bagis of cell adhesion, The two views, that of cells
sticking together by physico~chemical FTorces in which
caloivom may be involved (Pethiea 1961, Curtis 1962, Stoilnberg
1964, Curtis 1967) and that of the presence of intercellular
coments {Moscona 1963a), both have adherents at present.

The/
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The effects of diffevent disaggregation procedues
on cell surfaces and how these wmay affect cell bohaviouxr
have not been investigated systewatically. Such chaunges,
as incroased Yicalkiness" of cells (Lovine 1960), the
inability of awphiblan gastrula cells to readhere (Touwnes
1959), and aniwalization of sea urchin embryos (Moore 1952)
have been reported te occuy with trypsin treatuwenis,
Alterations in pervneability and olecbrolyte content of cells
Hreaved with BUTA oy tryvpsin may have iwmporiant effects on
coll behaviour and morphogencsis (Willmer 1960), Jowever,
no definlite conclusiens can be drawn frow Lhose studios as
how to cowmpare bhe behaviour of cell suspensions prepared
by diffearent bechuniques,. Fart of the ailm of the work
described here is to provide an answer to bthis guestion,
There is some evidence at present suggesting that
cell suspensions prepared by different procedures wmay not
be cowparable in their behaviour, Curtis (1963) and Curtis
and Groaves (196%5) found that BDTA disaggrogated ewmbryonic
chick cells aggroegated periectly well at low temperabures
in serum free wodium, Moscona and Moscona (1966) using
trypsinised embryoniec ehiock cells in sevuwm Tree medium
obbained inhiblbtion of agegregabtion at low ftewperatures ov
with puvomyein, Curtis (1967) reported that he had ceonw-
firmod this inhibition of aggregation of trypsinised cells
by low bomperature in the absence of serum but bthis may be
duo o the use of btrypsin, Moscona and Moscona (1967) had
countered this ldea and suggested that the discrepancy
bebweon btheir resulits end those of Curbtis and CGreaves (1965)
was due to diffevent criteria Por ageregation, Curtis (1970)
showed that the adhosiveness of embryeniec chick noural
vobina and liver celils, as wmeasured by the wmethod of Curtis

(1969)/
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{(1969) varied according to whether the cells were disaggre-
gated with BDTA or trypsin,

The possibility that dispervsion treatwents way
differantially affeet coll tyvpes, either grossly or in the
time o 'vecover'! lg interesting in relation to "sorting out",.
Curtis {1970) bhas sbhown that the adhesiveness of trypsin
disaggregated embryonic chick liver and neural retinal
oells ig diffovent and alse, varies with times This clearly
could have implications in the time ecourse of Ysorting outv,
(Curtis 1970). '

Biaag@r@gatioﬁ procedures may bo selective in the
nunbey and types of eélls released frowm a tiésue as
sugeogted by Moscona (1965)., Whethor a selective effect
could be produced differentially by different disaggregation
techunigues has not been investigated,

In muech previdus vwork on "sorting out", the presenco
of small clumps of cells in the initial cell suspensions
has not boon adequately eliwminated. Zwiliing (1963) did
investigate this problem but only to compare the amount of
clumping in bthe two cell suspensions he later reaggregated
togethor., Any swall clumps present in bthe initial
suspensions may have eoffects on the time ocourse of Ysorting
guii, This problem has been largely solved by the use of
gall sieves.

Three main methods of preparing aggregates have
boen used., Meaggregated cells have heen allowed to settlo
and reaggregate in cavity slides where cell wovements and
Brownian motion are presumed to form aggregates (Wilson
190%). Conditions at the interface of wedium and subsirate

have/
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have beoen shown to affect cell wovement (Rosenberg 1960,
Carter 19685) and are difficult to control because of their
illedefined nature. Comparative studies in bthis system
cannot bo made., A4 variation of vhis method has beon to
allow celis to reaggregate on the chorlo~alliantoic membrane
of the chick (Weiss and Taylor 1960),

In the other two methods of wreaggregation,
aggrogation of ﬁha.calls is not dependent on coell locomotilon,
M eageprogatod cells have been pellieted by contrifugation and
the pellobs cultured on agar (Trinkaus and Lents 1964),

Thle sysbtem is interosting because the cvells are already
brought together in a potentlially qguantifiable arrangement.
The criticlism that the stratification of cell types may ocour
and thus the initial arrvangeument of cells is not random
{(Moscona 196%) need not he restrictive if the arrasngement

of cell btypes can be mondbored guantitatively at the start
and during the ecounrse of culture. However, all the cell
conbacts ave not cell to eell and cell to agar attachmenis
way have important effechts. (Weston and Aborerembie 1967).

Colls havoe also been brought together fe form
aggregates in shalking flasks. This technique was introduced
by Gerigch (1960), (ho actually used roller btubes), but has’
subsequently been widely used (e.g. Moscona 1960 onwards,
Steinberg 1964). Adhesion to surfaces of the flasks can be
minimlsed by siliconing and cell o cell adhesions alone caun
bo considered. Thisg method overocomes cell type or species
bype diffevences in speed or ability to wmove (Galtsofr 1925)
whieh may be operative in Ysorting out? in sbtill systoms,.

The nature of aggregation in shaker [lasks has been
roported fto bhe reproducible. Moscona (1962) has used the
size and numboer of aggregates forwed in this systewm under
cerbtain standard cenditions as a "measure®" of the adhesivew

nesa/
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ness of the reaggregating cells, The shearing forces
shaling flasks which are a factor conbrolling aggregate
size cannot easily be mpasured. Curtis (1969) has been
able Lo weasure the collision efficiency of cells in couelte
viascomebors whore bthis and other paramebters can be caleulatéed
apvocurataly.

The need to recognime accurately cells of different
origing in wixed aggregates has been realised eavrly on
{(Wilson 1907) 4o exclude the possibility of ‘redifferente
fation! of cells. Hince then, the search for reliable
coll markers has continued so that the prooess of "sorting
out? can be wore accurately examined., IHowever, the
cirdiberia for recognition of cells within aggregates have
not alweys boen suffieciently rigorous to exelude the
possibility of cell type "rvedifferentiation' having takon
PLAQa,. B

Higtelogical markers such as glyocogen in embryvonic
chick heart cells (Steinberg 1962) or morpholegical
difPerentiation alone (Maac@na 1955 nnwards) cammoet be
agssmped to remain stable 1f the metabolie state of the cell
is affected during disaggregation and reaggrefation. The
efficlency of recegnition of single cells of one type in
masses of the obther type may be rather imprecise on these
eriteria but could he tesbted by roeference toe cells marked
by othex methods,

Ingenious expoeriments using cells derived fron
different gpecies have allowed ithe use of natural markers,
such as the sizo and staining properties of nuclei (Moscona
1962) to trace the fate of mouse and chiek cells in wixed
agegroecates, However, this telibnigue is of Liwited
application and indentifi&a%ibn of individunal cells is nob

always/
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alvayes possible due to gradations in unucloar sime (Auecrbach
and Grobstein 1958).

Burdick and Steinberg (1969) have rocently investigatec
the Vsoriting out" of wixbtures of embryonic meouse and chick
heawt cells using these differences iu deunsity of stalning
and sizme of nuclel., Interestlngly they checked, in one case,
the lopression of the overalil distribution of the bypes of
colis obbained by these moxphological coriteria by making
autoradiographs of sections of agegregatos in which the chick
colls weore vadioactively labelled. Unfortunately, there
was ue prooise data corvelating the accuracy of cell
identification by the two methods, alibhough the overall
arrangement of cells was apparently tho same. TIncidentally,
in this work Burdiek and Steinberg reported that the chick
and wouse heart cells Y"sort out"; proviously 1t had boen
thought (Moscona 1957, Moscona 1961, Wilde 1959) that
pixbures of wouse and chick cells "sorited out" according to
tissue type rather than specles type. Spocies specific
groupings occcur in mixtures of sponges of differont speeies
(Galvsofy 1925, Moscona 1962),.

Trinkaus (1963) and Prinkaus and Lentz (196%) have
used the grannles of embryonic chick plgmented retinal cells
o recognize this bissune type in mixed aggregates. This is
obviously of liwmited application. Trinkaus (1963) however
stringentily tested the stabllity and possibllity of exchange
of pigmoent granules and bthus produced good evidence that the
patbteins he observed in pellobted aggregates were due to
"gsoprting out?. Whittaker (1963) has alse shown that pigmented
robina cells do not lose pigwmented granules when cultured in
disorete pellets oy wmaintained in ergan culture,

The use of artificial warkers to follow cell "soriving
outt/
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oult? has been Ltimited, Okada (1965) used Ffluorescent
antibedy labelling technigues to exawmine Y"sorting out? in
embryonic chick wesonephros and Mintz (1964) took advantage
of genetlio warkers in wice. Trinkaus and Gross (1961)
investigated thoroughly the suitability of tritiated
thymidine as a cell warker by reference to a natural marker,
Although they showed that it was easily detectable, stable,
aid nobh apparently affect cell behiaviour and exchange could
be calcunlated, this marker has hoen used by relatively Teovw
vorkers, until receontiy (Zwilling 1963, 1968, Trinkaus 1961,
Yogston and Abercrowbie 1967, Roih and VWeston 1967, Roth
1068, Burdick and Steinberg 1969, Adler 1970) to examine
"soprting out" and yelated phencmena,

Although the technigues in wmuch previous work have
heon dnsufficiently exact, the occurence of "sorting out"
hag Deen reporited in many different cowbinations of tissue
and speocies cell wmixtures, There are a few cases of "non-
sorting out" veported (Zwilling 19614, Moscona 1962, Curtis
1962), Tn the latter case (Curtis 1962), experiwmental
ageing of the cells led to non-~sorting, whereas undery
“normal® conditions, "sorting out!" could be obtained (sce
iater)., Galtsoff (1925) veported that changes in the
alkalinity of the wedium in which sponge cells were ve-—
aggrogated could affect the patterns of "sorting out"., (seo
later for patterns of "sorting out"). These, as fay as
I knov, are the only reports of grossly diffevent patterns
of "sorving out" cbtoined by the same worker under different
oxperimental conditions,

The gquesbtion of whether vell type, as well as, ovr
ratvther than tlissue type "sorbting out" eccurs has not been
examined critieally by wany uworkers, Okada (1965) showed
that epithelial cells of the proximal secrebtory tubules
of/
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of cohiok mesonephros "sorted out" frow othor eell Hypes

of the wmesonephros. Zwiliing (1968) discussed experiments
in which eells frowm embryvenic chieck limdb bud mesoderwm and
somites at an early stage of development were roaggrogated
togethoy. Although limb bud wesoderm and sowmites are boith
destined to form wmuscle and cartilage, the cells from these
twoe sources appeared bo segrogate av this stage., TFully
diffeventiated chondrooytes of 8 day chiek embryos from
different sources formed chimaerlie cartilage when reaggrogated
Adler {(1970) showed that in aggresates of ewbryenie ohick
noural tube cells, cells whieh are "differentiating® to forwm
nouroblasts tend to take up peripheral positions in the
agsregates, cowpared with neurcepithelial ecells. This sort
of approach could help unravel the changing behaviour of
coll populations during wmorphogenesis,.

Leaving aside for the present hypotheses o explain
the meochanism of "sovrting out", this process has often
been divided into two phases, (Townes and Holtfreber 1953,
Moscona 1962). At firdt the ecell types adhere in a random
manney o forw an aggr;gata, lator "soriting out" occurs,
although sponge cells wmay not "coalesce" at all with cells
of differvent species in still culture systeus {(Galtsoff
1925),

The exporiwmental evidenca for the existence of
these two phases will boe considered firstly in the row
aggregation of cells in ¢btill euniture systems. Barly
aggregates of plgmented and colourless amphibian cells have
a speclkled appearanco. (Townes and Holtfreter 19%5). This
speckled appearance is lest as aggroeogation proceeds, The
- first adbesions of awphibian celis haveo bheen shown
statlstically to be at random (Lucey and Curtis 1959) but
this was an inadeguately simed sample (Curtis 196%7). In
cultures/



13,

culitures of pelleted cell wixtures "soriting out® from a
trandomt avrangement has been reporited (Trinkaus and Lenbz
1964} although the initial randowness has vwobt been assessed
quanbitatively.

By extrapeolation, 1V is assumed that agpregates
formed in shaler systems at firest have a random arrangeunont
of cells, Sheffield and Moscona (1969) have published
elactron-nicrographs of early aggregates of 10 day chick
noural rotina cells. They recogilsed frowm sbaining
propertics and morphologlcal features four waln ‘'types' of
golis. During the firéy-fifﬁaen minutes, wany doublets
wore forwed and wmay be beotween like YHypes'! or unliike
ftypeat, Unfoviunabely there is no data on the frequencies
of the cowposltion of the doublets. The vegilions in which
the colls adhered could not be related te the polariiy of
the collazs It should be noted that aill the cells used were
dovived Trom one tissue which proeviousiy has been treated
as ove 'cell type'! in “"sorting out® experiwents (Stoinberg
1962, Stefanelli et al 1961). By 2 hours the aggregates were
lavger and the orientation of the ecells had bocome ovdered.
Tntil wore detailed accounts of this work are published
with measureneonts of the composition of small aggregates,
this evidonce onnnet be said ke shew that cell types adhere
at randowm in ecavly aggrogation,

Burdick and Steinberg (1969) leoked at 8 hour
reaggrogates of ombryonie chick and wouse heart cells and
judged gualitatively the arrangewent to be random. They did
ot checlk their impression of the everall distributicn of
cell btypos using radicactive labelling of one cell type,
ag thoy did fer 2 - 2% dey aggrogates, The existence of a
protraobed period of indiscriwminate adbesion has been
challenged by other experimenis in shaking systoms (Roth

and/



and Weston 1967, Roth 1968), Roth (1968) estimated a time
period of about four hourg during whiob non-~specifie
adhesion might oeccur {(see later), which suggests that the
8 hour wmixed aggregates of Durdick and Steilnberg might
show soma degree of segregation undetectable by theiy
critoria, This owmphasises the need for the guantitative
troatment of cell gegregantion, :

Adlor {1979) is the only worker that I know of,
who bags attenpted to assess an,ﬁspeet of "sorting ouu®
aquanbitatively, He has wmeasured the proportions of cells,
using radioactive labelling to mark éne cell type, in
seotions through agpgreogates and has correlated this with
the size of the section, This provides an estimate of the
positioning of the ocell typos within aggregates as theo
smaller sectlons are assumed to be peripheral parts of the
agurogates,. He found that the positioning of colls in
ocarly ageregates (1% bours aftor the start of reaggreogation)
was statistieally random, whereas in aggregates formed
after 1 day there was a difference in the positioning of
the two cell types investigated velative to the inside and
ontside of the aggregates. These measures show therefore
that these cells are at first positioned at random, and
loteor fake up a definite pesitlon relative to the aggreogate
poriphery and centre,

The work T will be deseribing bere examines the
vime course of cell segregation and posgitioning of wixtbtures
of two cell btyvpes aggregated in shaker systems. The cells
aro vrecognised by radiocactive labelling and the arrangement
of the cells in early and later aggregates hasg been
analysed atatistically. In viev of the interesting effects
of/
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of disageregating agents on the adhesiveness of cells
(Curtis 1970) especially for fairly short periods (up to
about 5 nours), the time course of cell segregation using
different disasggregatioun procedures to prepare the cell
suspensions has been investigated, These experiments shouloL
golve ithe wajority of the points outlined above,

There are several btypes of "sceriing out" pattern
produced in aggregates of wixed cell typow.

One type of btissue (the externally segregating) way
entirely onclose the other type (tho internally cegrogating)
whioh may form a central single mass. In cases whore
soveral discrobe clustors of once tissue type are found in
a wass of the other, the toerms discontinuous and conbtinuvous
phases are usoed which may ecorrespend with the internally
and extornally segregating tissues, Other patiteorns, partial
enclosuro of one tissus by anocther or distinet seoparate
aggrogates of each cell type (or species type) have beeun
rocovrded. (Review by Curtis 1967 of patterns). The
voproducibliity of thesme patterns for any given wizture of
coll Hypes under defined conditiong has been assumed butb
partially veported on by Steinberg {(1964) alone. Little
work has bheen repeated under the sawe conditilons, but rathor
wmodel sysbems and techniques have diversified. Little
evidonce has heon produced to test the assumpition that
axpepimonts are repeabtable. Variation in positioning has
boen veported by Weston and Abercrembie (1967) of two
tissue types undey constant conditions, but these were notb
ARSTREREOB.

Any btheory of Ysorting out" must account not only
for the preferential grouplng of coells of one vype, butb
alao/
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alse foxr the positioning of these groupings within the
aggroegaie (Gur%is 1962, Curtils 1967), The hierarchy of
tgopbing outY¥ Found by Sheinberg (1964) should also be
acceomodated by the theory.

Chemotaxis bas boeen suggested as a wmechanism wherveby
colls sort out. (Towvnes and Holtfretor 195%, Stofanelli
and Zacohel 1938), Although theoretically attractive in
oxplaining grouping of cells, none of theso workers produce
any evidence {thal chewmotaxis dees ecour in their aggregatoes
or that it did net, Observations by Trinkaus and Menahan
(1967) on living agegregates, containing pigwent cells as
one coll %vype, show that these tells show no divected
migwation towards cells of like type and in fact clften move
QVAY , Posibive chewotaxis has been shown teo occur in the
patural aggregation of cellular slime woulds, Dictyosteliacgeas
(Bounesr 1947, Shaffer 195%) but not in their segregation.
Althouglh the positioning of segroegated cells can be explained

on this theory, the existence of a hiorarchy of "sorting
out" cannot be easgily explained, This hypothesis ralses
the gquestion of how wotlle cells are within aggregates,
which will be discussed latey on.

Another early theory suggosted that each cell type
had g specifie wechanlsm of adhesion which wmight lead to
Ygoprting out®, Considering the speecific adhesion theory
alone and ftaken to its logiecal conclusion separate aggrogates
of eaoh eell oy speecies type should always result, Steilnberg
(1958) roalising this, qualified his theery of specific
adheslen postulating thal adhesions betuween like c¢ell types
ware sbvongest. Other workers have reconciled the theory
of specific adhesion with sxperimental Tindings by cowbining

points/



points of othey theories and postulating a temporal 1ag

of indiseriminate adhesion before the onset of specific
adnesion {Moscona 1962). A disocussion of these combined
theories ig best left until all the theories have been
outlined, but the evidence for specilic adhesion occurving
at all wiil now be assessed.

Moscona has claimed that the syvnthesis of an
intercelluiar cement or the reconstibtution of the cell
surPace dn the broadest sense is noegessary for cell ro-
aggregaition, Phe oxtracellular cemoent demonstratoed by
Mosoona (&960) was later shown by Steinberg (19635) to be
an artefact of the disaggregation procedure, The evidence
produced by Moscona that cells have to resynthesise a
cowponent of the cell surface bhefore aggregation can take
place, has been shown by Curtis and Greaves (1965) to be
susceptible teo other interpretations, though Moscona and
Moscona (1966 and 1967) countered thelr suggestioun: Thoere
is therefore no definite evidence for the existence of these
intercellular binding substances,; which Moscona (1962,1963,a)
postvurlators woeuld be tissuéﬂspecifie and bthus lead to "sorting
outt, ‘

Tamphreyvs (1963), Moscona(l968) and Lilien (1968)
have isolated supernatants from eunliure wmedin which are
clained Ho inowrease spoceifically the hdhesliveness of the
sponge spocies and embryﬁﬁip chick tissue types with which
the wedium has beon ‘céﬂditiaﬂad‘. The finding that
tconditioned media' enhance cell aggregation can bo
inteypreted as being due to the destruction of an aggregation
inhibitor (Curtis an& Greaves 1965) and in several other
ways ravher than the supplying of an intercelliular binding
subgstance. The specificity of enhancement of aggregation
shown/
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shoun Dy Lilien could not be demonstrated by Roth (1968)
in anovhoir wodel systom,.

Roth and Weston (1967) have introduced a new
wedol syatem bo study specific adhosion. Day eld
aggregates wore prepared of one cell btvpe. These aggrogates
vore placed in Tiasks en gyratory shakers, bogether with
susponsions of froshly disaggregated (by trypsin) radiow
actively labelled cells, The number of ilabelled cells
collectod by isobyple and heterotyplic aggregates was counted
from autoradiogranhs. They Touund that the collecliion of
cells was markedly isobyplic and demonsirated adhasive
gseloghivity of cell typos. The generality of this phencmenga
found with Liver and noural vebtina coells (Roth and Veston
1967) has beon substantiated for sowme other cell types by
Roth {&963). Curtis (1970) however, pointed out that only
0.1% oFf the cells in suspension vere collected by isotypico
ageregatoss The implications of these flndings (Roth and
Woston 1967, Roth 1968) to thoories of "serting out' will
bo discussod iater, and at present the possible interprota-
tions of those experiments will be counsidered.

Roth and Weston (1967) have assumed that the adhesion
betweon froshly disaggregated cells and 24 hour aggropates
is esseuntially similar to thal bebween single eells, op
small groups of cells, Both (1968) used tissus fragwoents
vounded up Ffor one day in shaker Flashks and bested theiw
golleogting abilities. Seleetiviby was shown Hto be the
sawg Tor Lragwmenits as wWell as aggregatbtes. Twe points can
bo mentioned hore,

Pivetly, although the Iragwents show the same
gsolegtive properviies as aggvegates ﬁreﬁared frow disaggregatod
cellis, both "eoollectors® have been cultured for one day.

The effeots this culturing might have on the surface properities
of/



of thoe external cells are diffiocult to assoss. The
surfaces of these external cells may woll not correspond
with the surfaces of freshly disaggregated cells, which
have beeh used in "soritlng out" exporimonts.

The second podnt deals with the effect of the size
of the pavticiés In relation Yo aduesive stability,

Roth and Weston (1967) showed that the size of the collecting
particle affected to the namber of single cells collectod.
It is in#er@s%ing to note that in the gyratory shaker the
number of singlo cells colliected varied iunversely with the
vollecting aggrogate size whereas in the roclprocating
shaker the wveolationship varied direetly, This wmay have
ifmporitant effoects on the time course of "sorxting out®
strdiod in these two shaking systoewms. In gyratory shakers
the sime of the collecting agegregato may be limiting the
aol&eati@n of single cells, This situatlion doos not seew
coupairable vwith adheslon bhetween single cells,

Roth (1968) has shown that the addition of freshly
disaggregated hebterotypic cells vreduces the cellectlion ef
igotyple disaggregated cells by isgotypic aggregates, and vice
versas disaggregated isolyplc cells incroasing the colleciion
of hotorvoltypic cells by iaotygic aggregates. Thepe results
suggest that there is an interaction between the Ffreshiy
disagorogated cells of different fLypes which is not specific.
This interaction is abolished if the disaggregated cellis aroe
taged! in culbture fov longer than & hours before mixing and
colloectlon is tested. N

Curtis (1970) has intdoduced a mothod of detoecting
gpacific adhesion which does not depend upon the correct
indentification of overy cell in aggrogates. Ho has

measurad/
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measured the collislon efficiencies {(related to
adheslveness, see Curbtiz 19692) of various proportions
of freshly disaggregated {(brypsinised) eombryonic chick
mgeural rebivna and liver coells. By comparing the plot of
oollision efficiencies against the provortions of the two
gall Wypoes with a theoretical curve obitainad assuming
goumplote specifielty of adheslion he has Found that only a
small propordion of these freshly disaggregated cells may
ghow speeific adhesion, Bssenbinlly the same result was
obbained using cells which had been 'aged! under exporimental
conditions which preovent aggregation and bvthen mixed togoethor,
Ho coulid net domousirate in this ﬁa? the orset of speoific
adhesion of trypsinlsod cells after a time lag (Roth 1968).
gurtis (1970) has aiso measured in tho same system
the ¢oliision effleiencios of suspensions of neural retina
and 1ivoy cells when wixed separately with 1sotypie and
heterotyple aggregates, Wo evidence for sgpecific adhesion
exeopt in waybe a swall proportion of cells was obtained
using BDTA disaggregatod cells and trypsin disaggregated
aelia,

Curtis (1970) showed that swall awounts of trypsin
caryried oveyr into the reaggregabting systewm by trypsinised
cell suspensions way affect the adhesiveness of aggregatos.
Ho swuggests that this, together with his finding that the
adhegiveness of trypsinised neural rebtina and iiver cell
susponsions ohange, in fact reverse in strongth over a

£ive hour poriod, allow a now interpretation of the findings
of Robh and Weston (1967), This werk of Curtis (1970)

suggests that tewmporal changes in didtheosiveness of cell
suspensions and aggregates alfter exposure bto trypsin way
aifect/
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affact cell behaviour, and thabt cell to aggroegate adhesive
interactions way net be applicable to the aggrogation of
cell susponsions,

iscussion of further work on specific adhesive
mechandsms will be dealt with afbter ocutlinidng the other
hypotheses o account Tor cell "sorting ont®, It is
worbthy of note that a spscific adhesive bheory alone cannotd
explain the positioning of cells in aggregates,

Both Steinberg (1962, 1964) and Curtis (1962) have
suggesvoed theories to explain "sorting ouwt? whioch depend
on guandtitative differences in adhesion bhetween cell btypes,
These theories are atitractive becaunse not only can the
poglitioning of cells within aggregates and the existence
of & hieraychy of Ysorting ouit" be adeguately explained,
but also the adhesion of unlike cells alt the beginning of
aggregatlon,

Steinberg suggests that "sorting ocut™ takes place
so that the system reaches optimal thevmodynamle conditions.
fle considered a sysbem of two cell types, a and b, wvhich
are cohesive and wotlle, if the unlike adhesions are
stronger than the avervage strengihs of like adhesions,
the cell btypes wlll wix,

Mixine W E}J& ; Vg + Wy ecase (1) W = strength of adhesion.

Steinborg stressed that is the only condition when wmixing
willl ogeur, If unlike adhesions avre stronger than the
like adhesive strengths of one cell type, segregation
will occuw.

Concentyric masses Uéé> Wahf>' W case (2)

If however the average sitrongths of the like adhosions

is wuch greater bthan unlike adheslons, the evell types
wili/
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will segregate lnto separate aggregates,

Separate aggreopates W W, o+ W cnso
A = ab 4; a_g b (3)
Parbial enclosurae Yo 41 W, o+ W, case (&)

The patternings postulated on these theoretical
considerations have all been experimentally realised, In
case {(2) the system will bo wost sbtable when the froo
surface area is windwal, Aggregates fermed in shakers
are usually rounded up afier soveral hours, though
ragged aggregates have beoen reported to cccur in some
sern (Moskowitz 196%), The free surface should be
somprised exelusively of the less adhesive type. Stelinberg
{1964) showed that in agpregates with 1% of the most
acdhesive oell type, this cell {type was never found at the
surfaeco, ?he boundary areas between "sorted oui" regions
shiould have minimal surface area, Clusters of like cells
in aggregotos have been observed to be compact, or becoue
compacved (Trinkaus and Loentg 196&).

Farther support for Steinberg's hypoethesils was
his aludication of o hierarchy of positioning, However,
Townes and Héf%freter (1955) found in amphibian material
that although wesoderm "sorts out" inteznally in
combination with ectoderm or éndwderm; in a tevrtiary
tissue wmizturo mesoderm lies between endedorm and ectoderu.

Steinberg (1964) also showed that Tused embryonic
chick tissue fraguments in hanging dreps and in shaker
systeme would take up the same positions in aggregates as
reaggragated cell suspensions. Townes and Holtfreter
(1955%) also had showed this with awmphibian mwaterial,
Voston and Abercrowbie (1967) showed, unsing wore precise

mavking/
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mavicing bteohnigues, that this enclosure of one tissue

by the other ocourred when fused ewmbryonic chick fragments
vore oculbured in reciprocating shakers, although some
migbakes In positioning did oeour, No spreading of one
tigsue avround anothér ocourred when the fused hebervonocmico
fragioents wevre cultured on agar. Bresch (1955) cowbined
fragments of wvarious embryenic chilck tissues in organ
culiture, Ono tlssue tended %o spread aver bthe other,
bul the positioning For any combination of two btissues
was variable and was affected by the relative size of the
TWO Fragnonts,

Bteinberg's hypothesis doponds on gells being Treely
wmobile within aggregatos, It also suggests that "sorting
out! wmay take place at early stages of agegrepation as soon
as g choice of adhesions is available. Trinkaus and Lentz
{1964) on observations by tiwme lapse einematography of
iiving pelleted aggregatbes suggest that segregation in this
gyastem might beglin aflter one hour in culture,.

As regarvds wobility in aggregates, there is 1llttle
avidence for its ocourences It is net known whether
gontach inhibition (Absrerombio and Heaysman 1953, 1954)
psgours in thireo diwmensilons, Weston and Abercrowbie (1967)
fused homonomic tissue fragments, the cells of one Tragment
being labelled, on agar for 24 hours, followed by Ffurther
cuilture on agar oy in shaking Tlasks, They showed that in
neithoyr case did eells appear to be Treely weobile, as
Judged by the absence of labelled cells in the uniabelled
part of the fused fragwenits. Prolonged culturing of
hetoronomic fused tissuve fragwenlts on agay showed that there
was Little individual cell wevement, apart from occasional
golls on the surface away Lfrom the agar, These experiments

provide/
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provide evidence that in inbtact tissue slices there is
1litiéle gross movement of cells,

Heaggregating cells wmay have different wotility
cgapabilities to cells within a tisswe. Trinkaus and Lontzm
(196%) have studied the potentialities ol cell movemens
in living aggregates using pilgmented cells mixed with
heavyt cells., fmall olustors, indistinguishable frowm single
golls, wevre cbserved bto move, but no evidence for wmovoment,
of larger clusters was found, This contrasts with the
finding of De Haan (1964) that clusters of precardiac

olls can wigrate In vive on an eundederwm substrate,
Monahan and Trinkaus {(1967) in living aggregates, have
not obhseorved wovewents of more than 30 ~ 5@Aﬁg All these
observationg suggost bthat wovement wmay be very slight in
aggrogates and that displacement of cells may ogcur by
compebtition of protrusible psuedopodia for the wost stable
adhesions. Trinkaus (1960) suggested that this may lead
to incompleftoness of "asorting out®,

A timing hypothesis in several forms has been
postulated by Curtis (1961, 1962), Bssentially, this
sugeests that cell adbesiveness can vary differentially
with time according to cell type. He Tirst suggesbted (Curvis’
1961) that the onset of trapping of cells, alter dis-
'aggfagatiom by contact inhibition could vary beltween cell
LY Res. There is sowme evidence that countact inhibition
may ocour in aggregates, The outer cell type wmay becomo
acdhesive before the inner cell Gtype and thus 'herd'! the
loss adhesive cells, at that time, towards the interior of
the aggroegete, Thies will net necessarily produce a single
internal mases of one typoe (Curtis 196%7) as suggested by
Speinberg (19064)., Motility of cells, and the interval
bebtween the onset of trapping of the two cell types may be
1imiving./
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Limditing. On this theory the externaliv segregating
call bype will be most adhesive at first, cowmpared with
the leoss adhesive at any btime on the Steinbery hbypothesis,
Curtis (1961, 1962) produced evidence of a timing
meghanism in ‘"sorting out” by artifiecially ageing one
oall fype in enlvure before addition of the other eell type,
¥In this way he was able to 'Tconfuse'! "sorting out" in
sponge and anphibian material. fliis results could be
eriticized in that the age difTeoronces between cells wight
lead to apomalons resulits and that bhis oriteria fowx
vocogunition of z8ll Gype way be questionable (Cuvitis 1967).
The timing hypotbthesis in a wovre general forwm suggests
shat dhe adbesiveness of c¢oll types wmay be differentially
arffected by bthe disaggregation procedures or the modium in
which roeaggrogation cococurs. That tlssue fragments which
have unot been treated with disaggregating agents also
fgort oul® (Townes and Holtfreter 1955, Steinberg 1964)
argued against the tiaing hypothesis, Components of iLhe
medluws, such as the presence of sorus, could conceivably
alter the adhesiveness of tissnes as well as coll
suspensions {(Curtis 1965),
Prinkaus (1969) commented that thore was no evidence
that disapggregation procedures differentially affected
coll btvpes, Since then, Curtis (1970) has found that the
adhegiveness of trypsinised neurel retina and iiver cells
changed in the first five hours after disaggrogatlion and
suggesbed that these temporal changes in adbeslveness
might be important in Yseorting ousl,
The biming hypothesis suggests that "sorting out®
gonld bo an aviefact of the svystew and doesg not sxplain
$he tendency of wixbures of cells from tissues whieh have a
definlbe arrangoment in ovgans of intact ewbryos to mimie
this/
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this positiening in aggregatos, The question of wvhether
induetion may btake place in sueh combinations has not

beenn adeguately discounted by stringent oriteria for cell
type recoguition, Althousgh Moscona {(1962) stressed that

in his experiments all tissues used were 'determined!?

and vtherofove discounted any inductive effeects, the possible
effoolts of disaggregation in relation to sﬁébility of coll
type have net been investigated, It is well established
that cells in tissuwe enilture way change their differentiation
prepevties. {(Cahn and Cabn, 1967), Differentiation of
cartilage in chick liwb buds in vive has beoen shown te be
dependoent on the poslition of cells within the limb dbud.
(fonrls, 1967).

The timing hypothesis has stivulated wany workers
o invoke tewporal cvhanges in cell hehaviour leading to
"sorting out?, Adherents to the speecific adhesion thoory
have suggested that there is a lag in the onset of this
adhesion and Roth (1968) has shown this in one systew,
This explains the assumpiion that the first Pormed
adhosions in reagegrogation are indiseriminata,. Curtis?
hypothesis would suggest however thaﬁA"snrﬁing out" may
well coeony duving reaggregation, This hypothesis that
"gorting out" occurs at early stages, would also seem to
14 in with Steinbergts theory, although he does not
suggests this,

Roth and Vesbton (1967) have shown in their systom
igotyplc adhesions would be sbtronger than heterotypie
adheslong. On Steinberg's hypethesis this should lead to
sopamate aggrogates belng formed., It is difficult to
regoneile the findings of Woth and Weston with the
positioning mosb cowmmonly reporited in aggregates, that
of/
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of one tissue htype surrounding island(s) of amother
type. Assunptions of decreased motility of cells withe
time may holp,
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MATERIALE  AND  METHODS
TISEUR  CULTURR

ia} Matorials

Hanltals solution

Na(l 3 24140

KoL O gw.

Gluoose 1.0 gw.,

NaliCa ., 3 0.35 g,

KH A PO, 050 pgu, in 1000 wml. double
vhonol ved 1 mi, distilled water.
CaClg 0,14 pwm, ‘

‘&Igf‘f}g.g?ﬂr(‘) Q. 10 gy
Mgf1?¢GHQG 0,10 gm.

Teris 3.0 g,

(hydroxyemino
mothylene propane)

pH was adjusted to 7.hwith "Analar® HCL,

OMEP Trils buffered saline

NaCl 740 gm, )

Kol 0D.37 gm. )

Na,HPO, 412H,0  0.30 guw, } in 1000 wl. of double
Kﬁ;pgae 0.2k gm. 2 distilled watoer.

(%) Gincose 1,0 gm. 3

Phenol red 2 ml, )

Tris 3.0 gm,

vl was adjusted to 7.8 with %Analar® HCL,

Pobryo eoxtract was prepared as described by Paul

&1L/



2%

All wanipulations in $issue emliure wethods were
caryiad out under sterile conditions. All solutions
wore sterilised by passage through Milleporeo filters
{(Millepove Covporvation, U.S.A,) of pore sige 0.22M,
except $rypsin solutions which vwere passed through Ffilters
of ﬂ.hﬁﬁt. All glassware and instruments were sterilised
by hoabking ai 1609¢ for two hours, Cell sioves were

) b
sterilised by autoclaving at 185 1bs./in” for 15 minubos,

{8} (b)) Mobhodas
In each eoxperiment Ffour domen fevrtilised hon eggs

(Dekaib hens) were incubabed at 37°C. On the third day
of incubation, two dogen eggs were windowed by the wethod

of Bwillling {(1959). The ewbryca in the windowed eggs
wera lates "labelled" with tritianted thymidine (see
Antoradiography).

On the fifth day of incubation, "labslled" and
fanlabelled? embyryes wore romoved asepbically from the
epps and placed separately in Hanks's solubtion (soeo
previously, Materials), Hearts and liwb buds were
dissected frow the embryos into sepavate dishes containing
Hankets solubtion, These four lobs of tissues (i.o.
Tiabhelled" 1imb buds, "unlabelied¥ liuwb buds, "labelled®
hoavrts, and "umlabeliad“ hearts) were then disaggrogated
soparately by one of the following teohniques,

K BUTA disageregation (after Curtis and Greaves
1965) .

The tissues were washed three times in caleiuw
and wmaguesium free saline (CMP, seo previously Materials)
and thon treated with 0.001 M EUTA in CMP (pd 7.8) fox
fon minubes at 20°C, After three further washings with
oM, /
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CMP, tho tissues wore mechanically disaggregated in CMP
by flushing several times through a fine bore pipette.

IT Trypesin, Pancreatin, EDTA disageregation, (after
Steinborg 1963) referred to later as Trypsin and RITA
digaggregation,

The tissues were washed twice in the'"disaggr@gating
wedivm®, which was 3% ¥/V trypsin (Difeo 1:250, 1,000
DAET units of tryptio activity per weg), 1% W/V pancreatin
(sigmwa) and 0.,1% W/V ©HTA in CMP, pi 7.6, Aftor a
twenty minubte incubation atb 37°¢ in this medium, the
tloones were washed briefly with Hanks's sclution cone
taining 50% chick serum (Flow Laboratories) to stop
frypble activity., After a further wash in Hanks's
solution, bthe tissuves wWere wechanically disaggregated
{(ns in precedure T) in Hanks's solution/chick sewum
(50/50).,

ITTI Trypsin disaggregation (after Moth and Weston
1967 .

The tissues vere wvashed with Hankel's solution and
CMP, prior to a twenbty winute incubation with 0.25%
trypein (Difoo 1:12%0, 1,000 BARE units/wg) solution at
QGQC. The tlssues were bthen rinsed with Hanlks's solution
and ohick sevamw (50/50) and then with CMP. Disaggregation
of tissues was then carried out ag in prooedure II,

The preparation of cell suspensions was cariried
out as fellows, The cells were centrifuged at 25g fov
two minuntes to sediment any cell cluwmps, A second "harvest®
of colls was sometimes preparved frow the pollet obtained
in this flvelt contrifugation, by vesuspending the pelloet
in CMF aﬁd'refluahing through a plpoette. The supornatant
of thoe fivet centrifugation (or the pocled supernatants,
when/
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when o second harvvest was wade) was thon cenbrifuged at
300Gy fox ten minutes o pellet the cellss The supernatant
containing ecell debiris, aund waybe a fow cells, was dige
candod . The pellet of cells was then resusponded in a

Imouwn voluwe of "reaggregating® medium or sometimes in

Hanlka's soliution, The conecentration of colls/ml. was
then debtovmined by haemocoybtowmetbtyry. The cells wveve

dispensed, Yo yveagoregate, through eall sleves (nickel
electroformed grid of wesh H%A&, B.M.T, Ltd., Haves, U.d,),
unloss stated e the contrarv. This ensured that the
initial reageregabing suspensiong contained ne clumps
lorgor than three cells,

The reaggregating wedlium was Hanks's solution
L B9, Medium 199 (Claxe Laboratories) B4:h% and cohick
sorum 11.,2% {i,e, 9 mi of mediuw was wade up with hml.
Hanksts, 4 wil, wedium 199 and 1 &l, cbick scoxum). This
medium was usged for all reaggregalions excopt those in
gvratory shakers, when the wediuw was Hanks's solution
Lo, chick serum 0%, and ewbryo oxtract (sce previcusly
Materials) 209 (Steinbevg 1063}, feaggrezation vas
gavied out in one of the Following wavs.

I PFlasle Fhator Yyastews

PThe coells were mixed in deosived nropoviions in
siliconed 10 ml oconlcal flasks,. The siliconed surface
Lo prevent cells sticking to the sides of the flasks was
produced by dipping acid cleaned flasks in G el% silicone
Pluid Mo 1107 (Hopkin and Williams Ltd.) in etbyl acetate
followed by baking for at least half an hour. The Fflasks,
stepped with sillcnne bungs, usually contained a iy Lmum
of 1 = lﬂﬁ cells/ml. of wixed cellis in two to three wmi.
af solutieon; the gas phase vwas alr,

The/
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The cells were reaggregated for 2 days or 1 day
in flasks shaken in a reciproecating shaker (Gallenkamp)
at 92 strokes/minute at 3703. (Curtis and Greaves l965).
In one experiwent the flasks were shaken in a gyratory
shakor (New Brunswiclk Seientifie Co,, Inc,) at 80 rpwm
for 1% hours, then the rate of gyration was increased to
100 vpum for a further culture period of 31 houvrs (Steinberg
1962) at 37°C to prevent further fugion of aggregatos.
I _ Couctte Viscometers (Curtis 1969)

The cells wvere mixed in desired proporibtions in

counette viaoameterﬁfat a conecentration of 1 x 106 colls/wl.
approximately in 15 wl, of medium, The cells vere
roageregated at a shear rate of 8 see™t, tUndor theso
conditions of low shear fairly large aggregates ave

formad in & short tiwéd period, Cells woere reaggrogated

for 2 houvs ox &4 hours in this way.
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HISTOLOGY

Aggyvegates forwed afbter selected periods of btiuwe
wore tywanesferied iudte test tubes. Upually all theo
agoregatos from one f1§sk oy couatte viscomoebor wereo placed
in one ov btwo bosy tuhég. Thoe agaregates were washed
wilth Hanlre's solution wvrewarmed to 370}. This washing
roemoves serem and othoer proteins in the wmedium, which
would pyrecipitate during fixatien. The aggregates wore
then fixoed with Bouin's fluid for 10 -~ 15 minutes., This
flxative was chosen bocause it is cowpatible with
antoradiograpby provided tbthe pilctic acid coloration is
romoevaed (ﬁog@rﬁ 1967). After Pimation, the Bouin's fluid
was pipettoed off the agsvegates (see later) and replaced
by 70D aleoohol, in which bthe aggregates could be stored
prior to stubseguent handling,

The handling of small agoregates at first proesented
a problon. Pipetting of aggreogates cltbher between
soilutions or vo embodd, often led to their loss. Aguregates
sueccosarally owbedded in this way tended to be dispexrsed
througheut the bloek which made seectioning tedious. It
yns decided to use a wethod that allowed sasy changoes of
mediwn and resulted in a block containing a "pellet' of
agpropatos.

The most satisfactory methoed found was that of tantin
(196&) for nrotozoa. As already doscribed the aggregates
wore Fixed in test tubes. The aguvegates were dehydraved
through 90% alecohol and twe changes of absolute alcohol
in ten winubte steps in the bubes, Tue ton wminute changos
of xyviene cleaved the aggregates., Ton wminute changes of
50/80 syieune/paraffin wax (MP 58°C), two changes of pro=
fllsered/
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fllbered paraffin wax followed atl 6000 in the tubes, In
tho case of layrge aggrogates, these setitled teo the bottom
of tho tube in the ten wminute intovvals, With small
agoregatesy which did nob settle in this tiwe, gentle
contrifugation 'pelleted'! the aggregates between each
mediuvt changoe., Jontrifugation of aggregates in wax was
carried out in Jackets of hot water,

Por embedding in wax, the aggreogates wevre collecied
inn the botitem of the tubes with gontle centrifugsation if
HOCASHAYY » A copper wire handle was placed in the upper
part of the wax. The wax was havdened by plunging the
tubey inbto ice. The tube can then be placed in boiling
wator to melt the wax in contact with the tube and the
phlock' wvomoved by means of fthe wive handle,:

The vounded bleck containing the aggregates,
usually visible due to slight picrie acid coliloration, was
theon trimmed on two sides. éﬁ&serial secvlons were then
ocut on a Jung rotatory wicrotome (soo Counting).

Tho soctions were floated out on "subbed" slildes
ol a warming plate. "Subbed® slides wore produced by
dipping chrowic acid cleaned slides into a filtered 5%
W/V gelabin and 0,1% W/V chrome aluwm solution at room
pempoerature and allewing them to dry in dust freeo
conditions, The "subbed" glides can be produced in bulk
and stopved at 2°C, The "subbing" of the slides acts as
an adhosive for bthe sections as well as the muaclear
omulelon {Rogors 1967). The floating out solulion was
50% alecohol, This procedure had two advantages; creasod
gsootions were f[flattened more readlly than in water, and
the picric acid coloration was yremoved, a sbep necessary
for subsoquont autoradiography (Rogers 1967). The
flattonod sectilons werxe then dried ab 3700 avernight,

The/



The secbions were then careifully dewaxed in threo
chaonges of yviene. It is dmportant to romove all the wax
to promede fivm cohesion bebtween section and nuclear
cemlclon {(logeps 1967)., Thoe sechbions were then hyrouvght
doun to distilled water thyroumh abreelute alcohol (Hwo
changee), 70% and 50% alcchol, Mhe socticns were then
drded av 370 and ready oy application of nuclear

aual slon.
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{(a) Dosage and application of isotope.
Thoe dosage of tritiated thywidine needed o Mabel®
chiclk ewmbryos in vive depends on the age of the ombryo

(Veston 1967)., Bxperiments were carried oubt to discover
the opbtimal dosage of tritiated thymidine (6 « T(n)
Thymidine, Radiocchewical Centre, Amorsham) to "label" five
day omwbryos, using the recoummendations of Weston (1967)
ag a gulde to the dosage vequired, Autoradiographs of E/M,
sectlons of whole "labellod" 5 day embrvoes, or liwmb buds
or heavts of H day embryos woexe prepared (s@e later). The
trial avtoradiographs allowed the effective dosage to be
detevimined as 1?%0 of tritiated thywidine (specific
activity $.0 curies/mM) per ege, in conjunction with
optimal exposure and development time (see later),
Roubinely LHuC of tritinted thywidine were pipetted
agpecvically on to the yvolk sac of four day chick eubryos
in 0,1 mi., of solution made uﬁ with Banks's. Aftexr a 24
hovy incubation with the labelled thywmlidine, the tissues
wvero barvested (as earlier).

{b) Application of emualsion to asmgregate soctions.

All wmanlipulations were carried out in a darkroowm
with safelight filter "Uratten" series no.l (Kodak)., Tiford
puclony emulsion gel L 4 was used to ceat the sectiouns,
20 wl. of ewmulsion was melted at $0°C and then diluted with
ho wl., of warmed distilled wvater in weasuring cylinders,
Tha diluted emulsion was then poured down the side of a
dipping jar, to prevent undue frothing,inte the jar.
Chyrowlc acid cleaned slides were dipped into the diluted
pmulsion o clear any bubkbles, The dried experimental slides

wore/
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weroe then dipped idnto the emulsion, dyainved, wiped on

thoe bach and placed on a ool tray. A& standard rhybhm

of dipning was evolved. The slides wore then left to dry
for about an boury alfbter which fthev were packed inte
Tight $ight boxes and sealed, The glassware usod in
ddpping was cleaned in tho manner recommended by Rogers
{1967)., The coated sechtions weve then exposed at 2%¢,

{c) Dovelopuent of autoradiogvaphe ansd sbaining,

Trial slides of sections of ombryvos or tissues were
expeesed Por various lengthe of time prior to dovelopment,
This, coupled with varyving development time,allowed the
ophlnal tiwes to e determined to give sultable auitow
radiographs for viewing under Llight Tield wicroscopy,
conditions,

Routinely sections were sxposed Tfor about 40 davs
at 2$€, The slides wore developed and fixed under the
daprkyweom conditions previously wentioned. DIObh developer
was made up (Herd%r 1958) and fFiltered and sbtored in
500 mi, aliquots in the dark at 2%¢. The slides wero
tronsfarred frow thoe bhoxes o a elide rack. 1In each rack
an otlsion coated slide which had been exposod to Light
was included, The developmont of this slide provides a
nseful check of the state of the doveloper solution (Rogewrs
1967), A development time of 7 winutes at 20°¢ with no
agitation was found to give optimal visualisatlon of silver

‘grains, a lavge nuwnber of grains poer "labelled" nucleus

o

and a low background connt under light field illumination,
After developwment, the .elides were passad into a
stop hoath of distilled water and then fixed in a Filteroed
solubion of %0% sodium thiosulphate for 10 winutoes at 2908
e

rers 196%), The slides were then washaed for 15 minutes

(RO&,

in/
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in slewly running filtered tap water,.

The slides wore pasred through distilled water,
50% and 707 alecebol with a few minutes in each colution.
The sectious vere stained in furer's Bruolicht's acid
haomatoxviin {filtered) For 30 winubtes -~ 1 houwr, Voste
sbtaining with this staln 1s known not to affect the silver
eraping (le Bilond, Yopriwa and Messiew, 1963), Adoguate
diffoventiation of the stain (usually a few minutes) was
carvied out in acid alecohel (1 wml, ¥ WCL in 100 wl., Y0%
alcehol)s. "Bluecing' was accomplished in Scott's Tap Vator
substitute (0,79 ¥/V sodium bicarbonate, 4,00 W/V
wagnesiuw sulphate {erystailline) in distilled water). The
soctions weve dehydrated by passage through 90% aloohol
(2 minutes) and two passages of 2 winubtes in absolutbe
aloohol, The slides were c¢leared Lo remeve any air locks,
in cedar oil/abselute alcoohol (ﬁO/SO) for one hour followed
by zyviene/Canada Balsam (50/50) for anotber hour {(le Blond,
Kopriwa and Messier, 1969), The slides wore mounted with
Chanico Ho.l. coverslips with neutral thin Canada Halsaw.

The sildes were allowed to dry and then c¢leaned with xylene.
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A, The use of iLtritisted thvmidine as a vell markor.,

(1) Griterion for recognition of a "labelled"
coll,

A coll was considored to be labelled 1L there were
five oy more grains over the nucleus, as the labelling
intensity was high and background lowv, Baserga and
Malowud (1969) sugpgest an arbltary lower liwit of fouw
to five grains per cell to distinguish "labelled" from
tuniabelled" colls under these conditions,

Alshoughh T did not know of this paper at the time
and havo not used his wethod, &Stillstrém (1963) has
guggesbod a less avbitary and ftherofore preferable way
of estleating the proporition of "liabelled" cells in a
popuintion, By reference to control autoradicgraphs of
unlabelled tisswes the proportion of cells which have a
highow nuwmber of grains than background can be calceulated.
This wmethody however, assumes a uniform background countg
whioch is practically rarely achieved,

(2) Percentage labelling of the "labelled" coll
suspensions,

Tdontification of cell type by radioactive labelling
can anly‘bg cortaln 1if all the cells of tho cell type
which 1s labelled have taken up the label, It is
importeant for rocognitlieon of cell type to determine the
percentage of colls which are labelled in the "labelled"
cell suspension, i.e. the perceutago labelliung.

It was decided to detormine the percentage labelling
of '"labelleod" cell suspensions in a wmanner that could
direoetly be velated to aggregates of wixed cell types.

An eshimato of the percenbtage labelling, if determined
from/
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from ¢ell smears or short terw coverslip cultures of
Tlabolled" oell suspensions, cannot be extrapolated to
aggropate sectlons without counsiderations of section
thigkness and penebtrance 0f/ﬁ3 amissions,.

(a) Digression,

vith /3 emittevs, such as tritium, the distanoce
betvoen the scuvee and emulsion is eritical because the
patﬁlﬂngth is shovré, Auy inevt laver between the source
anﬂ Qmuluiuﬂ will offectively soreen the percentage of
souree emittevrs regisbering in the ewulsior, With short
pathlongth B emissions (tritium) the thickness of the
sourge can affect the effieloney., Above certain thicknesses
of source, approxiwately equal to the pathlengith, self
abgorption oceuras. 1In othey words, the emissions are
Ygunenched® by the source before reaching the ewulsilen,
The Qagr@@ of "guenching® 0f}%3 omissions will depend on
tiie source thickness., Smears of cells and coverslip
cultures are therefore nol comparable in auteoradiographic
efficlienoy with i/« sections, The autoradiographic
efficiency is "ithe nuwmber of grains produced in the nuclear
emulsion por radioactive disintegration in the source"
{(Rogors 1967),

In a soection of 5/& thickness, the self-abscrpbtion

o %3/5 pavticeles is bigher than in thinner -sections (see

Rogers (1967)Ffor a table of auntoradiographic efficiency
as a funchbion of section thickness with a sourco uniformly
labelled with tritium), However, the flattoning of wax
seoblons becomes wore oritical, the thinmer the section,
Steedman {(1960) quotes the cowpression after flatitening
an 28% with 3Mm and 19% with QA« wanx secbtions,., EBstillates
of thoe maxiwuw pathlength aiZAS particles frowm tritium in
media of higher density than air vary. Rogers (1967)
givos/
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givos %ﬂ& and Lathja and Oliver %ﬁk as the waxiwmum pathe
Lengpth,

If the sectlon thickness is greater than the liwmit
of penetrance of/ﬁ emisgsions from tritiuom only a pro-
portion of the labelled maclel and fragwents will produce
auboradliographic images. Simmett (1968) derives a
corrvegtion factor which can be applied, if all othex
varamebers are debtermined, to glive ithe total number of
labelled nucliel per section,

The unuwber of unlabelled nuclel In a section can
be caloculated from thoe fraguwents of nuclel observed,
provided the wrolationship between nuclear diameter and
seation thickness is considered (Abercrowmbie 1946 ,Marrable
1962). It is thorefore possible to express all counts of
fragwments of unlahelled nuclel observed and of auboradiow
graphic inmages observed in terms of the total number of
labelled and uniabelled nuclel poer section, i.0, in the
same torms. Tho advantage of correcting counts of
unlabelled and labelled nucleil in this way is that any
difffeveonces in the Y"effieclenoy" of observing unlabelled
and Labolled nueclel in the section can be eliminated (seo
lator). However, in segrepgation tests the position of
one cell type relative to another in the plane of section
observed avro scoved, This means that observational
counts wmust be used, IV was thervefore decided net to
convert any counts of the nuwber of labelled and
uitlabelled nuclei observed into the total number of nuclei
por section,

(b) Mothod of detormining porcentage labelling,

Agpregates were prepared solely of "labelled" cell
suspensions in the voutine wanner. Aggregates of "labelicd®
Limb/

Lot
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limb bud ceils and of "labelled" heart cells were
sectioned at QAL and auntoradiegraphs preparod. TRoth and
WVeston (1967) used this method to determine percentage
labelling.,

Aggrogatos formed after 42 hours reagzgregation
vwere preopared from "labelled" heart cells disaggregated
with DDA, Siwilarly aggregates of "labelled" limb bud
cells vwere producéed frow cells disagegregated by all three
tecimiques. This provides a check that each disagegregation
procedure releases a similar proportion of "labelled"
colls frow limb buds. Tdeally the proportion of "iabelled"®
cells released frowm hearts should also be checked with
each disaggregation technigue although this was not done.

Cells were reaggregated for h2 hours, so counts of
these aggregates would yleld a percentage labelling
relevant to agpgregates formed from two cell types in 42
hours. It 1s possible that some dilution of label due to
cell division during two days in culture might take place,
This wmay cause over~correction when the- -estimate of
percentage labelling frow aggregates formed after 42
hours is applied to aggregates formed from two cell types
in shorvter tiwe periods, Whether this is the ocase could
be checked by aggregating “1abellad“ heart or limb bud
¢ell suspensions for equivélent time perilods, although this
was not dono. |

Random flelds of every third section of randowly
choson aggregates (see later) was examined at x900 (oil
immersion) magnification. Cells, in randomly chosen
squares {(by means of a numbered sguare grid eve-piece and
tables of random nuwbers) were scored as labelled or un-
labelled,. Baserga and Malamud (1969) suggest the counting
of the number of labelled cells in a total of 1,000-2,000
cells is sufficient for a crude estimate of the percentage
of labelled cells,.
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{¢) Results,
iabelled limb bud aggregatess

|

% labelled total number of
cells counted

{(a) ©OTA disaggregation 93,2 884
(b) EDTA + TRYPSIN dis-

ageregation ok,3 820
(c) TRYPSIN disapggregation 2.5 908

average =  93.27 2,612

proporbtion of unlabblled cells in ~
"labelled" limb bud aggregates = 0.0673

Labelled heart aggregatess

% _labellod total nmuwber of
cells counted
EDTA disaggregation 091,08 897
proportion of unlabelled cells in _ .
"labelled" heart aggregates = 2.0892

(3) The problem of exchange of label between cells.
Trinkaus ané Gross {(1961) estimated exchange of
label from labelléd cells to unlabelled cells, by refervonce
to a second natural marker, pigment granules in pilgwented
rotinal cells, A veliable independent marker for heart

or limb buds could not be found. Steinberg (1962)
vegognised heart cells in aggregates by staining with
Bulmex's periodic acid =~ dimedone~&chiff procedure (Bulmer
1959), This stain was found to he compatible with
auntoeradiography 4f staining was carried out before
application of nuelear emulsion, Labelled 5 day limb bud
segbtions showed a» staining. The uptake of stain by
heart cells in secticus of 5 day labelled heart was Tound
0 be patohv and not reilable in wmy hands,

Tuplicate/
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Puplicate experiments wore therefore performed,

In one case "laboelled" heart cells were mixed with
"imliabelled"” liwb bud cellsy 1n the other "labelled®
liwb bud cells were wmixed with "unlabelled" heart cells,
ilee. reoiprocally labolled experiwments (referred to
hereaftor as reciprocal experiments), If no appreciable
exchange of label takes place the arrangement of cells
in veeiprocal experiments will be the sawe irrespective
of which ocell type is labelled. A difference in
arvrangomout of cells in reeipradal expoeriments can
therelfore indicate that exchange of label is taking place
or that the "labelling" of the cell suspeusion affects
the behaviour of the cells,

(%) The effect of labelling on cell behaviour.

The effect of labelling on cell hehaviour was
invesbigated by Trinkaus and Gross (1961)., Thoy dotectod
qualitatively ne difference in thoe bebaviour of labelled
cells in yregard to wigration, "eell affinities! and
morphogenesis compared to that of unlabelled cells of the
same Hypo. It is desirable to have a direct test of
the effect of labelling In a "sorting out" system, This
tost can be readlly performed by mixing tegether "labelled"
and "unlabelled! cells of the zawe coll type. Aggregates
of "labelled! and "unlabelled" 1limb bud cells were pro-
parved and counted in the routine manner (see later).
Ideally similar aggregates of heart cells should be pre=
pared buit this was not done,

Assuming that labelling does not affect cell
bohaviour, it would be expected that the "labolled" and
nnlabolled" cells in these aggregates would be randomly
arranged iy aleso, there is no gross exchange of label
botweon cells. A small divergence from a random pabtitern
of/
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of cells in these aggregates was found and the implica-
tions of this will be discussed (see control results),
The analysis of theose aggregates (referred to as control
aggregates) form a crucial contrel For studying the

arrangoement of colls in aggregates of two cell types.
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Be Measures of the arrangemont of cells in aggregates.

The arrangemont of cells in aggrogates has been
studled guantitatively with regard to two features; the
degreo of segregation, i,e, the grouping of cells according
to type, and the posltioning of coells relative to the
inside and outside of the aggregate,

Introductory Digression -

Agpreogates are three dimensional entities, Serial
soctions represent the aggregates in two dimensional
slieces taken at randowm, since the aggrepabes are orientated
and ot at random. Measures of posltioning and segregation
are carried oubt therefeore in two dimensions, The relation
of these measursments to the three diwmensional aspect of
ageregates ls discussed later, )

The positioning of cells relative to the inside and
ountaide of aggregates has only been exawined briefly,
The degree of segregation of cells according to type has
beoen investigated more thoroughly and these methods and

results will be presented first,
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(a) TRSTC POW STEGRUGATTION OF CELLS ACCORDING TC TYER.
TRST T. WBlton's Method (Flton to be published).

Conslder an apgregate of two cell types A and B,

targat cells are selected at random, The nearest

surrounding cells are scored accarding to type. Two points
can bhe wentioned here for claritv,

Tfirstly, the scores of cells surrounding target
colls of type A and B are recoirded separately. .Two seis
of data ave thus obtained sc that there is no "avoraging
out? effect. If one cell type does occur sparsoly in
masses of the other cell type, the chance of picking one
as a tayget cell is swall; but, 1f, occasionally, such a
cell is randemly chosen as a target, the scove of the
gsuvrvounding ocells can give an indlcation of "wisplacings®
of cella,

Segondly, the number of suryrounding cells scored
for vach tavgoet needs some discussion, The surrounding
cella could be considered to De "nearest nelghbours® to
the barget cell, This terminology has been used by plant
ecologists (Pielon 1961, Clark and Evans 1955) where the
distances between plants can be weasuvured and the noarest
neighbour ascertained. "Nearest neighbour'" measures of
segrvegation cannot be applied to two diwensional sections
as tho distanco betweon cells in a packed array cannot
easily be measured.

The siwplest approach 1s to assume that the cells
forim & close packed structure, such as that described by
Blumonson (1967) for the packing of spherical beads in a
column, This type of packing contains the wminimum awmount
of void space. I, assuming for simplicity, that the
contros of the cells all lie on the same plane, each cell
is/
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ig surreunded by six neighbouring cells.

A further assumption for this wmodel is that the
calis of each type are of the sawme size. Unlabelled hoart
and 1imb bud cells were measured with an eyve plece scale
(previously calibrated) in seections of aggregates formed
after 2 hours, with x900 (oil iumersion) magnification.,
The moan diametor of cells as seen in section surface was
6,60 M (s = 1.231L) for heart cells and 6.6%ﬁ&(s = 1.2;»»)
for Limb bud cells.

Therefore the six nearest cells to a target cell
vore scored according to whether they were "laboelled% ox
tanlabelliedh,

The goeneral theory will now be presented and a
disonssion of corrections incorporated into the celeoula-
tions will follow,

If a two dimensional array of equal proportions of
cells of type A and type B is considered, it would be
oxpecbed ‘bhat, if the cells are randomly arranged, uthe
propovition of cells of type B in the six surrounding cells
of btargets A would be 0,53 and likewise, the proportion of
calls of type A in the six surrounding cells of targets B,
would he Q5. Put in general bterwms, the proportion of
cells of type A surrounding target cells, B, will ogual
the proportion of A cells in the mixture, for a range of
aixture proportions, 1f the cells are arranged randonly.
similarly, tho propertion of B cellis survounding A targets
will egual the proportion of B cells in the mixture if
the cells are vrandowly arvanged.

We can also conslider the proportion of A cells
surrounding targets, A, and the proportion of B cells
surrounding targets, B, Again, these proportions will
equal the propertions of A and B cells respectively in
the/
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the wixbture when the cells are randowmly arranged, We can
consider in a randow array of cells that the type of
target cell does not "deteruwine" the tvpes of cells
suyrounding it,

Whon the colls are sogregated, the proportion of
call type A around targets of type B will be lower in value
compared with that expected in a randowm array, i.e. the
proportion of A in the wmixture; likewise the proportion of
cell type B around ftargets A will be siwmilarly lower in
value, Phese decreases in the proportions of surrounding
cells cempared with those expected in a randowm array, can
gilve a measure of soegregation,

Lot the "unlabelled" cell suspension be of type A

w *t "labelled" " " wen " B
Congidering tho theoretical situation of agegregates of

typo A and type B cells,

3,
(r -9)

let the proportion of A cells
t;{? on ft n 3 D "

If the colls are randomly arranged

f

[H

the proportion of A cells avound B targets = ©
and #t 1 "R 1 ] A n - (1 - 9)
TH the cells are segregated, the proportion of A cells
aroundd tavgets B will be lowered and the proportion of B
golis around btargets A will be siwilarly lowered. Ve
can dosignate this lowering as ﬂC, which will equal 1,
wher the cells are randomly arrvanged,
We can thorefore write, introducing ol,
the preportion of A cells around B targets = KB
and " " "B " " A " =(1 -~ @)
Rince the preoportions of the two cell types

avound a given type of target cell must summate to glve 1,

ve/
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vwe can also wyite
the'propurtion of A cells around A targoets = 1 -[&“l —Gﬂ
and © " "B cells . - N .
Prom aggregates we havo the following observations (see
later)
x = proportien of unlabelled targets
vV = " " “ colls vround labelled targets
7o " " labelled w * unlabellied "
Vo cannot use the values of x and y directly to
caloulate d;, since unlabelled and labelled cells are not
in fact stmply of type A and type B cells respoctively.
This 4s Dbecause a proporition of B cells are not in fact
labelled (see porcentago labelling);
The proportion of B cells, which are net labelled
vas deterwined as
D 0,06%73 when B = limb bud cells
o) 00,0892 ¢ " = heart cells

and p is assumed to be a constant,

f

i

¥lton has expressed the observational estimateos of
%, v and © in terws of O and p to obtain a value of
which vrefers teo cell types A and B,

Lot us consider labhelled targets; we know that
thaese are all of type B.

We have v = propovition of uniabelled cells
surrounding labelled targotis.

We ave therefore observing here the proportion of A cells
arcound B btargets (d:e) Rius ¥Ythe proportion of unlabelled
coells of type B (p), of the proportion of B colls
surpvounding B targets (1 -—-0(9)

expocted value of v, YL = oL O 4+ p (1 - L£6) (1)

Lot us now consider the were cowplicated situation
of observed proportion of labelled cells surreounding
uniahelled targets (z).

The/
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The unlabelled target cellg consist of the pro-
porbtion of target cells of type A and the proportion of
targot eells, which are in fact B, but unlabelled, 8o
tho observed proporition of labelled cells surrounding une
iabelied tavgets (z) represents the contribution of the
proportion of labelled cells around unlabelled targets of
type A, and the conbtribution of the proportion of labelled
cells aveund unlabelled targets, which are in fact type B.

Theso contributions from ebservations of surrounding
colls of unlabelled targets A and of surveounding cells
of unlabelled targets, whiech are in fact B, depend on the
proportion of unlabelled targets that are A and the prow-
porition of unlabelled targets that are B,

We can express bthe proporition of unlabelled targets
of type A, and the proportion of unlabellied btargets of
typo B in terwms of p and © .

Proportion of A targets = £

p(1-6)

Proportion of B targets

I

which are unlabelled
Total proportion of unlabelled targets = O+ p(d - @)
The proportion of target cells of type A observed
among Lthe total of unlabelled targets
0+ p(2 -9)

The pweoportion of target colls of type B observed

among the total of unlabelled targets
= p{l =90 )
o+ p(1 -0)

Vow we can cousidesr the propertion of labelled cells

avound unlabelloed targets, which are contributed to =
from these proportions of unlabelled target colls which
ara of type A and B,

A propovrtion of z oomes from the observations of

surrounding/
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surrounding cells of a proportion of unlabelled targets
which are of type A i,e, &)
€+ p(2 ~6)
The proportion of labelled cells round targets A
= (1 = p) 0((1 --9)
is the proporiion of B cells that are labelled (1 ~ p)
of the proportion of B cells round A targets (ol(1 -0)),

o vhe conLribubtion to = of observations of labelled

cells round A bargets

= 0 - p)L(1 -0)
, 9% P(l H@)

A propertﬂpn of » comes frowm bthe obsevrvations of

surrounding cell% of a proportion of unlabelled target cells
which are of typé.B i.e. p (2 ,,92
' O+ p(i-0)
The proportion of labelled colls around target:cells,
B which are actually unlabelled
= (1 - p)(2 ~o8)
1s the proporition of B cells that are labelled (1 - p)
of the proportion of B cells avound B targets (1L -L0).
So the contyibution to =z of observations of labelled
cellis around B targets which are unlabelled
= p(1 ~0)(3 - p)(1 ~KO)
B+ pl(r - ©)
#o the expression for the expocted value of z,fa,
in berwms of o(,, 9 and p is
9 w 1 - p) (1 ~0) + (1 = p)(1 ~LB)p(l ~6) (2)
6+ p(1 -0) 8+ p(a ~0)

o/
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The soiution of eguaticns (1) and (2) for ol and
O s

[}

(L~ p) Y
b (3)
(1 ) (L = ») ’

4 . - | (%)
g1 - p) '

The observed values of v and = can be subsititutod

fl

and &

for q/ and Ea vrospectively in eguations (3) and (4) and
ostimates of of and €@ ocan be calculated (see later).
Elton has considered the expected value,jg g of

X (the proportion of uniabelled ocells)
from target cell counts,

E:m O+ p(r -6) {5)

The proportion of unlabelled cells will bhe theo
proeporiion of A cells (6 ) plus the proportion (p) which
are uniabellod of the propovtion of B cells (1 -6).

Whon the cstimate of © from the data is substituted
inte (%) the value afﬁ§' was in the wmajority of cases
higher than the observed value of A (see later for the
distribution of surrounding cells), The most probable
oxnlanatlon of this disecrepancy was that the unlabelled
gells were being undervestiwated in target cell counts,

It 1s possible to explain bthis underestimation on cone
siderations of rolative "counting efficiencyy of labelled
and unlabelled eells, An unlabelled cell is only
recognizable if part of the nuecleus is at the surface of
the section, A ilabelled nueleus, on the other hand, may
produce an aunteradiographic ilmage even if it is not on the
surface of the section (see proviously: discussion nf/ﬁs
particle ponotrance).

A bhird unknown parameter was introduced, let a
be the proportion of unlabelled target cells observed,.

From/



52

Fyom observations X = proportion of unlabelled targets

j§ = propertion of unlabhelled targets obsorved

total proporticn of targots observed

The proportion of unlabelled targets ohserved

= q(8+p(1 -9))
is the propewrtion observed (q) of the proportion of
uniabelled targets ( @ + p(1 ~90)).
The total proportion of tavgets cbserved \

= al @+ p(2 =0)) + (1 -1p)(1 -0)
i1s the proportion of unlabelled targets observed plus the

proporition of labelled targets observed.

oo § = q( 0+ p(1 =-0))

gl @+ p(L =0))+(1 - p)(2 -0) (6)

whioh reduces using equation {3) to

= 1/(1 @%VL)
v 9=t Y (7)

1 -§)
replacing‘§ ,fa znulyL by x, = and vy wespectively, we

have

q = X 3=
v{l ~ x)
Blton has investigated the possible effect of =z

gimilar underestimation of unlabelled cells in counts of
surrounding cells. Sinece the tavget cells and survounding
colls ave counted by diffevent wmethods (see later) the
wnderestimation of unlabelled cells in suvyrounding cell
counts was not. congldered to be the sawme parameter as g,

A fourth parawmeter was introduced, let v be the proportion
of unlabelled survounding cells observed, This parametor
oann he assumed to e the sawme for both labelled and
unlabhelied target ceolls.

Weo/
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Wo can calculate from x, y, & and p using equations
(3), (4) ana (8) values of o , 8 and q assuming r = 1.
How do wvalues of » diffevent from L alffect aC, & and q?

Iiv v ﬁ'lg the observed wvalues of ¥y and z differ

from the t»ue values yl

and ml of the proportion of
unlabelled cells round labelled tavgets, and the proporition

of lLabelled ocells round mumiabolled targels respectively.

wan Al l F

o= 11¥- if r = 1 y o=y
K A SO S T

W om zl if v = 1 :am:‘al

et 4 (L - oz

4

To sumnarize, Rlton expresses oC and @ as functions
of vy %y p and r; and g as a function of r. Whon he
plotted these functions for real data he found that the
value of AL is not affected very wmuch by small changes in
1y ln the region » = 1. In practice, he concluded that

aC may be decreased slightly by this effifect if the true

value of r.<.1, but this i not probably luportant,

If we use tho obgerved values x, ¥y and z instead of

' 71, and 9 we can estimate g, Q@ ana ol .
g = X =
y(l - X)

Q= (1 ~ply ~ vz
(1 = p){y + =)

L= y=p
(L - p)
A nuwber of samples provide replicabte estimates of
each parameter undex given conditions, which are used
in significance tests,
Mechanics/



Mechanics of Counting
(1) sawpling
3/M.seria1 gections of ewbedded aggregates vwere
avaliable for counting, The procedure of Roth and Weston
(196?) vwas adopted, They examined every third section of
the »ibbon to avoid counting the same labelled cell twice,
T8 wo conslder a "sorted out" aggregate, it can be
geen that the propertion of cell types will vary along

thie ssotions,
ce,u\fypeﬁ

0 e

Tn fact Adler (1970) has used this variation of
proportion of cell typos with aggregate size as a measure
of Ysorting out" (zee also discussion on positioning).

The degree of segregation will also vary along the sections,

We ecould considey the segregation of cell types in
arbitarily choson regions of tho aggregate eilither by
selecting to count certalm sections or areas of aggregatoes
within sections. This method was dot used because such
a cholce of vegions would be rather subjective. The
other alternative, which was the wmethod used, is to examine
thoe whole aggregate in serial sections and to obbain a
value of segregation in these two diwensional sections
at "all levels" within the aggvregato. With this method,

a wmeasure of the proportiens of cells in the random areas
of the aggvegate anal&s@d for segrvogabtion (see later) is
obtained/
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oebtalned since this weasure is caleculated from target
cell counts., 1In this approach, altheough the whole
aggrogate is sawpled in two dimensional slices, a measure
of segrogation of "the whole" can be obbtained,

This method is only applicable to aggregates formed
afber 42 hours' reapggregation, when embedded sparsely
hecause tho ageregates forvwed after shorter btiwe periods
are teo swall, A single aggregate can then bhe recognised
in vach third seotion throughout its “"iength", Counts
can then be wade at all levels of sectioning. The material

analyaed in this way is referred to as Aggregate, where a

whole aggregato has bheen eoxamined,

The counting of whole aggregates would notv yvield
sufficlient data if swall early aggrogates were examinod
in the same way. Tu sections of these agsregates every
third soetion can be distingulshed on the siide, although
individual aggrogates capunot easily be traced, In thoese
cases, the waterial can still be analysed Toxr the degree
of segregation in terws of "whole" aggvregates. A randowm
zawple of a number of aggregates in every third section
is taken. This data is referred to as Sample. In this
way, all "lovels" of ssotions are considered together and
thus the degree of segrogation refers to that of total
aggragate population rather than cortain areas of
agpregates., Fome aggreogates Formed after two days were

also counted in gawples. The agegvegate wmethod of

eoliecting data provides useful information on the
homogenelty of & hetween aggregates Fformed in theo same
oxperiment (see latoew). Homogenoity would add justificaw

tion to the use of the sample method,

(2)/



(2) Scoring

To obtain the counts used in the equations to
obtaln o the following procedure was adopbted. Aggregatos
were selected for counting by either of the twoe methods,

outilned above, l.e. as ageregates or samples at x100

wmagnification,

Taen the magnification was changed ito x900 (nil
immeration) and the Field eohtained was used for counting,
This field was assumed to be a random selection of part of
an ageregate or group of aggregates. Target cells were
selected by means of a Chalkley grid eye-~piliece with 25
dots randemly arranged (Curitis 1960)., The type of each
tavget was noted and the six nearest cells were scored
aceording te whether they weiro labelled or unlabelled,
When the labelled cells were the smaller proportion (this
was She case in wost experiwments) the counting of
surrounding cells was particulsrly scasv. In these casos,
the nuwber of labelled cells surrounding the tavget wore
counted and the rewmalinder of the surrcunding cells were
assumed to be unlabelled,

Counts of surrounding cells were theoreforo obtained
in two columns, one referring to labelled target cells and
the cother to unlabelled target cells., The porcentage of
the labelled and unlabelled cells in aggregates or samples
of aggregates can be calculated frow target cell counts,
and is dncluded in the results tables, L being the pro=-
porticn of labelled targets and U heing the preoportion of
unlabelled bargets (x in equfitions), The freguency of
the numbers of surrounding cells of the same type as the
target cells can be drawn up. The dilistribution of the

nunbers/
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numbers of cells surrounding a target of given type will

be briofly oxawined later,

The proportlon of unlabelled cells round labelloed

tavrgets and the propertion of labelled cells yvound

mniabelled bvargets can be calculatod. Tguations (3),(4)

and (8) can be used to calculate q,e , and o wusing

obsevved values of v and 2.

§ = _X &

vl =-x)

©=(1 - ply = pz
(1~ p)y + =)

K = L B
olL - pJ

P

proporviion of unlabelled
cells in "labelled" cell

population,

propoviétion of unliabelled
targelbts observed.

proportien of unlabelled
cells of the unlabolled
coll typoe.

degree of segregation,



SRGREGATTION TESTS
THnaeT T Results

Contvols LHXLB ("labelled” liwb bud cells wixed with
funiabelled® limb bud cells)

Le*LB (1), disaggregated with TRYPSIN, cells wixed
together without passage through cell

sloves, aggregated for 42 hours.

Aggrogate TARGET CBLLS

nuubeyr total L o ¥ 2 q ] £ i,
T 205 0.30 0,70 0,57 0,30 1,21 0,63 0,85
T 938 0,38 0,66 0,67 D23 0,67 1073 0.89
IIT 311 0,31  ©0.69 0,68 0,23 0,76 0,73 0,91
TV 206 8,32 0,68 0,69 ©,20 0,91 0,76 0,89
mean o= 0,88

f s® = 0,0006,

1., Note: for eclavity figures are rounded off to 2 decimal
places, although four decimal places veve used
foyr caleulations.
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FIGURE la
OOITBOLiLB*LB,di8aggre9itad with TB7P8H,oolla mixed together

without paoceage throu” oell eievee”aggregated for 42 houre.

The arrangement of labelled and unlabelled ocelle approaches

randomness*

Light field illumination¥*
MagnificationiX440-e
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PIQURE Ib
CORTROLiLB LB,disaggregated with TRTPSIH,cells mixed together

without passage through oell sieves,aggregated for 42 hours.

Similar aggregate to that in figure 1la.

Dait field illumination.

MagnificationtX440.
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LB*LE (2), disaggregated with EDTA, colls "gioved",

ageregated for 24 hounrs,

Sample TARGE? CRLLE
nunber total L U A a2 a 4 &
T 101 0,62 0.38 0,41 0O HB 0,70 0,43 0,87
Ix 162 0.57 0,43 0,88 0,54 06,92 0,41 0,99
Tt Lon G54 o466 o444 0,49 0,97 o hh 0,92
Iv 236 0,58 0,42 0,44 0,852 0,86 0.h2 0,95
mean oL = 0,93
2]

G = 00,0025
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LB*LB  (3), disageregated with BDTA, cells sieved and

agpgregated for M2 hours,

Sample  TARGET COBLLS

nuwber voval

X Lavy
IT 226
ITT 181
Ty 366

L U ¥ z [+]

[ of

e

031 0,69 0.67 .22 0,73 0.73 0,88
D28 V.72 0,72 0,21 0,77 0,76 0,92
O, 076 0.73 0,23 1.01 0,74 0,95
0430 0,70 0.70 0,24 0.81 0,73 0,93

mean ol
bt ]

2
&=

In a random mixturo of cells d:::l

BB comparaed with o =

LBRLB (1) ¢

el (2) 6

e (3) 6

=

e
P

-9.618 ar 3 p; 0.0025&90.0&1
~2.678 df 3 p: 0.0§>f> 0.025

4505 Af 3 pe 0.025}90.(}1

E] 0.92
= 00,0009

1 {(One tailed *'t!' tost)

positive
segregatlion
at 1% level

positive
sagr?ga%ion
at 5% level

positivo
segregation
3"3 5(;'{3 lovol,
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Comparison of conbrols with each other.

(i) We could consider "timoe course"
Aggrogates (RDPA, with cell sioves)

LBYLB (?2) (reageregated for 24 bour) compared with
LBHLB (3) (reaggregated for 42 hour)
6::: 0,041 t = 0,3686 daAf 6 p? 0.8>F>0.5

(11) The effects of cell "sloving®

LB*LB (1) (tvypsin, without cell sieves, reaggregated for
L2 hour)
{(a) cowpared with LB*LB (3) (FDTA, "cell sieved",
reaggregated for 42 hour)
¢ = 0.027 b o= 2,003 df 6 pi o.§»§o.@5

(b) compared with LB¥LB (2) (BpTA, "cell sieved?,
roaggreogataed Ffor 24 hour)

6 = 60,0980 & = «1.779 df 6 p: @.é¥§@.1
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Jomments on Controls

The degreo of segregatioun of labelled and unlabelled
cells in aggregates LBY¥LB (1), in which the initial cell
stigponsions were ot sioeved is significantly greatexr than
that expected if there were a random arvangewent (N.B. the
groater the dogroe of segregation the lower tho o value).
The nuwnerical value of oL for LBYLB (1) is 0,8842, which
therefore shows that the cells in these agpgregates aro
segragated significantly but to a swall extent according
to whothoer they are "labelled" or "unlabelled®, Thia
could be explained by the presence of cell eclumps in the
original coell suspension,

The finding that this "elumping® effect persists into
apgregates formed after 42 hours can be prodicted on the
hypothesis of Steinberg (1964) that "sorting out® ocours
by exchange of weak for strvonger adhesions, In these
aggrogates all the cells ave of the sawme "tlssue type®
and differ only in sowme boeing "labelled", If "labelling®
hag no effect on cell behaviour one would expect "labelledV
soll adhesicons to be the same strength as "unlabolled?
coll adhesions of thoe same "tissue type®, and thus no
exchanges of adhesions would be prodicted. Incidentally
it wight be predicted that swmall cluwps of like cells in
intitial cell suspenslons for wmixed reaggregations of ¥two
call types would enlarge or disperse during two days!?
culiture in reageregates, So in long term aggregates {of a
fou dayvs) of different cell types the presence of cell
clumps in the initial cell suspensions should not affeet
the final avrrangewent of cells, T have assuwmed in this
avgument bthat the degree of segregation in LBXLB (1) is
due onlyv to clumps in the unsieved initial.suspensions,
That/
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That this may only be partially true is suggested by the

fact that the degrees of segregation of cells in LBXLB

{2) ana (3) aggregates are not statistically significantly

different from that in LBXLB (1), even though these

aggregates were propared from "sieved" cell suspensions,
In control aggregates, prepared with cell sioved

suspensions, the cells show a swall butbt probably

significantiy different arrangement Iroewm randowms This
o

the culbure peried, leading to groups of like cells bhoifng:
proeduced; or to the "labelling® in sowe way affecting the
behavicur of the cells, Mitotie figuves have been observed
in agevogabtes forwed after 42 hours reaggregation of mixed
beart and liwb bud cells, so it seems likely that cell
division could adequabtely account foir this swall departure
Prom a random arrangement of cells in LBXLBE (2) and

LB*LB (3). It would be expected, if this were the case,
that this scgregation effect would be more warked in

aggregates formed after 42 houvrs in which more cell

LS

divisions have taken place than in aggregaltes reaggregated
for 24 hours, The degree of sogregation, although
pumerically higher (and therefore neaver random) in
agpregates formed after 24 hours is not significantly
differvent to that in aggrepgabtes formed after 42 hours.
fTven so, it can reasonably be assumed that "labelling® of
a cell suspension does not alter the bebhaviour of cells

in aggregates wore than slightly if at all,

This small degree of segragation, probably due to
coell division, will also ocour in nixed aggregates of
different cell types, in additioen to any segregation of
cells accovrding to type, It is the latter segregation wve

are/
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are inbterested in. When btesting whether the mixed
aggrogates show any significant segregation according to
cell type, the 0K values of the control LBYLD (3)
aggregates aro used as the expected values foir a random
arvangement of cells, thus inciuding the correction for
any psuoedo-segregation due te cell division, In this
vay, we can test whoethoer there is any significant
segrogaticon due only to the mixineg of two different cell
TYPOS,

Ideally we should have contyols iike LBXLD (3)
for aggregates forwmed in shovier times, It had beon
hoped that LB*LYE {2) agrpregates (formed after 24 hours)
wonld show that the degree of segrvegation obtained in
control aggregates was due to cell division, Tosting ol
vatues from mixed agsregatos Forwmed after 2 hours and &
howrs against the ac values of L¥*LB (3) is probably over-
estluating 1v these cases the degree of segvepation due

>4

to oelld division,
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LHTA BPISAGOGREGATION

(a) Aggregates Fformed after 2 hours reaggrogation,
RECTPROGAL EEPERIMENTS
(1) LB*U ("labelled" liwb bud cells mixed with

*unlabelled" heart cells)

Sample TARGET CRILLS

Nuwher  Lotal L 13} A 2 q [+ <
T 302 0,70 0,29 0,26 G,51 0,85 0,29 0,71
IT 506 0.65 0435 0,28 0UH0 0,80 0,37 0,62
TET L6 0,69 0,31 0,26 0,431 0,70 0.34 0,61
Iv 370 0,67 093 0,25 0,43 0,86 0,32 0,60

Tobal
samplet 1,70k 0.68 0.3 0,26 0,k3 0,80 0.93 0.63
moan o< = 0,64
$2 = 0,0027

1
"Potal Sample" wmeans that all the data was
treated as one sample as a chock, but is not

inncluded in wean aC.
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FIGURE Ila

«

LB H:cello disaggregated with BDTA,reaggregated for 2 hours.

This shows segregation of cell typos.
Mote also labelled cells,limb bud,appear to be positioned

externally.

Lig*t field illumination.

Magnification:1440.
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FIGURE Ilb
LB*E:cells disaggregated with EDTA,reaggregated for 2 hours.

This is the same aggregate as in figure Ila under dark field

illumination to provide a reference for dark field photographs,

MagnificationtX440,



{BDDA disageregation continued)

(a) Agsregates Tormed after 2 hours reaggregation,
(ii} peLn {("ilabelled" heart cells + “unlahollod"

Limb bud cells)

Sample TARGET OFILLS
numbor  kobal L i x LA L2 «
T 215 0,138 0,65 047 0,18 0,57 0,74 0.56
T 239 D22 0,78 0.8h 0,14 0,92 0,78 0,64
Total _
Csample Al 0,28 0,72 050 0,148 0,72 Q.76 0,59
' mean e = 0,60
(A
8% = 0,0039

LN gouwpaved with TYLR

S = 0,059 o= 0,751 df b p=Ao 0.3

A

Vote: G = numbey of degrees oif fireaedow and

is ftho total number of samples in both

grouns = 2,
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«

FIGURE III
«
H LB:cells disaggregated with EDTA,reaggregated for 2 hours.

A central mass of labelled cells,heart,can be seen with tapering
aggregations of limb bud cells. Aggregates of this type show a marked

degree of segregation. The autoradiograph is of rather poor quality.

Light field illumination.

Magnification:X480



(EDTA dlsaperesation centinued)
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(v) Aggrogates forwed after &4 hours vreaggreogation.

RECTIPROCAL BXPERIMENTS

(i) LB*H

Sawple TARGET CELLS

Muwmber votal I

T 380 0,74

Ix 2312 0,69

TEX 458 0.'79

Ty hal 0.78
Total

sample 1,56L 0,76

{i1) H*LB

Sample TARGET CBRLLS
Nuwber total L
£ 651 0.07

u ¥
026 ©.28
0.31 0,32
D21 0,29
0.22 0,21
0,24 0,26

U ¥

0,93 0,65

LB compared with HXLB

o= Py
==}

z a £
OM7 0.66 0,30
043 0,61 0,38
047 0.53 0,28
047 0,62 0,26
0h6 0,57 0,32
) maan OC e

K SR -

2 gq [

0,02 0,35 0,97

0.5465 df 3 pi o.§>P>o.5 (2 tailed)

&

0,64
0 .70
0.6
0.59

0 .66
0,64
0.,0021

I

0.63
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{c) Aszgvepates formed after 42 heurs reagegrogation in

veciprocating shakers,
HOCIVYROUAT, DYPERTIMENT S

(1) Lms

Aggregate TARGET CTT.LSE

nunbep botal
k3 196

TT 302
IET 267
TV 226

( 14) #BeLn

Agoregabe TARGYT CHLIR

0,581 0,56

numnboi tobal
I 21h
1T hol

TIT 360

G = 0.038

0,890 0,85

1 compayed with

i B

3 <
0,548 0,67
0,53 0,66

0,55 0,66
0,36 0,66

maau &

2

LN
W2

= a4

0,09, 0,26
0L.06 U7
0.08 0,67

moan DC

pA ]
G [

e
IR

0439 0,93
0,84
0,9k
0,58 0,91
0.91
= 0.002

-
oy
-
3
Ut

o]
-
L
o

it

g «

0.97 0,86
0,93 0,82
0,50 6,85
= 0.8k
= 00,0006

0 <Lq>ﬁ>o.os

Hote in (o) LB*H agpregate IV has diffevont proportiouns

of cellsg to

simiiar

ates I,

IT and IXI buet has

a
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FIGURE IV

*

LB Hioalla diaaggragated with BDTA,reaggragated for 42 hours in

rsciprooating shakers.

Rote this depiots an almost random arrangement of labelled and

unlabelled cell types at this proportion of 3t1»LtU.

Li*t field illumination.

Magnification |X440.
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(E1PA disaservegation conbtinued)

. 1
(d) Aggrogates Tormed after 48 hours reagegreogation
in gvratory shalexr.

RECIPROCAL EXPRERIMINTS

(i) LpEH

Aggwegate TARGET CRLLS B

humber total 1% U v 2z a Q _0;(,
I 150 0485 0415 0.17 9,53 0,55 0.18 0.58.
I . 25k 0,70 0.30 0.21 0,53 1,05 0,23 0,66

ITx 248 077 0,230,820 0,57 0,82 0,21 0,70
Sawmnle IV Us2 0,73 0.27 0,19 G50 0,97 G6.22 0,59
mean & = 0,63

52 = 0,0035
(11) m*LB
Sowple  TARGUT CLLLS
Number  total i U Y 2 g e &L
T 583 0,16 0.8%k 0,67 0,10 0.82 0.86 0,74
T 203 0,18 0,82 0,58 0,11 0,91 0.82 0,66
wmear ﬂc = 0,70

.‘32 = 00,0032

LBYH gowparved with H¥LB

6 = 0.059 t = 1.343 af bk pi 0.§>F>0.3.
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FIGURE 7a

LB Hioella dlaaggregatod with BDTA,reaggregatad for 48 hours in
gyratory shaker.

The cell types are markedly segregated,and the labelled oell type
limb bud,is positioned intemallyinote therrt are some limb bud
oells at the edge of the aggregate. This section probably
represents an **end**of an aggregate.

There is a heavy background.

Dark field illumination.

KagnificationIX480e
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PIgOEE 7b

LB*Htoells disaggregated with EDTA,reaggregated for 48 hours in
gyratory shaker.

More median section of an aggregate formed in the same experiment
as aggregate shown in figure 7a. Bote segregation of oell types

and thin external layer of the unlabelled oell type#heart.

Dark field illumination.

MagnificationsX480.
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»

FIGURE Via

E*LBIcalls diaaggrsgated with EDTA,reaggragatsd for 48 hours

in gyratory shaker.

A few cells of the labelled oell type#heartf#can be seen at the
edge of the aggregate. Internally lies a mass of the unlabelled

cell )ype#limb bud.

Light field illumination.
NagnificationtX480e
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FIGURE VIb
H LBicells disaggregated with EDTA, reaggregated for 48hhours

in gyratory shaker.

Same aggregate section as in figure Via. Mote external position-

ing of heart oells.

Dark field illumination.

NagnifioationiX480f
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BREA and TRYPSTN VISAGGRUBGATION

{an) Aggrepgates formed after 2 hours reaggregation.
RECTFROCAL RYPRRIMENTE
(1) Lp®u

Sampie TARGET CBLLS .
pawber — total L y ¥y =z a K4 £
T 355 1 0,67 0,33 0,28 0,38 0.66 0.38 0,61
T SUB T 0.66 0.3% 06,28 0.42 0,76 0.36 0.6k
TIX 330 0,68 0,32 0.29 0.37 0.59 0,40 0.60
Iv 325 0.70 0,30 0,28 0,44 0,80 0,31 0,.61.
total
sauple 1,351 0,68 0,32 0,28 0,U0 0,70 0,36 G061
mean KL = 0,61
s® - 0,0004
(i1) v*LB
Samplo TARGET CRLLG
nuwboxr total L U ¥ z [+ Q @;
T %8 0.1% 0,86 0,65 0.08 0.79 0.87 0.71
Ix 155 0,15 0,85 0,69 0,04 D0 0,93 6,71
1TIT 200 0.21 0,79 0,59 .08 0,51 0,87 0,64
K7 297 0,16 0,88 0,72 0,07 0,55 0,90 6,77
v 329 0.15 0,85 0,61 0,06 0,60 0,90 0,64
VI - a76 0,16 .84 0,50 0,08 046 0,91 0,60
Total
sample 2,017 0416 0,84 0,64 0,07 0,55 0,90 0,68
moan & = 0,68
Sz = 00,0039

LB¥H compared with H¥LD =
& = o0.051 £ = 1,958 daf 8 p? 0.1>P>0.05.



{&nTA and TRYPSIN continued)

{(b) Aggregates Forwmed aftor
RECTPROCAL BRPERIMENTS

LB*H

TARGETDT CELLS

Banple
number total
X 280
NN 03
IIT 529
Iv 553
tobal
samnle 1,765

Sample

(11) m*Lp
TARGET CELLS

number tHotal

X 320

IT 316

Ixx 360

iv 676
total

sample 1,672

I
0*81
0,76
0.79
077

0479

L

0,16
.19
017
04,19

0418

Ic

0.19
0. 24
0,21
.23

.84 0

71,

!g: ‘ S ] il - CX gy ""-‘-
#: hours roaggregation,

04,19
6,19
0,19
0,19

0,19

M A
73

0,81 0,71
0.89 0.62
0.81 0,65

0.82 0,67

LB gowpared wibth H¥LB

© =

0.050

G o=

-2 07l

af

6 pt

g
Q.67
1,02
0,77
Q.85

0.78

wmaan

0.52
0,68
0.67
0. 4o

0.57

maan

[{on)

0,21
.19
.21
0.21

0,90
0.85
0.87
Q.29

A o
8

Q.l>#>0.05‘

&K

0,65
0.71
0.65
0.65

0 .06
0,66
0, 0000

o

0,78
0.8

0.67
0,69

0.3
o,74h
0 ,00480



(B0PA and TRYPSIN conti

nued) .

(o)
RECTPROCAL BEXPERIMENTS
(1) LB*u

Aggregates forwmed

Ageregato TARGET CELLS
numbey = Lobal L
xz 170 0,65
TE 267 0,653
ITy 7L 8,59
v 101 0,66
aplicate oxperiment
I 517 0.89
Ix 56h 0,88
Comparilson

6

0,048

-
a

after

U

Load

Ge35
0437
0.h1
04340

0,11
D12

72,

iz hours reaggregation.

X
0,29
0439
0636

0,34

0.1
O.12

& a &
G450 0,96 0,32
0,50 0,76 o©4D
043 0,82 o,kz2
047 0,70 0,38

meaan 0(- =

a® =

0475 95,90 0,06
070 0,78 0,09
HieAan 0C' =

s =

of experiment with duplicate

LB¥H Two experiments

(id)

H¥*LD
Agorogate TARGET CELLS
numbor total L
T h90 0,12
Ix 3290 D409 .

LB cowpared with H¥XLRB
6 = 0,070 t o= 0,7

&K
0.7l
0.86
0476
0.76
0,78

G.0031

0,68
0.68
0,68
0000

t = 2,999 af & p: ’0.1>P>0.05,

Total mean K = 0.75

e

G = 0,0046,
g ¥ z a & &K
0,88 0,67 0,08 0,91 0,88 0,73
0,91 0,80 0,06 0,76 0,92 0,84
mean 0(; = 0,79
g° = 0,007
05 df 6 P 0‘8>P>0.5-
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FIGURE VII
LB Htoallsdlaaggregated with EDTA and TRYPSIB, reaggragated for

42 hours in reoiprooating shaker.
The oell types are not markedly segregated.

Light field illumination,
NagnificationtX4doO,
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TRYPETN DISAGGREGATION

(n) Aggrogates formed after 2 hours reaggregation,

RECIPROCAL BXPERIMENTS
{i) LB%*H

Samnple TARGET CELLS

nuwber  Lotal L U v, B a g
T 632 0,83 0,17 0,13 0,70 1.11 0.10
Ix 563 0.85 0,15 0,13 0,74 1,02 0,09
Tobnl
sample 1,105 0,84 0,16 0,13 0.72 1,07 6,09
mean 96 =

(1i) H*LB
Sample  TARGET CELLS

numbor  teotal L U v 5 q K4
T 391 0.22 0,78 0,70 0,09 0.k4 0.88
IT 345 0.20 0,80 0,67 9,09 0,54 0,87
Tabtal
sample 676 0,21 0,99 0,69 0,00 0,40 0,88
wean O =
02 wta

LB¥H compared with HXLB

© = 0.0311 t = w=0,8109 df 2 p=0,5,

7\

0,70
075
0.72

0,72
0,00Lh

%
0,77
0473

Q.75
0.75
0.,0006
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FIGURE nil

LB Hicells disaggregated with TRTPSIH,reaggregated for 2 hours.

A small clump of the unlabelled oell type,heart,oan be seen

even though this oell type is in the smaller proportion.

Light field illumination.
NagnifioationiX480e
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h=N

FIGURE IX
»
E LBscelle disaggregated with TRTPSIH#reaggregated for 2 hours.

Note groups of labelled cell type, heart.

Li~t field illumination.

KagnificationiX480.



TRYPSIN DISAGERBCGATION (continued)

()
RECIPROCAL DXPRRIMENTS
(1) Lmxw
Sample TARGET CRLLS
pomber  tobtal L U
I 190 0,82 0,18
It 273 0.82 0,18
Xix 212 0,83 0,17
Iv RO 0,82 0.18
Total
sample 895 0,82 0.18
(1) BeLB
Samploe TARGET CELLS
nuwbey  botal L U
I 376 014 0,86
Tx 389 0.16 0.84
Total
samplae 767 0,15 0,85
LB cowpared with H*XLB
6 = 0.051 bt o= =1.637

0.13
0.13
0,13
0,14

0413

0,70
077

0.73

ag

0,70
0,67
0,74
0,69

0*70

0,08
0,07

0,07

g3

1721, .

Agprogatos formed after 4 hours reaggregation,

g (5]
l 'l?’ 0 L) 10
[+1€ ©.10
(20 0,09
[+1Q 0,10
(16 0,10
oo OC m
5% =
g o
066 ©.89
0‘50 O, 91
0:56 0,90
fHean 5(- =
2

0,71
0,65
0.77
0,71

0,71
0.71
0,0025
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TRYPSTN DISACERRGATTON (continued)

(¢) Aggropates formed after 42 hdur% reaggregation
in rociprocating shaker. ‘

REGQIPROCAYL, EXNPERIMENTS

(1) LvxH

Agegrogate TARGET CBLLS

nunber total L u v a2 q %4 o
T 161 0,60 0,40 0,35 0,k9 0,94 0,38 0,80
Iz 5o 0,67 033 0,32 0,58 0,84 0,32 0,82
A 383 0,72 ©,28 0,348 0,52 0,61 0,35 0,83
Iv 359 0.69 0,31 0,33 0,55 0,75 0,33 0,85
mean oK = 0.83
s = 0, 00085

Duplicate experiment,

T 586 0.53 0,47 047 0,37 0,70 0,52 0,82
T 606 0,50 0,50 0,48 0,36 0,75 0,54 0,83
mean &Ko = 0,82

2

S = 0,000
Cowmparison of experiment and duplicate:
6 = 0,018 t=0,060 drl p)o.s.
Two experimonts total mean = 0.%}

s = 0.,0003

Noto that there ave differont proporitions of labelled and

mnlabelled cells in the two experiments giving similar

((’Sc
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FIGURE X
LB H:cells disaggregated with TRIPSIN, reaggregated for 42 hours

in reciprocating shaker.

Note small degree of segregation.

Lig"t field illumination.

NagnificationIX440e
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PRVPTIN DISACCRRCATTION ({(¢) ocontinued)

(1) @YLB

Aggroegato TARGEDT CELLS

nuh o totbal L U Y z a [*4 &<
R 506 0,12 0,88 0,70 0,08 0,78 0.89 0,75
Sample I Ly 0,16 0.8F 0,72 0,17 1.25 0,79 0.88
’ mean OL = 0,82
-

ST = 00,0087

Dunlleate experiment.
Sample T hay 0,08 0,92 0,85 0,04 0,54 0,95 0,87

Comparison of experiment and duplicates

o= 0,967 df 1 pe 9.§>§>0.5 (2 tatiled).
' Two experiments: total mean afaﬂ,Sh

2
8 = 0,005

Comparison of total data of LBXH with total dabta of H¥LB

O = 0,001 = -0,30h af 7 pe 0'3>ﬁ>0'5‘
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\

To test whether the aggregates show significant segreg&ﬁ&&
of cell tvypese.

The degree of segrezation (OC) of aggregabes prepargh
by each procedure at each time interval was compared with the
oC wvalue of the control LB¥LB (3){agsregated for 42 hours
and "eell sieved"), In each case, all the values obtained
for ¢l in reciprocal and duplicate experimoents {when per-
formed) were used.

Comparison with LDI¥LB (3),!MHH1%C§3Q.92, ng 0.0009,
Type of aggregatgs

DL g Raw =

aggrogated aggreogated Ge t%é togal ] X ar B
with , for’ mean &

EDTA 2 hour 0,62 0,0026 0,0kl 10,51 8 p<0,0017

LOTA 1% houn 0.64 0,0016 0,036 11,80 7 p<0O,00L" _

WOTA raaip)?QQ hour 0.88 0,0024 0,044 1,89 9 p=0,2-0,1

POTA(gyeat )48 nour 0,65 ©,0040 0.053 7.§6 8 p 0,001

THTA +

TRYPSTN 2 houn. 0,65 0,003k 0,052 8.76 12 p<o.oo1”

BDTA +

TRYPETN 4 nour 0.70 0,0036 0,053 6,91 10 po.ooL"

BIVIA 4+

PRYP S TN %2 hour 0,76 0,004%5 0,059 4,65 10 p<b.001:

PRYPSIN 2 hour 0,74  0.,0009 0,030 8,93 6 p<0.00L7

TRYPSIN % hour 0,73 0.003% 0,050 5,84 8 pdo.0017

TRYDPSIN k2 hour 0.83 0,0015 0,037 4.2k 11 p=0,002-

0,001

1 reciproecating shaker used for reaggregation.
2 era -h o }:\-y 133 34 it it

+ significant segregation.

= mnot significant segregabtion.

ALl groups of aggregates except those prepared by EDTA,
aggrogatod fox 42 hours in a reciprocating shaker, have oC
values which are significantiy lower than the ol values of the
contvol LBXLB (3) aggregates, and therefore the cells are

sogregated according to type.
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Time Couvse of "segregationm"(vontinued)

In aggregates formed after 2 hours and 4 hours
reaggregation the arrangement of cells is the same, and
in both ¢ases wore segregated than the arrangement of cells
in aggregates formed after 42 hour reagsregation in a
reciprocating shakex,
[? aggregated in reciprocating shaker SeefWQWbuskﬂﬂ%]

2 " " gyratory "

which in fact shows no segregation, The arrangement of
cells in aggregates formed after 48 hours in the gyratory
shalker is not significantly different from that in
ageregates formed after 2 hours and 4 hours reaggregation,
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81, \
Time Course of *segrepmtion"(continued)

The arrangement of cells in aggregates formed after
2 hours and 4 hours reaggregation is not significantly
different. The degree of segregation of cells in
aggregates formed after 2 hours reaggregation is
significantly greutér than that in aggregates formed
dafter 42 hours reaggregation, whereas that of aggregates
formad after 4 hours reaggrepation is not significantly
lowsr than that of aggregmtes formed after 42 hours.re-
agoregation, This sugsests that the degree of
segregation of aggregates formed in 4 hours 1s intermediate
hetween that of aggregates formed in 2 hours and in 42
hours,
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Diwmo Uourse of "sepregation®{continued)

The celles in aggregates formed after 2 hours and
4 hours reaggvegation show the same degree of segregation,
Testing the dogree of segregation of aggregates Formed in
2 hours and & hours with that of aggregates formed in 42
hours shows a significant difference,

(1) Thé aells are highly segregated in aggregates produced
after a fow hoursg,

(2) The celis show a progressively wore random arrangement
with tiwme in culture,; when aggregates are Fformed under
certain conditions in reciprocating shakers,

(3) A segregation of RDTA disaggresated cells, similar to
that in early aggregates is shown when mggregates are
produced 4n gyretory shakers in 48 hours.
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Comparlsonsg of disapsrogation technicues(continued)
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Compardson off disagerepation teohnigues (continued)

(&) Comparison of aggregates reaggregated for 48 hours

in a pyratory shaker (mean X = 0.65) with agpregates

reagevagated for 42 hours in a reciprocatineg shakor,

Compared with

disaggregated mean

with X o 4

L

BDTA (veciv)t  ©.88 ©.056 7.30
ERTA o TRYPSIN G 0,76 0,066 «2,92

ag

11

13

2

{0,001
12 pt@.@@@ﬁ,ﬁl

{0,001

Signifie
cantly
different +

+

+ at
5% level

+

Aggregates prepared in gyratory shakers show a

slgnificantly higher degree of segregation than any aggreg-

ates reagpgregated for a cowparable length of tiwme in

reciprogating shakers, It should be remembered that the

wediuw 1in which reaggregation was carried out was different

in gyrvatory shakers,

1 reaggregatad in reciprocating
shaker,
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Comparison of aggregates produced from cell suspensions
initially disaggresated by various technigues.

Conglusions
\!
Lonclusions earily aggregates (formed after 2 hours and
4 nhours) the degree of segrepation can be

exprossed ass

mm) TRYPSTN + }EMA) TRYPSIN,

(2) In tho sgsvegatos formed efter 42 hours veaggvegation
in reciprocoating shakers, the degree of segregation
cen ba expressed ast

TRYVEIN « EDRTA > mwsm> BDTA

{3) In gyratory shaker produced aggregates (cells
disaguregated with EDTA) the degree of segregation
ie significantly higher than Iin aggregates
reaggregated in reciprocating shaker for cowmparable
time pervieds,



B9

Distribution of oells from obeervations in segregation
tost Iy

The freqguency distribution of the nuwber of cells
of uvne type around a target cell of a glven type can be
oxanined where the oelle ars recogulzsed dy being "labelled?
cr Munlabellodt,
If the ceolls are randomly arvanged the frequency
distribation of wvellis of one type surrounding targets of
a given type would be expecbed to be binomlal; The binomial
dietributicn e ﬁhtaf%ed by expansion of the term (p + g)®
yhara n is the maxlmum possible nunber of surrounding
) cells, fioe 6
p is the probability that the cells are of one
type 1,06, the proportion of that cell type
@ ig the probabllity that the cells are of the
aother type 1.,e,s the proportion of this cell
type in the agpregate and q = (1L « p).

Bagra Vhen considering #iabelled" cells round "labelled"
targetsy, p is the proportion of "labelled' cells in
the aggregate and g s the proportion of "unlabelled"
cells in the aggregate,

{(p + q)°® expanded thus
24
a

'

a® « 6pa® ~ 15p + 20p7g” + 15@“@2 + 6p°q + P6

We can caleculate the blnomial distribution of the
expocted frequencies of 0, 1, 2, 3, #, 5, 6 cells of one
type surrounding a target cell of given type when the cells
ayy randomly arranged as p and g are gliven by the proportion
of/
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of target cells of each ﬁypee_ Thense parameters can be
readiﬁy galoulated from the counts of "unlabselled" and
t1abolied" target cells by simple pwoportion using the
corraction for pervsentage lahelling, We can then test
tho observed frequency of 0, 1, 2, stoes "labelled" cells
surprounding "labelled!" targets and of "unlabelled" cells
surrounding runlabolled® targets apainst the caleulated
binomials by means of aﬁxg tests X the cells are
fandomly arpranged, "labelled! gnd "unlabelled® celleg should
be distributed not significantly differvently from this
binomial distribution repardlese of percentage labelling
(see later),

LoxLe (3) (diseggresated with EDTA, ceil "sieved"

and reaggregated for 42 hours,
Sample IIT o = 0,95

derraected for percentage labelling: propertion of targets
of labeiled cell
type = 0,26

proportion of targets
ef unlabelled cell

type = 0,74
(1) "labelied" gells survounding "labelled" targets,
‘}_3“ =5 9. 2.6
g ow DW7h
Numbep of surruund&ng ObLservesd Tzpeated
A - X % X S . Lrequency Lfraguengy
O 5 «03
k3 17 lZ;&B
2 14 12.h2
3 7 5.68
b 3 147 1
5 & Q.20 1,68
6 0 0,01
2

X

1 classes summated vo give expoctation of not less than
l (¢Gochran 1954)

df'tha wumber of degrees of freedom is the number of
slasses - la

it

2.25 df"? & e Qu?}f’)asﬁﬂ
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LB*EB (3) sSample III (continued)

(4i) Tunlabelled" cells surrounding "unlabelled"

tar‘g&ts.
P o= 0.74
q L 0‘*26
Nutmber of
*unlabelled® Observed Expeoted
surrounding frequency froguency
cellas
.0 0 0,05 ;
2 4 72
3 15 18,24
h o 39.87
5 L8 he .47
6 31 22,56

X% to2b ar 'k woo.5p)0.3,

In LB¥LB (3) Sample III tho frequency distribution
of the nuwber of "labelled" cells surrvounding "labelled"
targets and that of the number of "unlabelled" cells
strvounding "unlabelled" ftavgets fites a binomial calculated
from the prupartion of target cellis of each type in the
agoregate, This provides additional avidence that labelled
and uniabelled cells are distributed at random (see later)
in this sawple of agepregabes.
| Prom the data of the wean numbeyr of surrounding
tiabolied" or "unlabelliod" ecells of "labelled" or "unw
laballed” targets we can calculate a binomial distribution

(p + )"

wiere n = 6 (as before)

P = proportion of one type cell around a
given target, as recognimed by being
labellod o1 unlabollaed,

q = (1~ p)

Ve/
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We have from segregation measures, the propertion (y)
of unlabelled cells round labelled targets and the proe-
portion {2) of labeliled celis round unlabolled targets,

Therefore the proportion of labelled cells = (1 = y)
round labelled targets

and the proporiien of unlaballed = (1 = z)
zells round unlabelled bavrgets

Tn LB*LB (3) Sample ITI the labelled and unlabelled
cails are randomly arranged, ‘the preportion of the

labelled target cells In the aggrogate should approximately
equal (1 ~ y) and the proportion of unlabelled target cells
approximately equal (1 - =)

Gorrected preportion = 0,26 (L - v) = 0,27
of labelled targeis
Corracted propertion = 0,74 (1 = 2) = 0,77

of unlabellied targets

Hinomial distributions ecaleoulated from the data
of the mean number of svrrounding cells can be fitted to
the dhsorved distiribution of cells,

LexLs (3) {disagpregated with EDTA, cell "sieved®
and reaggrogated Ffor 42 hours)

SAMPLE IV ol = 0,95
(1) Ainomial distribution calouvlated frowm the corrected
proportions ol cells in aggregates to test whether the
coils are arranged randonliye

(i) "Labelled® cells surrounding "labslled" targets

p = 0.32 (eorvected proportion of “labelled"
targets)

g = 0468 ( " o v fyniabelled"
targets)
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LBLD (3) Sample IV (oontinued)

Mumber of

strrounding Obsorved Expectod
celle frequency frequency
0 11 10,77
3 35 30,05
2 35 34,02
3 20 21.64
& 6 755
5 1 1.40 )
6 0 O .11 )} .51

X% ran ar 5 pro0,95)) 0.9,

{(11) "Unlabelled" cells surrounding “unlabelled"

vargets
p = 0,868
g = 0,32
Nuwboer oF
sorrounding Observed Expocted
¢ells frequency freguency
3:3¢ ) .60
2 6 18,03
3 26 51,70
& 7h 83.41
5 107 71.78
& . 43 RS .72

Xz 51,8 ar s p  ©.001.

The/
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LoxLs (3) sample IV (continued)

The distribution of the nuwber of "ilabelled" cells
surroeunding "labolled” targets is not significantly
diffeoront frow the binomial expected Lf the cells are
randonly arvranged, The distribution of "uhlabellad"
colls round "unlabelled" targets is however signlificantly
different frowm the binowial expected if the cells are
raundemnily arranged, The frequoncies of high nuwbers of
fmnlabelliedy gells survounding "unlabelled% bargets ave
pieator bhan expected. The freguencies of low numbers
of "iabelled?" eells suvvounding "labelled?" targets are
greater than expected, These "skews" in the observed
distributions could be partially explained by the fact that
a proportion of the "labelled" cell btype does not take up
the label, although the real situation is wore couwplicated,

(2) Binewial distribution caloulatod frow an estiumate
of p from the data on suryrounding cells,

LE*LB (3) Sample IV
(i) "Labelled! cells survounding "labelled" ftairgets
P = 0,30
q = 0,70 (y)
Numbex of

surrounding Obgsevvod Prpected

cells freaguency - froeguency

O 11 ) 12.9

i 35 32.7

2 35 34,9

3 20 : 19.7

?.g. 6 6.2

3 1 1.0 ;

G O 0,06 1.3

x’; okl agt & pe 0.98>f>0.95.

1 dogrees in freedom in this case where p and g arve
caleculated from data is tho number of classes -~ 2.
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LB¥LD (3) Sawple IV (continued)

(i1) "imlabelled" cells surrounding "unlabeiled"
targebs,

p o 0,76

q = 0,24 (2)

Tumhor of

surrounding Observed Expected
cells frogueney freguency
° : ol } 03
2 6 6497
3 26 30,4
L , 7h 73«53
5 107 9k .60
6 43 50,83

Xe ms0 arh proous)pdoLs,

Although the distribution of "unlabelled! cells
round "umlabelled" targets ie significantly different
from that expected if the cells were randomly arranged,
the frequency of the number of surrounding coells is
disbributod binowmially,

A binomial distributlon of "labelled" cells around
Hiabelled" targebs was calculated from the data for LDBXH
Sample IV of aggregates formed from cells disaggregated
with EDTA in 2 hours and cowpared with the observed

digtribution,
LB#H Sample IV K= 0,67

p o= 0,75
g = 0.25 (v)
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LB*LB (3) sample IV (continned)

Nuwbor of

surrounding Dbserved: ixpected
© o kolln frequency freguenoy
O A 0~03 )
i 1 0.89 8.66
2 10 787k
3 b 31.98
& 67 73432
5 81 67,58
6 52 44,09,

xzﬁ 3w67 af = P? G¢5>?>G‘«3&

Bven when the eell types arse segrogated the number
el "labelled® cells round "labelled" targets is distributed
binomially. This waps found to be the general case, In
cthor words, tho sxperimental data on proportions of cells
survrounding targets show no wmore variation than expected
in a bhinoemial distribution,



Fupthor points on Segregation teet I

Ve can taest how homogoneous the obsorved proporsi
v oand g fvom aggregabtes prepared under the sawe conditio
As an illustration agsropgates LB*LB (1) (disaggrogated
with trypsin, not cell Ysieved! reaggregated for 42 hours)
have boen examined briefly.

I# tho proportions of "laboeolled® and "unlabelled¥
targot cells 1n the feur aggregates are not statistically
diPfervent the frogueney distribution of the nuuber of
Tlabelied? cells wound "labelled" targets should also nosg
o shbastistically diffeoront,

{a) The proportions of "labelled!" and “unlabellod"

targots,
2w & Contingency table

Tlabelled" Tunlabellegt
taveats tarcets
Aggrogate I 62 143
“ 1z 11k Bl
v TXE 97y 214
t TV Q7 209

yA
X= 0.86 af 3 p: 0.9p)0.8 not significantly
difforent,

(b)) "Labelled" cells surrounding "labelled®
vargets,
nuwboy of surrounding ceollg

0 1 2 3 ) [ 6
Aggrogats 1T It il 8 19 iz 5 0
" Ix 18 25 21 25 12 a2 K}
i Ity 11 24 3l 21 6 1 §)
n v i3 26 i 15 7 2 1
3[% 30,32 treated as one class
kA s0 expoctoed frequency
i = 15 not less than 1,

pr O .-e}f;),:) 0,01
not significantiy different at 1% level

aed . L . B Y e Tantntre o 1)



98,

The suvvounding cell freguencios may eltow significant
variation over and above randou, This way not be iaportant
and data has beoen treated as howogeneous, It has boon
pointed out in the resulte, where applicable, that ¢ val ues
do nol seew to depend on the proportion of the tuo coll:

types in ageregates, dn the range ol propertions obiained.

1
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T

ST FOR SRORTGATION OF CELLS ACCORDING T0 TYPR.

TRET IT  Plelowu's {(1962) Line tyransect wmetvhod,

The goneral thoory (after Pielou 1962),

We can consider Ltwo oell tywes A and B mixed
togotiior in an aggregato. If wo take line transechts across
the aggregate recording the type of cach coll in succossion
wg can obtain a distribution of run lengihs Ffor cach ceoll
bypo.

Pollowing Pielou (1962) the theorotical situation
KRR
Lot thoe probabilisty of oncountering individuals of A bo a.

[ 1] i £ it i 1] 8 }3 b@ 'E:,,

Thoe probability of obtalning an unintervupbed sequenco of
v dndividouals of A is arﬂlb.
The probability of obtaining an wninterrupted sequence of
s individunlis of B ig Bﬁ"la.
So for hoth A and B the distribution of rum lengths is
geonetric.

Gonsldering the xuns of Ats,

L_J
let wmean run lengbth = m,

Considopring the runs of Blg
& )

1ot mean yun length = -

, ¥p
. I X
tho estimator of b, B i
A
the ostiuwator of a, 4 & e
@
B

Lot € be the preportion of A cells,
then (l w-e) ie the proportion of B collis.
e/
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I the ecells ave randomly arrangoed

: e 1 w2 X
mA iy
o~ .
and b o= e = proporition of B cells
i
A
PR 3 .
aund a = ™ = proporviion of A cells,
3
n‘ﬁ?
S0 Wo gan vwrite
i
- = (1 -0)
i
A
and 1 . 8
wak
'8

thoproforo in a randow array we can checlk
kX $ 1 = (1L =«@0) + 0 = 1,

e e ) e
- -
Yt A ﬁ}B

9 the cells are segrogated, tho wean run lengiths
1 v
of &4 and B will be increased, == and :é“ will be lowered

from that oxpected frow bthe proportions of B and A in the
MLmbuRro .

Wo can intyroduce a term/é p B0 describe this lowering.
/3=x 1y when the cells are randowly arranged beocause in this
oREa ot (1 « @) and e = O .

] m.
®h B

Tutrodueing/
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mntradmcing/fs

w%"‘“wﬁ(l-"e) ';':-"‘;"1"""'@ o

3
a0 the sum of ﬁ&m-and §$~ exprossed in terms of L
A I

9£w R :im m/ﬁg( = 1, when cells randomly
W, g avrangoed)

Pielon {1962) lg interested in the value of

j’ - 1 4 3. )
s =
B g
0 debeot sagregatlon, I the vells aro randowmly
1 + , .
arranged.:fm‘ :&“ = 1, and the differaence is O, When
'ﬁ'lﬁ . HT?B

the cells are segregated d:—t-ﬁ and the difference —P 1.

I7 the number of obsevvations of ruas of A (nﬁ) is
pufficocientliy high ’% will have auv approximatoly normal
diagtribution,

The warlance of this distribution can be given as

2 -
o e ¥
t.).b 4 ;:}L . B’A - j‘
A = 3
A
likewise o -
8§ ° = 4 4 9B - 1
a ey "
I mﬂﬂ

e

£ A and B are unsegrogated it follovws that with

a 95% probability

A N e a2
B I = bHhea = L k) 1,96 VfE @ - 8 2
FﬂAt fﬁa

since the run lengiths arve indepoendent of each other,
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1. 1
Ve can test whethor —= — is signiflicantly less than
it i
A B

wnity and, thus, iIf the cells are segregated,

Vo have the following observatlons

m, = wean run length of labelled cells,

L.
EU = n " " " wnlabelled cells,
Prowm these observations /3 has bhoen calculated and coumpared

) o+ .
wilth 1 - 2 standard deviations, igunoring corvections for

percontage labelliing. Thoe problowm of assessing the
degtroo of segregablon in torws of the cell itypes, rather
than "labelled" and "unlabelled" cells is rather coie
plicated as "unlabelled" runs will be heterogencous in
reospoat o ¢ell type.

Counting methods

Pilelds were selected for counting, as in the previous
mebthod, of samples of aggregates, An eye plece sguare
graticule was used to obtain a line along which cells
vere scorved according to whether they were labelled or
uniabaellod at x900 wagnification, In early aggregatos
the line could be fitted acvoss aggrogate sections in one
fiold., With larger aggregates the fleld was woved so
that tho end cell was brought to the beginning of the
line for the noxt field. This was ropeated until the
ageregato had besen traversed, In Pielouts (1962) transects
of foraest bBrees the first and last runs in a transect
samplo were not used as these eould be parts of longer
TS 4 In aggrogates with a definite edge all runs can

be ugoed,
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SEGREGATION TESTS

TRaT IT:s Results

(1) Control LB*LB (3), disaggregated with EDTA,cells
"sieved", reagegregated for 42

hours
T e
N A Jﬁ,z 2 o« , 2 2
1 (&) /’5 h -/3 '::1 + '&’n 1 1.96 ng & Su
0.28 0.60 0,97 0,03 0,003 1 % 0,114,

The cells are randouly arranged imn these control
aggrogabes, In this oa&e:6=£7 the preportvion of labolled
cells aﬂd‘fizﬂg the proportion of unlabelled cells in
aggvegates LBYLB (3). This can be checked by refevence to
target cell proportions odbbtained in TEIT I segregation
moasures, L being the proportion of "labelled" targets and
U being the proportion of "unlabelled" targots,

A A

1 = 6,28 u = 0,69
Sanplie I L = 0,31 U = 0,69
Sample IX L = 0,28 U = 0,72
Sample IIX L = 0,24 U = 0,96
Sample TV L = 0.30 U= 0,70

(2) Aggregates formed after 2 hours, disaggregated
with EBTA.

T —
Aggregatos ﬁ @ /3 1 7@ "812 + Sug 1il.96 S12+ S 2

1
LBYH  0.h0 0,23 0.63 0.37 0,08 14+ 0,156
H¥LB  0.30 0,37 0.67 0,33 0,05 11 0,105

In these aggregates the cells show positive segregation,

Wo/
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We can compare the value of /3 s in effect the
doegiroe of segregabtion of "labelled® and "uniabellioed" cells
in aggregates with a siwilar valuwe from TEST I of
segrogabion, Ve cannot compare /3 dirvectly with <,
as oC i1s vorreocted for peoreentage labelling and referys
divectly %o the two cell types.

Ve have in TEST L

v = proporéion of mwnlabelled cells round labelled targets,
w o o " labelled " " wulabelled n

We could write

/.
v o= ol U vhere U = proportion of
p "unlabeiled™ colls
2w ﬁgkl - U) a;:=degraa of segregabion

of "unlabelled" and
"labellod" cells,

/
therefore y + 7 =¢(

/ »
Wo can therefore cowmpare values of /3 and a(: in
/
siguificance bests, caloulating o as abovo.

(1) Control LBX¥LB (3)

/
ﬁm 0,97 mean DC = 0,93
8 = 0.0007
t = «3,03  df 3 p! 0.1p)o,05,
no significant differvence at 5%
level,
{(2) Aggregates reaggregabted for 2 hours, disaggregated
with EDTA
(1) LBxw
7/
/Sa G.6% meann 0{p = 0,70
t = 3.25 af 3 p! 0.05)pd0.02,

no significant difference at 1%
lovel,

(1i)/



(+i) BxLB

/
S 0,67 o(= 0.65
,‘“{2
8% = 0,0024
§ = w0.79 af 1 p: 0.8)p)0.5
no significant differonce,

The degree of segregation of "unlabelled!" and
Mlabelled" cells of two cell types is probably notb
statlstically different as calculated by TEST I and TEST
II.

/

If the wvalue Qc,ia examined 1t is found that
appiroaches the real value ¢ when the colls are randomly
aryranged, thils is because regardless of percentage
labelling, the labelled and unlabelled cells will be
distributed Jjust as 'randowly! as the two cell types.
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The distribution of run lengths,

Frow Pielou (1962) tho nature of the distribution
of ran lengths can be tested om wvarious wodels, "The
uns of eells may £1lt a geoweiric distribution even
whent segreogated, although the expected sum of the paramoters
of the two series will not equal one," Pielou assumes
tthat wo avre dealing with a Markov chain with fixed
trangition probhabilitios,”?

The expectod proportion of runs of length x of a
geometric distribution is in cach case anlq {p + q = 1)
and the eostimator of q, @ = *%H where ; is wean run

in :
longith.

The expected distribution of run lengths can then

2

be cowmpared with observed distribution by means of a:};
teabe
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Control LB¥LB (3) (disaggregated with EDTA, cells "sieved",

reaggregated for 42 hours),.

UNLABRLLED “CELLS LARBELIED CELLS

Run Observed Bxpected Run Observed Bxpected
loneth frequeney freguency longth fLfreouency froguency
L 15 17447 X 39 39.14
2 11 12.55 P 13 12.26
3 8 9,01 3 3 3.84
) 9 6.1y It 1), ) 1.58
5 8 L .65 5 1) )
53 ‘3_- 3#315'
7 3 2,40
8 3 1,72
9 . 1) ,
10 o;z 2,12
1y 1 .
/(3 = 0,28 ; /(1‘ = (0,09
= 0,72 $ = o0,m
2 2 5.2 X? = 0,34
at® = 7 | af = 2
P 0705 p: 0.Pp0.8

;m_ela$398 pooled to give an expected value not less than
1 {(Cochran 1954)

dfa number of degrees of freodom is the nuwber of

classas - 2,
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LBRH (Aggregaﬁe& formed after 2 hours, disaggregated
with EDTA)

UNLABUVLLED CRLLS TABRLLED CELLE
Run Observed #ixpected Run Observed ¥Fxpected
tdneth Iregueney Ifroguency length freguency freauency
1 20 17.60 i 9 1h .72
2 kK¢ 10,56 2 1L 11.33
3 G 649k 3 10 8.72
h 4 3480 a 10 671
5 0 2.81 5 6 Sel7
G 0o 1,39 6 3 3498
't 1) 7 5 3,07
8 1) 8 2 2,96
o 1 S O 1.82
10 o 3” 1.52 10 1 1,40
11 0 ; 11 2 1.08
1e 1 12 0 ) o 3403
A 13 0 ”
a &= 9.23
XP = 8.59 3 = 0,77
A 5 X‘f} - 9'7[4

pt 0.23p%0.1 df = 10 p: 0.5)0.53
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H¥LD (Aggragaﬁas formed after 2 bhours, disaggregated
with ERTA)

UNLABILLED CRLLS LABELLED CRELLS
Run Ohserved Txpectod Run OCbasorved Txpeectoed
length fLreguency freguency length frequency freguency
1 13 12.21 1 10 10.87
2 9 7463 R 9 7459
9 5 4,85 3 4 5.30
L 1 3.05 b 3 3.70
5 ' .92 5 3 2458
6 0 1421 6 L 1 .80
7 0) 7 1 1,26
3 2} 8 9;
9 2)4 2,13 g 0)2 2.91
10 0 10 1
14 0 11 1
3
q = 0,37 4 = 0,30
ig = @0163 /E} o 0.70
a ,
Xf' = 13198 X:?. = “.22
df = b df = 6
p: 050, 3 p: 0,705

In all three kinds of aggregates examined, the
distribution of run lengths fits a geomotrioc disbtribuiion
oven whore the cells are segregated. Therefore the ocour-—
onces of "labelled" and "unlabelled® cells along a line
foym a Markov chain, The type of cell in a given position
is influenced by the nabture of the adjoining cell. lowvever
va should expect that cells which do mot fall on the tr%psect
wight influence the type of cell in a given position and also
the position of the cell relative to the inside and outside

of the aggregate (see Fositioning).



110,
G, MEASURDES OF POSITIONING,

Segregation of cells according to type way lead
to positioning, "Positioning" has beon defined welative
to vhe inside and outside of an aggregate and has boen
congidered to be characteristic for a given cowbination of
tissuwe bypes, e.g. 1imb bud precaritilage segregatos
intornally when wixed wibh heart (Steinborg 1963a),

Aggregates formed from cells disaggregated with
BOTA after 2 hours and 48 bours (in gyrvatery shakers) have
similar degrees of segregation, Prom individual aggregates
(aeﬁ figures][*ﬂb it appears that in the aggregates formed
after 2 hours, heart segregates intornally, wherocas in
aggrogates formed after 48 hours, it is liwb bud cells
whioh are apparently internal (see figures.JﬂE)o To tost
the gonorality of these impreﬁaibns and present dava from
a 1argb npumber of aggregates i1t was decided to apply souwme
quasieguantitative weasures of "positionlug" and record
these in a pletorial fashion,

Comsider a typically "sorted out" aggregate (Steinberg

case 2)e

Adler/
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Adler {1970) has compared the relative propovtions
of the btwo cell types with the avea of the section., In wy
material this wmethod would be difficult to apply for itvo
TORWONG 4 It 18 net always possible to trace a single
aggrogato in this way. VWith swall aggregates (formed
after 2 hours) of 330 - 119@& in diametor cut inte §
sections and counting every third section the awount of
data is liwmited,

T, Aggregatos forwmed after 2 days roaggregatbion,
Mathods

An evewplece graticule girid of sguares, of side
36.?/&.aﬁ x400 magnifiocation, was fitted to the widest part
of the aggregate which would givo a complebe nuwmber of
SEUAT TS » Under dark field illumination the nuwber of
tiabelled" eells per sguare was counted aeross tha
agovegate, Phe data was kept separate for various
Yagquare widths" of aggregate. The small "widths" will
ropresenty either swall aggvegates or the Yends" of "sorted
oubt" agegrogates. Since, in the gvratory shaker, the
aggragateé produced are of relatively uniform size, it is
most Likely that the "swall widths® are in faect "ends" of
aggregatos. In this case, it would be expected that the
smaller aggregate widithe show a wore uniform distribution
of cellg than larger aggregate widbths,

Histograms of the mean nuwber of labelied cells
per sguare have been drawn for aggregates reaggrogated
For 2 daye in gyratory shakers of "labelled" liuwb bud
amngl Punlabelled" heart cells, and the veciprocally labelled
azpregatos. The histograms show a veciprocal disgstribubion
of “"labelled" cells (see Histograms 1 and 2) and thab
heart/



HISTOGRAM 1

LB Nioolls disaggregated with EDTA,reaggregated for 2 days in gyratory
ahaker, '

Jicrn ramber of labelled cells/ squars scross aggregate sections of various
) dioroters(5-11 samplos/aggregate size class)

mean, umber of labelled cells per grid square .
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HISTOGRAM 2

« .
If Li:cells disaggregated with EDTA,reaggregated for 2 days in gyratory
shaker. _ :

Mean number of labelled cells/square across aggregate sections of various
diameters(3-19 samples/aggragate gize class
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heawrt is positioned externally. No covroecivions were
made for percentage labelling, as this should not affect
the resulits grossly.

As a control, histograms of the wean nuwber of
laboliled cellis per sguare aecveoss Control aggregalos,

LRI (3) {of "labelled" and "unlabelled" 1liwb bud cells)
have boen made {see Histogvam 3).

Histograms of the total nuwmbor of cells per square
wora bthen analysed by weans of a :X:g test to show whether
the distribution of Ylabelled! cells across aggregates formed
in 2 days, was statistically significant, The total
nuwmbor of "labelled! golls from all squares was divided
by the nuwbor of squares to give the average numbor of
collis por sqguave, I the cells are distributed randomly
ACToss éhe aggregate, tho average nmumber of cells per
square will not be significantly different from the actual
gsQores fef each sguare. The total nuwmber of "iabellod"
cells per eadth square wveare tﬁerefore tested against the
oxpecbed numbor per square (i,e, the average number per
square) on the’hypethesis that the "labelled" collas are
distribated randomly.,

Reosulis

Control LB¥LB (3) (EDTA disaggregated, "cell sieved",
reageregated for 2 davs)

Apgregate )
gime (in 2 1 significant
sguaro widths) JC" as difforence +
I 138 73 pro.JSP0LT7 -
5 1.12 4 p:o,990,8 -
6 888 5 0 pro.2po.l -
7 4,36 6 pr07P0S ~-
8 4,20 7 p.‘ﬂ,S)f){).‘? -
9 : 15061 8 jel Q‘a)é(} .7 m~
10 10,60 9  p:r0.5Y0,.3 -
i1 17.%0 10 D 00,05 - at 5% level
12 3.60 11 p 0,9990,.98

1
df”, the number of degreoes of freedow = number of sguares = 1



mean. rumber of labelled cells per grid sqpare
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HISTOGRAM 3
¥ ) .
CONTROL LB LB:disaggregated with EDTa, cells sieved and reaggregated for
42 hours in reciprocating shaker.

Mean number of labelled cells/square across aggregate sections of various
diameters (3-15 samples/aggregate size class)
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In all aggregate simes thoe distributicn of
T"iahellod!" cells across the aggregates was nos
significantly different frow that expeeted from a randow

arrvangement across aggregates,

LB*H (EDTA disagerepated, reaggregated for 2 days
in gyratory shaker).

Aggrogate
sdze (in . Significant
square widths) 3(3 ax j2] differente +
5 19,40 2 pl 0.001 +
% 2.4 3 p! 0.5)pY0.3 -
5 8,83 p! 01DP0,05 = at 5% level
G 15,32 5 P! 0.03}90.001 1 |
7 12,55 6 P 0.1p)0.05 ~ at 5% lovel
8 38.79 7 p&0.001 +
9 31,02 8 p&0.001 +
10 19,82 9 p? 0‘0%0;01 + at 5% lovel,

The distribution of "labelled" cells in the 1arger‘
agegregate section (6 ~ 10 squares wide) is probably
gignificantly different from a random distribution, In
smaller aggregates (except 3 sguares wide) the "labelled"
golls are distributed wore randowmly. Thoe mean numbor
of Yiabelled" colls per sgquare is lowver in swall agsregate

sections than in large sections (see Histogram (1)).
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LB (ENTA disaggregated, reaggregated for 2 days
in gyratery shakers)

Aggroegate
sizgo {(in ' Significant
souare widihs) 362 ag R difference -+
3 3416 2 p:D.j»O,Q -
5 8743 b p& 04001 +
6 104,8 5 p4&0.001 +
7 38,8 G p&0.001 +
8 20,5 7 p £0.001 +
9 13049 8 p &0 ,001 -
190 324k 9 p{0,001 +

In all sizes of aggregate sections (except the
smallost size) the "labelled" cells are distributed
across the aggregate in a wanneyr significantly different

Prow random.

Frow these results, 1t is clear that in these
aggreogaves reaggregated for 2 days in gyratory shakers,
heart gells are positloned externally,

This wmethod Yor determining the positioning of cell
types in aggrepgates fovmed aftoy 2 days could be couwmented
oun furthor. The numwbor of "labelled" cells only, pex
sguavre has been counted. The aggregates were examined
at =400 wagnification under dark field illumination so
that "labelled" cells only could be scored. it is
theorofore assumed thalt the tetal nuwber of cells per sguare
ie Pailrly constant at xL00 wmagnifiecation, This assuwpition
was tasted by measuring the total nuwmber of "labelled®
cells por square in aggvegatos of Ylabelled" liwmb bud
cells/
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cells only, ignoring tho percentage labelling effoecth,.

The mean nuwber of "labelled" liwmb bud cells per sguare
was found to be 10.01 (82 = 3,67). The percentage of
tiabolled" cells in LBY*LB (3) aggregates had beon
determined by counts of btavrget cells in segregation btest I
as approximately 30%; The mean number of cells per
square in LBYLB (3) aggrepates is 2.,91. This suggosts
that the distribubtion of "labelled" gells across agegiopgates
can give a fairly true indication of the positioning of
cell bypes. This suggpestion ls also berne out by the
regiprecal rvelation of the histograms of LBYXH and H¥LB,

IT Aggvegates formed after 2 hours reaggregation,

These aggregates are too small to bhoe examined at
x400 wmagnification in the same way as aggregabes fermed
aftex £ days. The number of complete squares fitiing
acress vhe widest part of tho aggregates is small. The
distribution of cells across aggregates formoed after 2 hours
vas measured at x900 (oil iwmmersion) wmagnification; the
side of a sguare being 11.@/&-. The wean number of cells
posaible per square was 5.78 (S2 = 2.,53) counting both
Mlabelled" and "unlabelled" gcells under light field
iilumination.,

As the possible number of cells per square ig
small and cells vere counted under light field at this
magnificatlon, the total number of cells per square was
acored according to tho pumbor "labelled" and "unlabelled®,
The coll tvpes were recognimed by being "labelled" ox
"unlabelled® with no corrections for percentage labelling.

Hisbtograms/
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Histograms were consbtrucved of the percentage of
labelled" colls pey square in widbths across reciprooally
Tiabelled" aggregates formed frowm cells disaggregated
with BEDTA and reaggregated for 2 hours, (see Histograms &
and §). The distribution of cell bypes across theseo
aggregates was analysed by a :X:g tests Contingency
tables werce drawn up for the total nuwmber of "labelled"
and "unlabolled® celis per each sguare, thus giving tables
with ftwo rows of dabtas, The variatien of the proporiéion
of "labelled" and "uniabelled! in squares of a transect
can be tested aggainst a null hypothesis that all squares
have eogual proportions of "labelled? and "unlabelled"
caells, l.e. that the colls of both types are distributed
randomnly across the aggrogate, The formula of Brandi
and fnedecor was used (Bailey 196L4), That no expected
number was loss than 1, was checked wheve necessary
(Cochran 1954).

Reogultsa

LB%H
Aggregate slise o Significant
in sguares x900 :Kf df B ‘ - dilfference +
10 92,92 9 p {0,001 -
5 37499 7 p<{ 0.001 +
6 14,98 % p:o,ﬂg»ﬂ,01 + at 5% level,
7 13.60 4 pt 0,010,001 +

The distribuation of cell types across these aggrogates is
significantly different frow wrandeowm in probably all tha

aggreogate simes examined,

*;

BYLB/
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HISTOGRAM 4

¥
LB H:cells disaggregated with EDTA,reaggregated for 2 hours.

Mean percentage labelled oells/squar@ across aggregate sectlons of

various diameters(G6-15 samples/aggregate size class)
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HISTOGRAIT &
H LB:cells disaggregated with EDTA,reaggregated for 2 hours,.

Mean percentage labelled cells/square across aggregate sections of
various diameters(4-6 samples/aggregate size class)
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HYLD
Aggregate size 363 Siganificant
in squanres %900 dL B difference
8 17.52 7 pr0.02H0.01 + at 5% level
6 10,77 5 pr0.PO.05 - at 5% Level
5 3,15 Y 13:0;7);3}0.5 -
il 3.29 3 pro.3)»p0.3 -
3 7.83 2 pra,c)z)la)s,m" + at 5% lovel,

The digtribution of cells across these aggregabes is nob
stgnificantly different from random excopt in thoe largesd
and smallest aggregabe siges oxamined,

What conclusions can be drawn frowm the histograws
and j(g tests on the distribution of oells across
aggrogates formed alter R hours?

Thore is evidence frow the segregation tests that
the cells ave grouped according to tvpe. Hoere the
positioning of tho seogregated cells has boeoen examined in
relation to the outside and inside of the aggregate in
these vociprocally labelled aggregates Tformed by RDTA
disaggregated cells aftor 2 hours reaggregation, In LB¥*YH
aggregates theve is evidence that the two cell bHypes, as
recognized by being Ylabellod" or "unlabelled", are not
avenly dlstyibuted across the aggrogates but a similax
ganeral conclusion cannot be drawn from wmeasuvres in HY¥LB
aggregabos ., In the cases where the distribution of cell
types is not random acgross the aggregates, it is difficuit
to assign a position to eaech cell type wvelative to the
inside and outsidse of the aggregate (see Histograms 4 and
5) Tentatively limb bud cells way ocecur wore freauently
vouwards the periphery of the aggregates (seo Histograwm 4
and in Histogram 5 the aggregates of 8§ squares width in
which the distribution of cells is statistically diffevent
From/
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fvowm randowm), This tonbtative ovidenee is vory interesting as

it suggosts that the positiomning of cell types in early

i supggosts that the positioning of cell types in earl

iy Wl WD Ay ez LRI LTWUVQL OY Wi DRIl b LAWIRARICL LLL uggl‘ugai}es
produced after 2 days in gyratory shakers,

A problem of analysing positlioning of celis in ivreg-
ular aggrepates has been mentioned by Adler (1970); in that
the geowetric cenbtre of the aggregabte cannot be determined.

TP the aggregates are spherical and siwilar in size, randow
sectioning prevides voepresentative sampling of "levels?

within the aggregate that can be gsummated frow wmany aggregates.
In obther words, resulits from transeocts of aggregate sectlons
of the same width can be added up (as described), Sections

of irregular agegregates cut at random will give ropresentative
sanpling of these aggregates for segregation tests Lf the
grouplng of cells in the aggregates is consistent and wany
ageraogateos are sawpled., The liwmltations of these effectively
non-prandon sections will be operative if transecis agross

sectlons of equal square width are summated,
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If transects of aggregate sections of size x arve
sumuataed any pattern willl not be dlistinguished,

The problom of the scale of pattern soens Lo be one
whioch 1s concerned in the posiltloning of cells in these
small aggregates. Segregation, as analysed in TREST I,
vefors to groups of seven cells including the btarget cell.
No definite patterning was determined of these groups at
the hilgher lovel relative to the whole aggregate by tho
mothod used but this may e due to the liwmltations iwmposed
by the drregulaxity of these early aggreogates. That these
Limltations may be operative is suggested by the evidence
that cells are not distributed randowmly according to
type aeross the aggrogates, However, the patbterning may
not simply relate toe the outside and inside of aggregates
and an analysis of the scale of pattern (Yarranton 19%0)
might prove informative if swall aggregatoes can be traced
throngh several scctions., Adler (1970) has wmanaged to
oxamine single early aggregates Dy employing embedding

and soctioning technigques of elecghyron microscopy.
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DISCUSSION

In the investigations presented herc the arrangement
of 5 day ewbryonic chick heart and limb bud cells in
aggvegates formed after a few hours (2 and 4 hours)
reageregation and approximately 2 days reaggregation
have been analysed quantitatively. The wmaln findings

of thils work are:

(l) In aggregates formed after a few hours reaggroegation
the cell types are warkedly segregated, It should be
clear from the descoripition of the segregation tests that
these take into account differences in the proportions
off the two cell btypes in the aggregates and the results
are thorefore independent of propoxrtions, In segregation
test T the degree of segregation (ol ) relates directly
to thoe two cell types, heart and liwb bud, and corrects

Tor the fact that "labelled" c¢ell suspensions contain a

small proportion of cells that have not taken up the
label. There is tentative evidence that the posltioning

of heart cells in the groupoof aggregates analysed
{disageregated with EDTA and reaggrogated for 2 hours)
ia dinternal,

(2) In ageregates Lorwmed after 42 hours reaggregation in
veciprocating shakers the cell types are more randouly
arranged than in aggroeogates formed in a few hours,

(3) Tho degree of segregation of cell types in aggregates
formed by cells disaggregated with RDTA after 48 hours
reaggregation in gyratory shakers is marked and not
slignificantly different frow that in aggregates formed by
colls similarly disaggregated in a few hours, ¥fvidence
is prosented that limb bud coells wore pesitioned internally,

(%) The disaggregation procedures affect the degree of
segyregation of ocell types in agpregates formed alfter 2,

n/
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I and M2 hours reaggregation,

The finding that in aggregates formed after a fow
hours roaggregation (this was carried out in couette
viscometers) bthe coll types are markedly segregated
contradicts the general view that two cell types initially
forwm aggrogates in which the cell types are randomly
arranged (Moscona 1965, Burdick and Steinberg 1969, Roth
1968). The evidonce for the existence of this first
phase of randomly arranged cells in aggregates formed in
robation mediated aggroegation systens has boen discussed
in the introduoction. Adler (1970) is the only worker
who has produced quantitative evidence on an aspect of
fgorting out" that cells in aggregates formed after 13
hours are not positioned relative te the inside and outside
of the aggregate, I have analysed "sorting out" with
rogard to two aspects, the grouping of cells according
to Hype (segregation) and the positioning of cell types
rolative to the inside and outside of the aggregate in a
Tow cases, Theoretically, without waking any assumptions
about how "sorting out" takes phace it is elear that given
segrogation of cell types positioning of the typos in a
defined manner dees not necossarily follow, However, if
cell typeos are positioned in a doefinite manner relative
to the inside and outside of the aggregate the cell types
will also tend to be segregated, These points will he
disecussed further later.

" How can the marked degree of segregation of coll
types in aggregates formed after a fow hours be interpreted?

The possibility that this segregation is due to
clumps in tho original cell suspensions has been eliminated
by the use of cell sieves. Also the tentative evidence
that/ “
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that heart is positioned internally in aggregates formed
afbter B hours suggests that the sogregation is not due
to the presence of cell clumps in inivial cell suspensions,

Moscona (1962, 1965) has suggested that "sorting
out® can be explained on the theory that there are specifie
mechanisms by which cells of different types (or species)
adheyg {spocific Adhesion Theory), It has already been
pointed out in the introduction that this theory alone
cannet acecount foxr the defined positloning of cell types
in aggregates (see Steinberg 1970 for a recent catalosuoe),
Moscona {(196%) estimated that there is a tewporal lag
bofore tells oxhibit specific adhesion of about 24 hours,
Roth {(1968) in another wodel system has suggosted that
the time lag before onset of specific adhesion is 4 hours,
although the existence of specific adhesion in this
system has been ehallenged by Curtis {(1970).

Frowm fthe results, cells, altheugh adhering to both
like and unlike c¢ells, are grouping according to type and
this is occurring 2 hours after digaggregation, This
suggests a shorter tiwe lag of completely non-~specifioc
adhesion vthan previously has been postulated on this
hypothosisc, In addition as there is tentative evidonco
that the cell typoes are "pogitioned® in these aggregates
thoe rosult could be interpreted on the differontial
adhoesion or Ltiwming hypotheses, which explain positioning
of cells in agerogates,.

Stelnborg's differential adhesion hypothesis (1964),
(1970) predicts that as scon as there is a choice of
adhesions thoe cells will "sort out" although he has not
made this point, It would seom therefore that the
finding of segregation of cells according to type in

aggregatos/
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aggrogates forvmed after short tiwe periecds would fit

Lo

shis hypothosis, The internally segregating cell type
~is tho most adhesive (Steinberg 1964) and from the
rogults can be tentatively identifiod as heart cells
after 2 hours digaggregation on this model,

The tiwming hypothesis of Curtis (1961, 1962) provides
an albernabtive interpretation of tho results, Heart
cells, tentatively found to bo internally positioned,
aggregate first, being wore adhesive initlally. Later
limlh bud eeclls becowe adhesive and reaggregate on to the
preformed clusters of heart cells, This wounld lead to
segregation of the cells and "positlioning', Reasons
for the tenbtatlve nature of the evidence for "positioning®
of colls in aggregatos forwmed alfter 2 hours have already
boeen discussed, Hewever, thero is an additional cowme
plication which is inherent in the interpretation of all
the expoviments reported here, I have indicated in the
introduection that a distincetion can be drawu betweon
Ygsorbing out" according to cell type and according to
tlssue type. Heart and linb bud are couposed of sevoeral
cell types, cach of which way vary in adhesiveness,
elther qguantitatively or differentially with tiwme, This
could lead to a complicated build-~up of aggrogates on the
timing hypotheslis for exanple,

In the results presented here there is some evidence
that heart and 1imb bud cells in aggregates formed after
2 hours reaggregation are "positioned", Adler (1970)
found ne quantitative evidence for positioning of cell
types from noural btube in aggregates formed after 1+
hours voaggregation, The guantitative wethods used hore
and by Adler have already been cowpavred, The discrepancy
in the results way be explained by the different cell
types/



12k,

types used here and in Adlert's experiments,

Comparing aggregates Tforwed afbter 2 hours with those
produced in 4 hours shows in some cases that the degroe
o segregation of the cells is less markod in the lattor
Casoe. This arvgues that the segregation way not bhe due
to "5nrting out" during reaggregation on the differential
adhesion hypothesis,

The timing hypothesis is attractive because it is
possible ¢ dnterpret the marked degree of segregation
of celis in aggregates Formed afteor a few hours without
postulating vthat the cells are motile, However, segreg-
ation in early aggregates omn Steinberg's hypothesis could
be brought about by little gross movement but rather
small displacements of cells and small clusters which
have been observed in pelleted aggregates (Tiinkaus and
Lenbtz 1964),

Te trace thoe btime course of segregation during
reaggregatlion from the results reported here is hamnpered
for lack of data on how ¢cells are arranged in aggregatos
formed during intermediate vimes of reaggregation between
4 hours and 42 hours. The aggrogates produced afbter 42
hours ave the result of cowplicated intevactions botuween
simall aggregates, Puring this time in culiture +the
agevegates bocome rounded (see alse Steinberg 1970) and
the cells wmore closely packed, O0ften the cells are
spread along the edges of the aggregates, Thoe inter~
piretation of vesulis is further complicated in that theo
aggrogates have beon prepared frowm cells reaggregated in
three difforent rotation mediated aggregation systeuws,
There avre twae alternative ways of looking at the rosults,.
It can be assumed that the patterning of cells found in
aggregates forwed in couette viscometers also occours
in/
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in aggregatos formed in reciproocating shakers and
gyratory shakers after 2 and 4 hours, In other vords,
that the tiwe course of patterning of cells is represented
by the patterning observed in the aggregates analysed,
ivrespoetive of the way,in whichh the cells were re-
aggregated, Altarnativély, the way in which aggrogates
aroe builtv up in the three roaggregation systems is
different, There is evidence that this wmay be so in

the case of roeciprocating shakers and gyratory shaliers,
vhere the arrangement of cells in aggregatesiformed atfter
approximately 2 days reaggregation is wmarkedly different.

On Steinberg's hypothesis if the cells are segregated
and positioned according to cell type in aggregates formed
aftor 2 and 4 hours in reciprocating shakers, fusion and/or
lack of wotility of cells in aggregates wight account for
tho non=segregation or swall degree of sogregation of
cell types in agsregatoes Fformed after 42 hours reaggrega=-
tion, Pusion of aggregates obviously complicates the
gituation,

Howover, in aggregates formed by gyratory shaker
tochnigue the cells are markedly segregated according to
type and take up defined positions relative to the inside
and outside of thoe aggregatos,. It should be noted howw
ovor that bthere arve wmistakes in positiening. In this
technigue the rate of gyration is inereased after 17 hours
to prevent further fusion of aggregates (Steinberg 1962).
Foyr the remainder of the culture period the agsregates
way therofore be cultured separately. Thus it would be
posaible for the cells to “sordt out¥, This suggoestion
implioes that in reciprocating shaker, "sorting ocut" by

he differential adhesion theory cannot “"keep pace" with
the/
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with thoe fusion of aggrogatbes. The possible effects
of the medium in which the cells were reaggregated in
gyrating shaker flasks and contained ewbryoe extract, will
be discussed later,

In aggregates Tormoed after 48 hours reaggregation
in gyratory shakers the heart cells are positionod
externally., This result agrees with the positioning
reported by Stoinbery (1962, 1970) Ffor wixbtures of liwb
bud precartilage and heart cells in aggregates formed in
gyvratory shalkers and in hanging drop cultures. It might
be added that as far as I know all reported cases of
"gsorting out" of disaggregated cells have boen obltained
when the cells were veaggregaved in gyratory shakervs.
01 the difforential adhesion hypothesis (ﬁteinberg 1964)
1imb bud cells are the wost adhesive 48 hours after EDPA
disaggrogation. 2 hours after disaggregation it has
beoon tanvatively concluded that heart cells wore most
adhoslivo. This general finding lends support to the
tiwming hypothesis and is latew discussed further. Heoart
goells, 1P oxilginally internal must wmigrate extonsively
to take up an external position later, It could be
arguoed that the arrangewment of cells in aggrogates forwmod
in veociprocating shakers after 22 hours show an intorw
madiate stage, when both cell types are of equal
adhoslveness and the situatlion is cowplicated by prolonged
fusion of aggrogatos.

It 18 probably were likely however, that the way
in which aggregates are formed is not the same in the
throe systews used, In couetite viscometers a lawminawr
shear Fflow is established (Curtis 1970b) and the shear
rate and other parameters can be calculated (Curtis 1969).

The/
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The shoear rate is even ovewxr the whole container and thus
the rosults obbtained in this apparatus refloct the
adhiosiveoness of the cells,. On reciprocating shakers
the shear vate varies throughout the flask, Roth and
Woston (1967) found that the number of single cells
collected by preformed aggreogates varied directly with
the sizme of the aggroegate, Thus it would appear that
aggregates in this systewm can fuse with single cells or
small aggrogates. It way be of souwe significance that
ageregatos forwed after U2 hours in reciprocating shakers
show wmorxe variable proporitions of the cell types than
aggrogates Formed after 48 boure in gyrating shakews,
and are alsod wore variable in sigze,

In gyratory produced aggregation however, a
volocity gradient is set up agross the flask, Curtis
(1970b) has suggested that when cells forw aggregates
in this svesbom, the aggregates tend to wmove toward the
contre of the flask where the flow rate is decreased,
Roth and Weston (1967) also suggest that =moning could
occuy but that aggregates of large wass wove towards the
ontaide of the flask, TFrowm the resulits I have concluded
tentatively that heart cells become adhesive first and
aggregate to form small cluwps, In gyratory eshakers
those e¢lumps will tond to be distributed in a different
mone in the flasks Trowm singlo cellis, The limb bud cells
become adhesive later and would teund to reaggregate on
themseolves, Bventually the two populations of apgregates
will be in the same zone of the flask, If by this tiwme
tho velative adbesiveness of the heart and liwmb bud has
reversed it would be predicted on the Steinberg hypothesis
that heart aggregates would spread by associlative
movoment/
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movement (Abercrombie 1967) over limb bud aggreszatos.
That aggregates can fuse in this way has been reporied
by Steinborg (1970)., After 17 houwrs the rate of gyration
was inereasced and further fusion of agpgregates provented,
It wmay be possible however ithat an increase in gyvration
itsoelf may initlally cause aggregate fusion if the
aggrogates are forced into contact abt the coenbtre of the
Plasik.

The other difference betweooen the expoviments
carried out in the gyratory shaker and those in recipe
rocating shaker is the presence of ewmbryo extract in the
medium in the formoer, ALl media contain serum, which
Curties (1967 for veview) has sugpgested may affect the
adhesiveness of cell types differentially (Curtis 196%)
and could provide a basils for his timing hypothesis,
Cunrtis bas also suggested that ewmbryo extract way
similarly affect cells., It is conceivable that in the
presonce oi embryec extract 1limb bud cells way becowme
adhealvo befove heart cells, In thils case, a roversal of
adhosivenoss may not occuwy,

There is sowe evidence (Curtis 1970) that ewbryonie
chlok liver and neural retina cells do reverse their
adhoglvenass in the first five hours after disaggregation
with trypsin. UHore the results may suggest a similar
roversal of adhesiveness of ecwbryonic chick heart and limb
bud cells after disaggregation with BDTA.

In the experiments reported here the tiwme ecourse of
segrogation is affected by the disaggregation procedure
used to produce the initial cell suspensions, In
aggrogates Yormed after 2 hours by cells disaggvegated
with BDOA, the cells are wore sogregated according to
type than in aggregates formed by cells disaggregated
with/



129,

with the brypsin or the trypsin and BEDTA procedures,

Roth and Weston (1967) and Roth (1968) used the
trypsin procedure. Roth (1968) reports a temporal lag
in tho ouset of adhesive selecbtivity of aboubt 4 hours,
The results hore de show that cells disagegregated by his
techulque are more randomly arvanged in aggregates formod
after 2 and & hours than those disapgregated with eithor
of the othey two techniques. However, it is diffioult

to deraw any concluslons frow the resulits using different

disaggregation techniques, It can be argned that oells
disaggregated with ¥DTA ave wore altered than by any of

Bhe other disaggregation procedures, i1f initial segregation
is considered an arvtefaoct of the disaggregation procedure;
altematively the roverse could be argued, that BDTA
disaggregated cells are least altered by the disaggroga=
tion procodurc,

The finding that, in aggregates formed afber 42
hours in reciprocating shakers vhe disaggregation
procedure affects the degree of segregation of cells is
gurprising. This suggests that the treatment of cells
during disaggrogation may have long bterm effects. An
alternative attractlive explanation is that differont
disageregation procedures roelease diffevend proportions
of cell typos from limb buds and hearts. However a

imilar proportion of PlabelledV colls wore wreleased from
labelled 1imb buds by each dilsaggregation procedure,
vhich ds a sidight indication that this sort of selection
way 1ot bhbe eccurring in liwb bud susponsions, Hoart

L3

was not siwllariy investigated., Thoe propertions of tho

tlssue types in aggregates formed after k2 hours re-

aggrogation frow cells disaggvegated with the IDTA ox with
thoe/
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the trypsin prooeduro were similar o the proportions of
colls initially wixed togethor, However, in siwmilar
aggrogates formed frow cells disaggregated with the trypsin
and EDTA procedure there was a smaller proportion of heart
colls than expected from the initial proportions. Ido
(per80ﬂnal communnication) hae alsc found this using the
sawe dilsaggregation procedure. It scews possible that

the trypsin and BDTA procedure may Y"select® a population
of beawt cells, WHowever, the properition of heart cells in
aggregates Formed after 48 hours reaggregation in gyratory
shalkkers by cells disaggroeogated with EDTA is also lowvor
than expocted f£row the dnitlal proportions of the tissue
types, This may be due to the way in which aggregates

ave built up (see ocarlior) or to a burst of mitotic
activity in liwb bud cells at 2 days in culture (Dde:
pevsonnal communication),

The effect of disaggregabting agenis on the wmotilisy
of cells is interesting. Simms and Stillwmar (1937) havo
founad that vrypsin treatment stilmilates cell ewmigration
frowm various isolated adulit tissue fragwents and
sigusrdson (1942) reported an increase in the rate of
fusion of fragments of owbryonic chick heart with trypsin
tioatmend. In prelimipary experiments fusing ombryonic
chieck heart and liver Lragwenits previously oxposed to
EDTA, T have FTound individual colils recogunized by
vadivactive labelling of one tissue type in wmasses of
the other tissue type.e It cannot be cervtain that theso
colls have emigrated frow bthe fused tissue wmass of this
type. Individual cells at the eodge of fragments may
become disaggyregated during vhe shaking. This way
Lilunstirate that the mobtility of coells may be affocted
by ddsaggrogating agents, Weston and Aberecrombie (1967)

in/
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in fusions of hearvt and liver pleces univeated with
disagevegating agents found lLittle individual weovement of
calls from one tissue to another.

Thore ie little ovidence that cellis are able to
wlgrate long distances in aggregatvtes, All previous
obhservations seewn to indicate that colls way be displaced
by competition between extensible psuedopodia (Trinkaus
196%7). The resulits presented here can be explained without
postulating long distance displacemonts of cells.

It cauv thus be scen that bthis work ralses more
gquestions than it answers but this quantitative approach
should be able to solwve the problems raiseds Apart from
analysing wore sbagos during reaggrvegation in all thyree
reagerogating systems usoed, Uhe gonerallty of these
findings for obher tissue type combinations should he
substantiated, The uso of cell types Ffrowm clones o
axawple rather than tissue types wight clarify certain
points, Vowsever, conditions have been partiy elucidated
which lead bo "gorting out' as Judged quantitatively.
Hore the cell bypes can he shown bo gsegregate according to
type and also take up defined positions within the
aggrogates This can provide a control system for testing

Ygoirting out" potential of cell types.
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