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introduction

The highor aninals are conposed of many cells of a wide
varicty of types. Tho organisation of these colls into am
anlual body requires their assembly in a definite and oxact
rolationship with one another. This relatiomship io such that
the colls are able'to assifﬁ one another in forming and main-
ﬁaining the tissucs éf the body and their functioms, and imn turn
ceoblos these to be integrated into the whole apimal. It is
consoquently the expréasibn of a uost delicate harmony hold
anonget the cells, which persicts until age and death dostroy
i¢s 1n the mature animal ¢his relatiomship between the colls
appoars to be of a'nature only changéd by the action of ceneseconce,
although we know that this is only an illucion of comstancy,
for cclls and their 6ompononts are constantly beimng replaced
by others. During the developacnt of an animal the relations
betwoen the cells change cxtonosively for the population isc con-
tinually enlarging and its mombers arc changing in type. As
tho aninal matures thesc changing relations elowly settle down
inte the more comstant ones characteristic of maturity{ " One
of theec rclations is observed in the adhesion of colls to onc
another: without it thero would be no multicellular animals.

As tho animal develops coll division cauces tho production
of an increasing number bf cells whiph usually adhore to ono

anothor. If the ceclls remain stationary or are meroly noved
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in an unorganiced mamner by the outpuching of cclls due to their
ouvn prolifcration it is mot nccescary that there bo difforonces
in adhesion botuecen the cells. If there vero difforoncos in
adhcoion betwoen the various iypee of cells tho outpushing due
to proliforation would produce a body of somo definitc structurc.
But the movemonts of morphogencoisc cause united groups of ceolls
to move in a most directed manner., These groups cever thoir
conncction with one group of cells, pasc betwcen others without
adhoring to them and may finally sottle down olsewhore and forn
firm adhosions to yet other types of coll, In theso threo
stages of their movemento there are domonstrated difforences
in cdhesion betwcen various sortc of cells., Lator in growth
the organs of the body bocome steuadily more discretc from one
anothor, and in part thic is morely am oxprossion of the strongor
adhcgion of the colls of an organ to one another than to those
of other organs around, Purthermorc it has beon sugzosted
(Holtfroter, l9k%e that the norphogonetic movements way have
their cauce in the differemtial adhosion of cclls to one another.
With theso ideas in mind the mechaniens of adhosion and the
diffcrences in adhesion betwecon cells, were oxaminod in the‘

embryos of the anuran, Xenopus lagvis (Daudin)., This ootorial

wao chosgen in prefercmco to other amphibians because the egss

may be obtalned at any time of the year.
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Gomoral HMothods

bgge o2 Xomeopus lnevio worc obtaimed Sroa natimgs induecd

by injoéti@n of chorionie g@ﬁad@trophin. Buch ogse woro alleuod
to dovolop at 18’ - 23°¢ 4n top vator unedl thoy woro a fou
R&ouwh@ép otééés froa the oﬁago roguired.  (DNiouvlosy and
lober, 1936)s Thoy woro thon tramoforrod to tho calino
colution knoum as Holtfrotor colution dilutod ton tdmce

vith vater. %ho Jolly coats wero romovod with £OFEGHGe

Onco tho eutor hard coat of jollﬁ ic puncturod sho inmner
Jolly coltong and cwollg om'oproﬁro to tho weak calino,

and coon tho ontire jolly moy bo éaa&iy romovod. %ho ehkomical
dceagaulaéi@n oothod of Spiogel (L951) was triod but 4& wao
found that tho caleiun poracability of tho eello vwas altorod
ovon 4§ cubsequent devolopnont was not vicibly impaired.

Zho oabepyos wore thon placcd im full B%rom@ﬁh Holtfroton
solution for removal of the vi%olliﬂo'aombrano and for othor
onra%i@na} Homovol o€ tho vitolldino monbromo vith forcope
i0 froguently accomnnnicd hy‘dnmage to tho onbryos Zho onin
roacon for ¢hie appoorc to bo thot on puncturing tmé aenbrane
tho onbryo bogino to oucll eut of the holo. If tho FURGLUre.
40 mado on the dorcadl cido of the oubeye tho blagtecood or
archontoron reof burctsc opom Uitk a rupturc of comc of tho
€0di0e In clogvago otagos tho c€oll walld io apt to rupturcs.
I find that i€ care 4o taliom it 4o poocible ¢o roneve tho
nonbrane without viciblo daange %o tho onbeyo. In thooo

cupordnonto nade im erdor to coo whothor or no cortain choniealo
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would dissolve the surface coat and disaggregate the embryo,
it is neceasary tq have an undémaged coat initially, for it
may be that the coat can prevent the entry of the chemical
into the embryo i although the éhemical if once inside would
cause disaggregation, In such»experiments great care waé
taken to ensure thaﬁ the embryos vere not damaged during
the removal of the vitelline membrane. On other occasions

a very slight damage at most was allowed to be made in the
removal of the vitelline membrune 3 such a wound healing
rapidly. Embryos which were more oxtensively damaged were
not used., '

Whole embryos or portions of them freed of their membranes
in this manner were then usad in experiments of cultured as
controls. Normal culture was done in Holtfreter's solution
( Holtfreter,1931), buffered to between pH 69 and 71 with
the phosphate bufier (IO'OOBAM in phosphate ion ) introduced
by Deuchar (\1953) of with 2-amino-2«hydroxymethyle=1,3«
propanediol ( otherwiee known as tris ) 0+001M an@ hydrochloric
acid. Flickinger (1952) has shown that tris has no harmful
effect on amphibian cells t by its use one is able to avoid
the interference which the phosphate buffer gives when estimating
the oalcium content of the Holtfreter solution. The pH of the
culture medium is much lower.than that of the solution originally
decribed by Holtfreter.which had a pR of about 8 and which

contains bicarbonate ions. It has been shown by Flickinger (1954)
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and Trinkhaus and Drake (1956) that the bicarbonate ion
assists in the nutrition of the embryo. In comparing the
results of the éxperiments.eo be describeé with others it
should be remembered that there are these differences in
the culture medium.

The precéutione taken to maintainlasepsis were the
autoclaving or sterilisation by filtration of all solutions
and the heat steridisation of glassware and instruments,
Experiments were dome at 19°- 21°C unless othervise stated.

All aolutions were made up from glass~d13tilled water,and

for those experiments 1nvolving calcium determination the water
was further purified: by passing,;t through a mixed bed ion
exchange column. F:cﬁ time to time the distilled water was
analysed for iron and calcium. Calcium analysis vas done by

- the method described on page 80, the analysis for iron was

done using a-a'=dipyridyl. Chemicals were of ‘analar' grade
'whenever possible. The pH of the solutions was measured with

a valvewvoltmeter type.pﬂ-meter to an accuracy Bf‘: 0+01 unit:
fresh M/20 potassium phthalate was used as a standard,

On occasion embryos of Triturus alpestris ( Laur )y palmatus
( Ragoumoski ), cristatus ( Laur ) and vulggris\( Linn )
vere used. They were cultured in the same manner as the
Xenopus embryos, save for small differences in the technique

of removing the jelly coats.



Introduction to the‘experimenﬁa

Disagéregation, also knowh s dissociation,‘is tho process
of parting multiccllular animals into individual geparato cells.
If theoo cells are comparatively undamnged their reaggreggtion
into uulticellular structures may be brought about im certain
circumotances with certain typcs of cells., The separation of
the cellc from on¢ another amust bé due cither to a stimulation
to the cells to actively move themselves avay from one another,
or to a loss of adhesion between one another, or to the rcmoval
of a mutual ccaont, Any combination of these cauces nay produce
disaggregation. Howecver there is little cvideunce for active
movenont of tho cclls pulling themselves apart from their neigh-
bours producing disaggregation, The two romaining causes are
concernad with the processes that cause cells to adherc in
multicellular structuros. Theréforo a study of the prococces
of disaggregation should provide evidence about the nature of
adhosion betwecen cells, The first part of this account of the
work describes the variéus mcans of dipaggregating cmbryos by
chemical means. This will shouw that calciua ions arc of great
iaportance in maintaining cell adhegion during early ctagec of
development s |

The processes of reaggregation involve the rcadhesion of

tho ceclle. In consequcnce a study of this has beon made with
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direct observation and with time-lapse filwso, and exporiments
have been donc to test tho effects of various chemicals and
physical conditions on réaggregation.v In tho éhirﬁ portion
of the work the results of a closer study of the cffects of
calcium on cell adhesion are given. The location of tho
calcium responsible for édhesion has been investigated, and come
shggestions as to the nature of the chemiéal groups binding
calcium to tho cell are givch; 'Laatly an investigation wag
made to see whether there wac any form of cement concerned in
cell adhesion in those embryos: some evidence for the

presence of a ribonucledprotein cement is givon.

Disaggregation of embryos

A variety of methods for the separation of cells from one
another héve been tried. Thoy are either mechanical oncs in
which adhering surfacos are torm apart, or chemical omec in
which the adhosive propertics of the ceells are so weakened that
tho slightest mechanical action, such as gravity, scparates the
cells. Those who have vorked on sponge or coolenterate tiscues
have favourcd the mechanical nothods. (Wilgon, 1907; Galtsoff,
1925; Lehn, 1953). Howovor such methods produce an assortmené
of fragments of the animal, which range from samall groups of
cells doun to various cytolytic products. The ideal method of

disaggregation would produce a complete separation of the animal



- g o
into olazle collo in o wpdamaged condition.

Chonical nmothods of dicaggregation have tho advantaze
that doduetions way Bo made froa thoip roculés about the
cheomlenl maturc of tho strueturcs invelvod ir colldl adhscsion.
On tho other hand aldthough colle may mot bo vioibly dannged
thoro aay boe cubtior fornc of danngo. I% tho eollg can roadhore
and continuce am erganised 1ifo thoro is ovidonec that coupara-
tivoly littlo damnge hag boom donces But it 40 poocible that
cvon them thoir eapneitiec Sor dlficrontiation oay have boeon
affoetod by oxpocure to tho dienjzgrogating ehomical. To add
to tho coaploxity of tho problom 4t io posciblo thot wero
ronoval of %ho.celle S$ron thoir mnoranld cnvironumont for o
chort uhile may permanohtly daaa@o then or altor thoir
p@%enti&liaioa EQPFQOV010§30ﬁt. ovon though tho chomical
itoolf doco mot danmage thoo (Reinkhnuo, 19565. Thup it
boeomon ar extrencly difilcult Af not impjosciblo tack to
Qotoet &mal; changoo ih tho eaturce of tho collo eaucod by
gho dicagprogntion peoccamro..

ith those points in nind 4¢ vwao decidod to usc ehomiecal
mothode of dicaggregatione Hous (1ae9b), Horbot (2UC0) and
aony othors have roticod tao loportaneo ef calciun iong for
the maintonance of adhooion of Tho colle im onbryonie maéos&al

and that tho absoonce o0f enlciun dono from ¢hoe culiurc modiun
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tends to cause disaggregation. Some tissues require magnesium
ions to maintain cell adhesion as was found for Mytilus gill
by Gray (1926), but the amphibian embryonic material does not
appear to rely on the action of magnesium tﬁ any great degree
as will be seen from:thevresults of experiments to be described.
These studies suggest that calcium ioms and in certain cases
magnesium ions as well, either cause the cell surface to
become adhesive or maintain the stability of an intercellular
cement. Thus removal of calcium causes loss of adhesion betwecn
cells. The methods for extracting calcium ions from embryos
which depend on washing in caleium-free media are not efficient.
The reason for this is that the external medium soon shows an
appreciable concentration of calecium derived from the embryos,
Even if a number of extractions of calcium are done in succe-
ssion, extraction will be slow unless the equilibrium constant

k, is of fairly low value :

conc, of calcium bound to the cells)
conc. of calcium in external medium conciof free
' binding sites)

It should be pointed out that this equilibrium constant has a
value which probably will vary greatly with pﬁ% In consequence,
merely placiﬁg the embryos in calcium-free medie will not

remove all the calcium involved in cell adhesign, and sufficient

might remain for considerable adhesion to be maintained,
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Fairly rocently the chemicals which complex calcium have been
used for disaggregation, (Zwilling, 1954; Andersog, 1953; King &
Briggs, 1955), 1t ocems that these agents werc chosen because of
their considerable affinit& for ionic calcium with which they re=-
act to form non—poldr compoundsg thus rcamoving all the calcium
ions from a solution into which they have been introduced. Thio
affinity for calcium ions is expfeesed in the valuc of the equili-
brium constant kfz

k.= (conc. of tho comg}exinﬁ agent in‘calcium form)
£ (conc. of the complexing agent not binding calcium)

X
(conc, ionic calecium)

sec Schuwarzenbach, 1954,
Thic equilibrium comstant is also known as the stability constant
or as the formation consténte It is usually ouprecsed as a log=
arithmnic valuo. Thus if a coamplexing agent is used to remove lonid
calciun from the embryos, at cquilibrium there will be a very
small améunt of ionic calcium 4im tho ﬁedium.' And unless the
equilibrium constant for the holding of calcium by the coll or cement
is for similar or greater value the amount of calcium held by the
embryo will be small.

The complexing agents which havo been mostly use@ to remove
calcium and magnesium ions in order to bring abbut disazzregation
arc ethylenc~diamine tetracetate as the socdium salt (this is also

known a& versene, or as EDTA, which abbreoviation will be used
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cubscquently) and the citrates. In this work nitrilo-triacetato
(also known as ammonia’ triacetate or NTA), tricarballylic acid,
ortho~-cresolphthalein complexong (also known as pthalein purple
or systomatically as 2:6 xylonolphthalein=g:e'-bis(imino) dia-
cetic acid, and hereaftor roforred to as OCC) and glutamic acid
have boen used as complexing agents as well as EDTA and sodium
citrata,

babryos wqré culturcd in calcium-froe solutions at various
pH values in ordor to discover th@ pH limmta for the disaggrogation
of the various tissuos. The action of EDTA and the citratos vas
investigated in a similar manner. ‘ Tho results of such experi-
ments provide an indication of the part played by the hydrogon
ion concentration on adhesion, These cxperiments may reveal
changes in tho response of the cells to such troatments ag tho
cibryos dovelop.

a) Bxperiments on tho disaggregation of Xonopus lacvis cmbryos

in calcium~-frec mcdia at variouc pH values.

Embryos whose jolly coats and vitellinc membranes had been
removed by hand in normal Holtfreter solutiom verc washed in
calcium-free solutions, at pH 6,9 to 7.0; they were then trang-
forred to the calcium-freo solution at a chosen pH. The pH of
these solutions was controlled by buffers. M/20 sodium car-
bonato-sodium bicarbonate buffer was used for the ramge 9.2 -
10.5; this buffor hac a high osmotic pressure, nearly the same

as normal Holtfretor sorution and in consequence the disaggrog-
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ting medium had an osmotic pressure nearly twice that of normal
‘Holtfreter,  0.001H 2-aminofé-methy1~1. 3~propanédiol'ané hydroch~
loric acid were used for the range pH 8.,0-9.6, and various molarie
ities of potassium cyanide for pH 9.5 to 10.0 (0.00L i1 =0,025/ KCN).
Those buffers overlap in come ranges and the purpose of this vas

to provide some means of éetecﬁing effocts due to tho cheomical
nature of a given buffer and not to tho pH being studied. Pot=-
agoiun cyanide surprieingly enough does not kill embryos at stages
~up to carly ncurula - possibly dué to'sdﬁe éhanges‘in tho cyto-
chrome systen of respiration, and it vas due to Holtfreter's
atteupts to impair the respiration of embryos (Holtfreter, 1945 a)
that ite production of disaggregation due to tho alkalinity of

its solutions was discovered.

The ombryos were placed ten at a time in petri diches with
paraffin wax bottoms (with small depressions to prevent the embryos
being moved by accidental shaking of the dishos). The action of
thé solutions on them was observed for the first five minutes and
then at 10, 20, 40, 60 and 120 ainutes from boing placcd im the
solution. The medium surrounding them wae replaced with normal
Holtfreter saline aé the end of this period by repeating vasching
vith normal Holtfreter until the pH reached 6.9 - 7.1. The
ombryos were examined at vérioue intervals over tho next three

dayse The bicarbonate~carbonate and the 2-aaino-2-methyl-l,
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3=-propancdiol buffors wore used for most of the experimonts and
the rosults of treatment at various pH valuos, listod in Table
1, refer to the action of these buffers alone. The fow expori=-
ments done on the action of potassium cyanide were found to have

ginilar results.

Results

All cellslfrom stages.froh early blastula to carly heurula
disaggregate in these media if the p is above 9.6. Such cells
will reaggregate on their return to normal Holtfroter, and they
© will then adhgre to any othei sort of cell. Aps neurulation
begine the tissucs fail‘to disaggregate under this treatment,
beginning with the neurcctodorm and spreading finally to the
endodern, There is apparently no change in the pH at which
digcaggrogation begins, but merely this development of a registe
ancoe to disapggregation. A detailed description of this phenomenon
is given in the deecription of the action of EDYA as a disaggro-
goting agent where the recults arc identical. Tho offects of
calcium~free solutions on stages earlier than morula (Nieuukoop
stage 6%) are of a somewhat differcnt nature. Treatment with
calcium-free colutions tends to destroy the cell surfacc membrane.
If thie is'done on fortiliced but u;cleaved egze the whole egg
lyees save for a sanll portion at the animal pole, which is hoavily

pignentod. During cleavage stages the resistant area of the cell



PABLE 4.

Dictribution of toots on the disaggregation of Xonopus
ombryos by alkaline modia with recpoct to Hiocuwkoop gtago
and pH of the wedium. Tho left-hand coluom undor each
stage gives the total numbor tostod, the right hand one
the nunber of cmbryos that disagizrogated.

Nicuwkoop ctage

. 9 10
.
1002 - - - - 3 3
9095 10 10 10 10 0 10
9490 10 10 ‘- - 8 é
9+85 - - - - 7 7
9+80 8 8 9 9 3 3
9475 10 10 1 40 10 10
9+62 - - - - 10 10
9+60 10 10 10 10 0 49
9¢58 10 2 10 0 10 3
9e5h - - - - 10 0
9450 10 0 10 0 10 0
9e20 10 o 10 0 0

10

for otages 11=13 gee ovorléaf.



Hiocuwkoop otago.

pHe
1002
995

9485
9+80
9¢75
9+60
958

9e 5k

950

9e20

10
10

10
10

10

11

~N O W

10

10
10

© 90

TAﬁLE {1 cont,

12

i3 _
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surface increases in size until the cells become entircly resistant
to the lysing action of calcium-free Holtfreter om their walle;
this condit1on is reached at about stage 6%, "ho embryos dic-
aggregate in the same manner as at later stages and this disagvre-
sation and the lysis only occur 1f the pﬁ is above 9,6. There is
no evidencc that the pH value at which these processes begin
altor duriné the cleavage ﬁeriod,

The disaggregates obtained by this method contain,séme
material derived.from cytblysis.of thé cells and a fair amount
of joelly is visible betWGeh the cells as well, The .jJelly may
or may not be produced by cjtolysis and its derivation ic dig-
cussed later. It is ver& sticky, particularly in the presence
of calcium ions, an@ cells adhere to it firmiy. If the pH is .
raised suddenly to about pH 12 this jelly contracts violenfly.
On addition of calcium ions it scts into a firmer mass to judge
from the movements of cells entangled in it whem the petri dighes
arc shaken,

Disaggregation appears to be an idontical process with regard
to its visible aspects for all the buffers tried for pH valucs from
‘9.6 to 10.0. At higher pH values cytolysis occurs coxtonsively
and rapidly., Holtfreter (1943a) has described the process in
T,torosus, and it appears to be similar to disaggregation in
X;laevis. In consequence only the salient features of dioaggre-

gation are describod here.
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This deocription ie dorived from observationc of many dicnw
a3regations. Tho first olgn of disaggrogation wac a olight léam
in tho brillianco and rofloctivity of cho.nﬁrfaco coat of tho |
cmbryo.  The suriaco cont of tho Zeaocpup embryo ab étagoa boforé4
mousulation ochous a series of colours upon it of tho king ﬂue.&e
optical imtoriorcncas. éheec ony boAﬂue to aoﬁo form of Aig=-
fraction grating strhcturo of thé ralaocting type or to tho optiecnl
imtorforenbo seé-uy in éhin filﬁé. Shobtly cftor tho ombrgo
ﬁém placed'in the @isaégrogétin@ Acdiun thege colouro éiuap;é$raé.
Phic vaos f§;lowea by the lbsé of snall granuléz Erom.tho oabryo;
%ﬁcy appearod té operge f£rom tho Dﬁrface coat. Thoco grﬁnuieo
are o foo micrd in diazotor and méy perhaps be idomtical with tho
pigaen& granuleb found in the coat.. (cee flodtirctor, 1943a for
oxtﬁnéi@é digéuééion of the maturo And funetica of tho aurfncé
coat.) In the blactula stage theso eligne first appearod ag
the aninal ond vegetal polos of tho cabryo, but onr omntering tho
gastrula siage tho doresal lip of the blastopore became tho main
pite for thoe initial attaek of tho dlicnggrogating modium,

In tho ga@ﬁruh stage the vegoetal golé coacedvﬁ@ bo a point of
initial attack although tho aninal polc continucd te bo co.
Tho action of tho dicagérégating modium at the amimal polo in
blaoctula and gastrula stagos produced a round wound im tho

curface coat extonding cnly a few dogress out fron the polo.
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This wound did not enlarge itself after a fow minutes but
remained at the same size until the enlarging vegetal or
blastoporal wounds merged with it. These sites of the initial

attack of the alkaline media are the same as those observed

by Bellamy and Child (1924) in their investigation of metabolic °

gradients in amphibian eambryos.

Soon after the loss of granules the surface coat of the
embryo began to tear open together with the underlying
ectoderm. The ectoderm from the animal pole regiom tended
to curl up into tight rolls. As the gaps in the surface coat
enlarged, cells began to emerge and fall out of the embryo.
There did not appear to be any active extrusion of'cells, but
merely a passive shedding of them through the wound, At the
same time the jelly matorial began to emerge from between the
cells, The freshly disaggregate@ cells frequently were of
elongate shape but these soon rounded up into.a spherical
form. The hyaline protoplasmic mafgins of the cells ( Kuhl,
1937,termed them hyaloplasm margins ) showed very little
motion in the disaggregated cells other than a slow cydpsis.
Cyclosis is the rotation of a lobe of the hyaline margin
around the cell ( see Figure 1)..As the surface coat broke
up small pustules appeared in it where it was about to break
open. The contraction of the coat togethor with that of the
underlying cell layers in the dorsal regions of the embryo

appeared to be the cause of the stripping of the ectoderm and

neural



FIGURE 1.

Blastula cells of T.alpestris under dark ground
illumination. The hyaline margins of the cell (see
arrows ) were performing the movement called cyclosis
when this photograph was taken. From film 12. Scale,

1cm = 37 micra,
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plate to one side of the disaggregate. The endoderm and

mesoderm of gastrula and eariy neurula stages disaggregated

easily but the neural plate became resistant towards the end

of gastrulation, Later the mesoderm and finally the endoderm
becane resistant. As disaggregation continued the emhryo lost

its mechanical strength,probably as a result of the weakening

of the adhesions,and it slumped down in the bottom of the dish

as a loose pile of cells. Gentle shaking spread this pile of

cells over the dish,though the stickiness of the cells and of

the Jelly tended to impede their spreading. The breaking open

of the embryo re¥ealed a small number of yolk platelets which
appeared to lie between the ceilé. They seemed to be extracellular
and not the products of cytolysis during disaggregation., They can
be compared with the yolk platelets found in histological sections
lying between cells. preéer there is a certain amount of cytolysis
during disaggregation which produces yolk platelets,or a risk of
its occurence. The separation of th; cells spread outwards from
the blastopore,;most rapidly ventrally;most slbwly dorsally. The
disaggregation which began at the Qnimal pole did not_spread far.
If the surface coat had been injured‘a siight disaggregation began
at the site of the wound. Fragments of neﬁrectoderm held'together

by thin and attenuating strands of surface coat were the
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last tissues to disaggregate. On no occasion was cell
division seen amongst cells of post-cleavage stages in calcium =
free media.

The use of such alkaline éolutions to disaggregate the
embryos may damage the cells by reason of the very great
difference in the chemical behaviour of the various molecules
forming the outecide 6f the cell (and to a lesser extent
internal ones as well) becweén these pH values and those
normally associated with their life. Yamada (i950) and
Holtfreter (1944b) have shown that exposurc of various
amphibian embryonic cells to such alkaline solutions may alter
their pregumptive fate. Other means of disaggregating the
embryos may be less damaging if less aikaline media éan be
used. It was partly with this object in mind that the various
aéents which complex calcium have been used as disaggregating
agents, Firstly, their action was investigated in order
to discover the lowest pH value at which they would bring
about disaggregation, which in turn would provide some suggeste-
ion as to the nature of the chemical groups on the cell binding
calcium to itself. There is & competition between the
calcium binding groups of the cells and those of the complexing
agent for calcium ions. A measure of the amount of calcium
held on the cells, that in solution, and that bound to the
complexing agent will permit the calculation of the stability
constant for calcium binding by the cell at that pH. If
the stability constant can be determined for a number

of pH valueé the results can give
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information about the chemical nature of the bonds holding
calcium, The occurrence of disaggregation for a given chemical .
aggnt can be compared with the st#bility constants which have
been determined and thus some assessment can be made of the
question of whether it is calcium binding mainly or only
to a lesser degree which is responsible for cell adhesion.
The methods by which these calculations have been made are
described later, but the stability constants for the calcium
complex of EDTA at various pH values are given below in
the introduction to the experiments on the determinations
of the pH thresholds for disaggregation by various cémplexing

agents.

b) Experiments on the disaggreéation of Xenopus Laevis embryos

in various media which complex calcium, i EDTA

EDTA 0,0005M - 0,005M in calcium-free Holtfreter buffered
either with 0.00§M phosphate or 0,001M tris buffers to various
pH values in the range of 5,6 - 9.0 or uith 0.00llf 2-amino-2-
methyl-l, 3-propanediol from pH 8.5 - 9.5 was the complexing
agent used for the greater part of this work, The stability
constant of the calcium complex at various pH values in given

in Table IX.



TABLE II

Logarithmic stability conctants for

EDTA calcium complex at various hydrogen ion concentrations

pH 3 b 5 6 7 3 9 10
1075 oxcess , o _ ~
of frec 2.0 203 306 5.5 6;3 7.5 605 993

¥DTA

100% eXCesn 240 2.5 QQEY 600 7.3 813 903 10.2

This table is taken from Chaberek, Berswerth and Martell, 1955,

Examination of Table II showo that LDIA oaly begins to
shoty ap?reciable coﬁpiexing pover for calcium wheﬁ the pH is
above 6. Thorefore the action of EDTA was tricd only over
the range pH 6 to 9.5. The oxperiments vere arranged in
the eane manncr a5 those described above. The pH values
640, 625y o8, 740, 7.5, 748y 60y Ba5y 940y 942, 945 Wor
tried. |

Resultse

Umbryos of Xenopus lacvis of stagos from carly blastula

to late gastrula were found to disaggregatc in this medium
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JA few experinmentsc on T.alpestris

matorial chowed that the pH threshold wasc much lower for this

if the pH was at above pH 7.8.

materia; than for Honopus embryos; the threshold lay in the
tonge 6.0 - 6.2. At pH 9.5 the processes of disaggregation in
denopus enbryos were similar to those found in disagzrogation
with alkaline media lacking complexing agents. At successively
lover pH valucs there was less and less cytolysis, and digaggre=
gations done below pH L.4 . showed 1ittle or no cytolyeise In-
thoze disaggregations donme below pH 9,2 no jelly appeared, and
the frec cells have no etickinoqa for'one another. During
disaggregation the surface coat broke up more easily than undor
the action of alkaline media lacking coaplexing agents, and
there vas loss rolling up of the ectoderm. The various cell
layersz of tho cabryos all &iéaggrcgated at about the same rate,
which indicated that there was little difierence iﬁ the methods
of coherence of cells in the various ccll layers. A1l tho
various corts of cell would reaggresate if the culturc medium
contained iomic calcium and had a pH recar 7. Preblastular
and postigastrular ctages do nof bohave in the mannor described
above on disagsregation with EDTA.

The cffect of EDYA on preblactular stages is doscribed first.,
For these stages the pH threchold for disaggregation has not

been so precigely determined as for blastular and gastrular
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stages, but it appears to lie between pH 7.8 and 8,0.

EDTA damaged the cell surface of unfertilisod Xenopug laevis

eggs at pH 8,0 and the outcrmost membrane of the egs was seen to
peel away from the wound and slowly discsolve in the medium.

This Uognd fi}sﬁ appeared &t the vegetal pole provided that

the céll surface vacs not damaged during the removal of the
vitellinc membranc, In the course of an hour the ecs cygolyse&
under the action of 0,001l EDTA, and the only solid remains were
yolk platelets and a saall pigmented nubbin about 50«70'micra
in radius derived from the surface la&ers of the cgg at the
anipal pole, After fortilisation the cocll surface became
resistant to this lysing action of EDTA; this rosistance
spreads from the animal to the vegetal pole during the

clecavage stagess At the carly blastula stage (Nieuwkoop

stage ?7) EDTA has no visible action on the embryos other than
the production of disaggregation. Cell divigion continucd

in the prescnce of EDTA during clcavage stages, but this

doos not occur during the disaggregation of later stages. The
first feu cleavages began fairly normally in thg@resence of
BuTA, but the cell surface broke up in the vegetal reglions

and thogse portions of the embryo.began to lyse. The lysis
spread towards the animal pole and disarranged the position

of the deopening furrows. In conscquence of this lysis insido
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the eubryo it became possible to remove picces of the cell
surface in ﬁhe animal portion of the embryo which had not
been attacked by the EDTA., . Some pieces of the osurface were
isolated in this manner and given to Dr. G, Selman for oxam-
ination by electron microscopy., These observations indicate
that it is the cell surface which develops a resistance to the
iysing action of EDTA. By the 8-cell stage the dorsal half
of the embryo was entirely resistant to the lysing action of
ED¥A, although disaggregation occurred. The cleavage
furrous opened out during this disaggregation and were

seen to pass into the cytolytic rogions'ventrally. / In

these opening furrows the white region described as newly

formed cortical material by Sclmar and Jaddington (1955)

may bc seen, T.alpestris.cleavage stages bohaved in the

same manner, but unfertilised egge of this specice were
entircly resistant to lysis by 8DTA, This difference

from unfertilised egses of Xencpus might be due to a strong
binding of calecium ions to the cell surfuce before fertili-
sation, In consequence the EDTA would not remove much of

the calcium from the cell surface in one cextraction. Evidence
for the etrong binding of caleium by unfertiliscd eggs of
Arbvacia was found by Mazia (1937), anqhe also found that the

degree of binding lcssened on fertilisation. Lansing and
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Roseathal (1952) give ovidonco for tho ealoium binding chown
by thic material being locatod im the ceil surface, It do
of intereot to conoider whether or ne the cell curface sotoral
doscribod hero io idomtical with ﬂoléfroﬁor's ocupfaco coat
(19'&%&.

Babpyos whieh vere ploced in calciua~-{roc Holtfrotor at
the camoc pH (840) at eleavage sédgée wore undamaged in the
cource of tveo daya, shough eventually their dovoleopment bo=
came abnornal and they dded ot 3 - &4 dayse, Ac wontioned
oarlior if tho pH is above 9.6 these stages lysc in the
manncr doocribed above. |

Hid-nourula and lator ctages vwero found to bocone rooipte
ant to the dleaggregating action of EDTA, whon noural c¢loouro
becamo coaplete it wae impossible ﬁo disaggrogate the ombryocs
with BUTA, The neuroc%o&orm‘waa the firpt rogionm to becoiio
rogistant to the action of IDTA, ard thic was followed by tho
somitoo and motochordal tissues. The lateral plate mecodera
next bocage resictant and finally tho endodorna failed to
dicaggrogate under tho action of EDTA.  Thesdobeorvations
are choun in figurc 2, which also includos thoe rosults of
tho toote on the ability of tho collo to roaggresate. A
omnll nuabor of tosto werc done on explants of the varions

coparate roglono of tho cobryos with similar rooults. o
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ovidence vac found for tho poocibility that the pH throchold
for dicaggregation might rige as the onbryo develeped. All
ctages that vore dicaggrogated by LDYA did co 4f tho pH wao

above 7+8. Later stages 644 not dicaggrogate at any pH up

to 100, and at higher pH values only chowod eytolycice

Bdailor but incomplote tooto woro dome with tho couplexing
ageats WPA and OCC § identicol rosulte worce obtainod.

cieéatos have a complexing affinity for calecium and tho
conplox is foirly ctoble. Schubort and Lindonbaun (1952)
report that the stability conctant at pH 7.0 for tho caloium
complex with citrato and with Sricarballylate have tho values
(arithmetical) of 1410 and 66 rescpoctively. Thooe values are
very wuch lover: tham that of the EDTA complex dbut nevertholoos
indicate fairly stable complomes with calcium. Oxalatos show
a cioilar bohaviour. Feldman (1955) usod citratos ané oxalatoo
for tho disaggrosation of Irituruc cmbryomic cello with succeoos
Hio resulto suggeot that theso agento brought about dicaggrog tion
by removal of e¢alcium fyon tho onbryos.

By testing tho diecaggrogating action of citrate, tricarde
allylate, and glutannto ( ctadility comstant at pH 7+0 of
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Ca form = 38,Martell and Calvin,1952) it is possible to
compare the effects on disaggregation at various points in
a range of calcium ctability constants. Thus some idea of
the calcium binding ability of the cell surface or cement
can be got.

Foldman prepared his solutions to be 0+017M imn citrate
and 0+02M in glycine made up in calcium-free Holtfreter
solutions 0¢017M solutions of oitrate,.tricarballylato and
glutamate were prepared, and their pH was adjusted to the
required vaiue with sodium hydroxide solution,

At pH 7+8 the citrate-glycine medium disaggregated
Xenopus gastrulae and carly neurulae, and the process was
very similar to that desribed for the action of alkaline
nedia ét pH 9¢6 or above. Some cytolysis happened and a
certain amount of jelly material was formed. Reaggregation
occurred subsequently provided that the stage disaggregated
was not later than very late gastrula, Mid and late neurulae
did not disaggregate in this medium. The action of this medium
on cleavage stages was not tried.

The tricarballylatee-glycine medium was used at pH 9¢0
on stage 11 embryos, and there was partial disaggregation of
19 embryos out of 20, one embryo being almost unaffectod.

At pH 8+7 there was no disaggregation of a group of 10 cmbryos
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of this stage., At pH 9.6 disaggregation was complete
with embryos of this stage. All the disasggregates re-
aggregated ' on return to normal Hoitfreter. In appearance
the process was idéntical with the disaggregation produced
by the citrate medium.

The glutamate-glycine medium was tested on stage 10 -
10% embryos of Xemopus. At pH 6,7 and ¥.35 thore wae no
vigible action on groups of 10 embryos. At pH 9.04 there
was a elight loss of roflectivity from the surface coat but
no other effect, at pH 9.4k there was a slight disaggrezation
of the cmbryos juct dorsal to @he&olk-plug. These latter
pair of ?ests were done on groups of 8 embryos each. The
disagg;egates reaggregated on return to normal Holtfrcter

solution,

Discussion of the results of experiments on digagsregation

The compounds that have been studied for their ability
to produce disaggregation shou a great range of sﬁability
constants to their reactions with calcium. Thesc range
from that of EDTA which is s0 high that only a veory small
amount of ionic calcium is in equilibrium with the froee

agent to glutamic acid which has a very lov stability conotant.
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The figures quoted for the calcium stability constants mostly
refer to pH 7. Ae the pH of the medium in which they are
present rises so the calcium stability constant rices. it
is hardly surprising that disaggregation bocomes poscible at
some pH value in any of thesec media, because previous observ-~
ation has shown that disaggregation will occur in the absencec
of ecalcium ions or of a complexing agent above PH 9.6, The
exact pH threshold for a given complexing agont will depend on
three variables., Firetly the dogrce to which the adhesion
of cells is controlled by factors which do not involve the
action of calcium, and this may vary with pH. Second the
change in the sfability constant with pH for calciuam dinding
by that portion of the embryo rosponsible for adhegion, and
lastly the rise in valuc of thevstability congtant with
pH for the disaggregating agents considered.

Qualitatively the results obtained support the idca
that the removal of calcium causes disaggregation. The
scrics of agents, citrdte, tricarbaiiylate_and glutamate
require successively highor pH thresholds to cause dicaggre-
gation, which would bo expected from the Valuee of their
stability constants at pH 7. Of course no value is knouwn
for the stability constants for the calcium complexes of these
agents at their pH thresholds for disaggregation but at any gijen

pH they may be expectod to maintain the same rolative order as
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‘at pfi 7+ Thoco ouporimonts do not im thodcelves imdiecato
tho doyrce to Whﬁch‘the throe factors outlined above act,
but they providc tho baols for tho lator aocessnont of this
problen for thoy provido tho pi throehéléa for o nuabopy of
agente vhich cause dicaggrogation, £o f{ar no account hao
boon takeonr of other chomicnl offocts which thoeo agento may
havo upon tho em$ryoo' Those othor cifecto of céurbo Qay
act upon coll adhosion dna in par%‘dotoraino tho pH throchold
for Qiocnggrogation. A priori the agonto wced in the unnaer
doscribod are not eunpocted to havo any opoecific actien on
chcniecal foatures of.ého enbryos othor than their ealeiua
or magnesium

countont, Novortheloss comc gugsoction ol such action io
provided by the faet that tae pH threshold Lor dicap;reogation
with BOTA ig 7.8, vhorono for eitrate it 41¢ of the same valuc
or lower, although LDZA has a stability coastant about a
thougand times groater than citrate at tho gaae pH. fHoro-
ovor disaggregation ulth citrote preoduces a Jjolly betueon
the ecolla, vhorconn thic doos not appear im dichpgrejation
uith LA,

This Jolly any rocult fron tho cytolgole of tho colls
but it may porhapo bo derived {rem an intoreollular coment,
or iron the cwolling of a layor of material on the coll ouringo.

It hoo boom noticed by ¥Yamada (19,0) and Holtfrotor (1943b).

.
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The general indication from these experiments that the ccll
adhesion of thesc cmbryos is controlled to a comsiderable
oxtent by calcium ions was made by Holtireter (1945b).
The present vork describes tho determination of the pH
threcholds for disaggregation for a varicty of staszes and
disaggrogating agents. The phenomena obeefvod in the
treatmont of cleavage stagcs with EDTA otc. do not appear
to have been described previously. At present theoir
significance 1is obscurc,

The intention of tho experiments described above was
the provision of information on the action of calcium and
pH on cell adhesion, In the next section consideration
ie made of the resulis of studies on cell adhosion wade
with cnzymes, in order to give come ;daa of the importance

oi various organic chemical groupings in cell adhesion.

cs LUxperiments on the disagpregation of Xenopus laevis

cmbryos with enzymes.

( The enzymes trypsin and ribonuclease werc used in
these exporiments, Testicular hyaluronidase was uéed

as well; but on assaying it for possible contamination
with ribonuclease by the method of Davidson et al. (1957)
much ribonuclease was found. The results of coxperiments

done with hyaluronidase were idontical with those done with



ribonuclecase., So far it has been impossible to obtain hyalure

onidase frece of ribonucleaco,

Effects of trypsin

Moscona (1952), Trinkhaus ahd troves (195%) and other
vorkers have uccd trypsin digostion fér the disaggrogation
of chick and mammalian material. The trypsin was dissolved
in culture media freoeo from calcium gnd wagnesiuva salte. They
found it possible to reaggrégafe~tho free cellc obtaimed by
thie ncthod. Trypsin is thoughtto attiack ﬁroteins at their
arzinyl or lysyl portions, accofding to Sumnor and Myrback
(1951).  Its action is greatly promotod by the presence of
calcium ion and it is thought by some, Cege Haurowitz ot al.
(1945) to have little action onm nmative proteing compared with
its action on denatufed proteins., These facts suggeat that
it will attack mainly those proteins which are basic and dew-
naturcd. |

Tvo sets of experiments were arranged. In the first
whole embryos or explants from them were placed in trypein
solutions to see whether disaggregation would occur. In
the socond cmbryos which had beom'disaggregated at high pH
were washed with trypein solutions to discover if the Jolly
matcrial would dissolve. Trypsin obtained from iHesors.

Lights vas used. Solutions of various strongths vere wmade



up in normal and calcium-{reoc Holtfieter solution, buffored
to pH 7.1 with 0.001H trig and hydrochloric acid or pH 7.8
uith the phosphato buffer described earlier. The pH optimum
of the enzyme is 7.8, A1l experiments were done on cubryos
of Nieuwkoop stages 10 - 11,

In the first set of experiments groups of four emnbryos
were treated with 3%, 1%, 0.6% and 0.06% u/v solutionz of
trypein in normal Holtfreter at pH 7.1. Po disaggregation
or extengive cytolysis occurred. There was however a élight
danage to the surface coat shown by the loss of fine granules
from it, which continucd for many hours. The embryos con-

'tinued to develop fairly normally throughout a lengthy troat-
ment with the enzyme. A fow embryos were treated with tfypsin
dissolved in calcium-free Holtfretor solutions. In these

~

cases a elight cytolysis occurred with 3% trypsin. Howover
eince the trypsin was found to contain an appreciable amount
of magnesium it is probably that sufficient magnesi@m is present
in the solution to oifset the absence of calcium,

The effect of treatment embryos with trypein prior ﬁo
disaggrogation with EDTA was tricd, After a few preliminary
trials it was found that exposure'cf stage 1l embryos to 1%

trypein in normal Holtfreter for one minute was sufficient to

prevent subsequent disaggregation by 0.001M EDTA. Groups of



- 33

five embryos were exposed for one minute to trypsin solutions

in normal Holtfreter solutiom at the following concentrations
3%44%, 0063 and 0+06% before transfer to EDTA., Immediatoly

affer thé trypsin treatment the embryos were not damaged visibly.
Afte£ #O minutes in EDTA those embryos which had been treated
with 3% trypsin showed n# sign of disaggregation. Whereas

control embryos were fully disaggregated. Those émbrjée which

had been pretreated with trypsin were now in the form of a

ball of cytolytic material firmly gummed $ogether by what
appeared to be a thick and viscous Jjelly. Those emdryos which

had been treated with 1% and 0+6% trypsin showed similar
conditions though these were not so fully developed. The

embryos trefited with 0006% trypsin showed a moderately complete
disaggregation although there was appreciable cytolysis. These '
embryos showed an easier separation of the ectodermal cells

from one another than in the comtrols, but the mesodermal

and endodermal cells were more cohesive. This situatioh is

the reverse of that: obtai'ned in the'straightforward diesaggregation
of such stages with EDTA, in which the endoderm is the least |

cohesive and the ectoderm the most cohesive tissue. Such !

embryos showed reaggregation on return'to normal Holtfreter 7\

solution,
In the short while for which the embryos are exposed to
trypsin it is unlikely that the concentration of trypsin

inside the embryo reaches equilibrium with that outside.

'
/
/
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Congequently most of the action of the trypsim will appear
in the outor portions of the embryo, wherc it isc present in
highest concentration. If'trypsin acts by breaking douwn the
protein structufe involvod in ccll cohesion this would account
for the lecssening of cell cohesion in the ectodernm gut would
not acceunt for the apparont increase in cohesion in the
other tissues.

In the cecond set of experinents the embryos were
first disaggregated with the bicarbonate-cgrbonate bufier
or with tho Z2-omino~2~-methyl-l, 3-propancdiol buffer at pH
9.80 fér an hours they were them vashed with normal Holt-
freter at pH 7.8 (phosphate buffer)., Sufficient solid
trypein vas added to give a 1% v/v concentration in the
medium. Thosc portions of the ectoderm which had not beon
disaggregated fully underuent a violent inrolling. Tho
Jelly between the cells boganvtd discolve and after sevaeral
hours the cells began to cytolysc,. Those disaggregates
which were returned to normal Holtfreter solution (with
several washings) after the trypsin had discolved the jelly,
failed to recaggresate. Celle from such disagpregates maintained
movenients such as cyclosis and cells frequently came into
contact with one another, but no firm adhesions were formed.

Such bohaviour suggests that trypsin acts on the adhesive



propertico of the cells. If emﬁryos vere treated for a
shorter while with trypein, some reagg:esation vas possible,
but the colls were very adherent to the glass of the culture
dich, and formed a thin monolayer on its surfacec, cee fi@ure
S This pair of observations suggests that the jelly may
be necossary for reaggregation, but other explanations for
the failure of reaggregation after treatment with trypsin
are posscible.

Although trypsin has a fairly epecific site of attack
on proteins the multiplicity of places whero it maj attack
gho ccll make the interprcotation of the recults difficult.
It is romarkable that trypsin has very little offcct on ecabryos
if no cher trcatment is madce This might be due %o the |
occurrence of anti-tryptic agent in the ombryos. Lvidence
for the occcurrence of a heparin;like substance in the surface
of the eggs 6f somc seca-urchine is described by Heilbrunn
(1956). Horwitt (1940) showed that heparin can have an anti=
tryptic action. In the interpretation of those cuporiments
in vhich disaggrogation with BDTA wac tried after treatmont
vith trypsin one ig troubled By an uncertainty as to whether
the trypsin actc on the cells prior to tho application of
EDTA or whether tho action is duc to the trypeim present in

the cmbryo when the trcatment with LDTA is begun, It is



FIGURE 3.

Monolayer of Xenopus gastrula cells
reaggregated after slight treatment with
trypsin. Microneg.Pan. 8 seconds. 1" objective,

x 10 eyepiece. Scale. 1cm = 60 micra,
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poosible that Crypoin acto om i onbryoo prior to tho
application of EDEA and makos tho colle fap more pormcablc €6
caleiun ard magnosiune In congoeguence the BDRA removes $ho
caleiud and oagnecdun Sron the intericrs of the ecello amd

causes cyﬁolyéia. Bone evidonge for thioc thoory io found in

tke fact that the emgync papadn apponrd $0 ineponco tho pornoabe
iliéy of the coll combrame to caleium ( oo page 86 )« Sueh

a theory would czxplain the lack of apparont action of $rypoinm

on onbryos in codia wich im éélgﬁum. for the modium would
contoin cufficiont caleium to moimdain tho concontration of
coleiun within tho colls at a foldely bigh lovole Fhio Shoory
does not require tho existonco of anti<tryptic qgontoy and

4t sugpeste that tho otructuros attoclicd by trypoia ave of l&é%le
inportance in coll adhoocions It 40 unlikely that the othor poscibility
that trypoin only acto vhen BDEA i procent e corrcot, for
trypein will act on cedls vhich have been Leolatod by othor
nethodo of dicaggrogation, to discolve the jJolly and dootroy

the power 0f roaggregntions It chould be poociblo to toot thio
problen by a corice of ouxpordmento on ealeiun loco by onbryes
after troatuont with trypoin. 8inco trypois alonc doec not
disogsrogate enbryos i vould coom that protein sotructures of the
kind cttacked by trypoin canpet bo of groat inportarce im coll
adhcodon. Yot troatoont with trypein provonto ocubocquoant

reaggrogation of the cobryonic c¢olles
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This problem can be accountéd for by the theory that established
cell adhesion can continue e&en though a protcin compdnent of
the‘adhesive pystem is damaged, but that the power of re-~
cstablishing adhesion is lost. If the presence or absence

of a hydrolytic action of trypsin on the cell surfaces

or cementing structure could be demonstrated. in the intact
embryo this problem could be solved. In the above discuesion
the assumption has been made that trypsin acte on protein
structures to produce materials which are less adhasivé'than
.their precursors, but it is possible that the reverse is true.
If this were so a very different inierpretation of the results
would be necessary. The results suggest that the Jjolly con-
tains a protein component.' And that some protein co:aponent
ig important ‘in cell adhesiog. HYloscona (1952) and other
workers who usod trypsin for tho disaggregation of chick
material did not find tho subsequent reaggregation was pre-
vented. Whether this difference is due to the nature of the

material or to the culture methods used is uncertain,

Effects of ribonuclease

Ribonuclease A ié the enzyme‘which attacks ribonucleic
acid, hydrolysing part of it to a mononucleotide state, though

a portion is left in a state of éomparatively high polymerisation,



- 38

A protcase-frec sample of the enzyme was used. Thie enzymo

i.ls poct stablc at pH 2,0 - 4.5 but its pH optimum is 7.7,

at which pH however it ig quite rapidly destroyed, -A partial
compromige wac made in its‘usq between these tuo choilcos, and

it was used ;t PH 7.0 in a 0.0005M tris buficr.

Its action on the jelly obtéino& from disaggrejates made
at pll 9.6 = 9.3 was triods 8ix stage 12 embryos vere dis-
aggregated in 0.0l 2-amino-2-mothyl-l, 5-proganediol in
calcium-free Holtfroter at pH 9.3. Mﬁch Jelly was formed
between the colls, The cabryonic disaggregates were washed
in calcium-free Holtfreter solution buffered to pil 7.1 with
0. 0011 tris, and then the ireshly nreparcd ribonuclease was
added giving a final conccntration of about 1< micrograms
per millilitre of ribonuclense in the culture disheé. "In
the courge of 15 minutes the jelly was obscerved to become
much more diffuse and to disappear in many placaes. Thore
vas no other visible action., The ombryos worc then returned
to gormal Holtfreter solution and wigns of reagsregation
were lookod for'next day. None weore found, though controls
reaggregated normally.

The results suggest that the jelly contains a ribon=~
ucleic acid component . They alco cuggest that tho renoval

of a ribonuclcic acid component removes the ability for
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reaggregation from the cells, but this component is not
noceesérily identical with that'contained in the jelly.
Since treatment with ribonuclease does not inhibit the move-
ment of the cells such as cyclosis, it secms probable that
it may iphibit reaggrogation by destroying their ability to

readhere even though they come in contact with ome another.
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Reagrrepation of embryonic cells of Xenopug lacvisg

If the cclls which have been disaggregated by some
oif the methods dcscribed previously are returnod to fairly
nofmal conditiona of culturc they may reunite into multi-
cellular bodics. This rounion is called reaggrogation,
In order for this union.to take place tuo conditions are
necessarye. Firstly the ceéells must oither be in contéct
or be able to come into contact, Secondly they must be
- able to.adhore in these contacts. The term ‘'roagsregation’
ic usually uced to cover the proccsees imvolving both of
these conditions. Irequently its use is extended to the
process of the sorting out of the different typos of cclls
into groups according to their types Roux (Lo94) deseribed
reaggregation of blastomeres of Rana fusca in torms bf the
cellc coming together and adhcring. Reaggregation,
including cell sorting, was doccribed by Uilson (1907) for
sponées and for coclenterates (1911). More recently Hoocona
and Hoscona (1952) have found that chick embryonic material
vill reaggregatc. The importance of adhcsion im roaggrogation
ig clear, and it was for this reason in part that the vork to
be described was done,

Roux considercé that thc igolated cells of R.fusea
did not chow random movements, but that they moved towards

one another in a directed manner, He callecd this movement
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‘ecytotaxis' (1896), earlicr in 1894 he had used the term
‘cytotropima' for the same phenomenon, He proposed that the
movemonts were directed by the responsce of the cells to chemical
emanations from other cclls. A similar mcchanism has been
suggested to aecountAfor the behaviour of the slime moulds,
(Acrasiales) by Bomner, (1947). He and others have found
much cvidence for the idea that isolate¢ single cells of the
rocting stages move towards others by chemotactic methods

and thus unite to form the fruiting bodiesz, Voigtlander
(1932) and RKuhl (1937) reinvostigated the reaggregation of
anphibian embryonic cclls. They found no evidence for:the
occurrence of any other than random movement of the cells in
the reaggregation pioceasg If adhesion occurs on contact
tho random movement of the cells will in due course bring
about tho union of the cells. Roux observed the rate and
mode of approach of pairs of cells, but his observations vere
on a ganll number of selectod pairs of cells and cannot be
regarded as being statistically significant, - Kuhl. used
blactomeres from Triturug embryos and made timo-lapsc

films of the movecmentes of the cells. He found that the
movements of the cells statistically wore random and that cell
contacto were as readily made as lost. This latter
observation implics that no reaggregation occugrrod, Lilko-

vice Roux's material showed little or no reaggregation.
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There was no success in producing reaggregation of embryonic
amphibian cells into large groups‘whicﬁ would undergo continued
differentiation and in which the cells were sorted out into
definite tissues until the experiments of Holtfreter (194ka).
For sponges apd coelehgerates extensivé reaggregation of
this nature had been described from the earliest observations.
The metpéds qf disaggreggﬁion used by Holt freter were
chemical, whereas those of Kuhl were mechanical, which
resultcd in much c¢ell damage. Kuhl used blastomeres where- .
as Holtfreter used gastrula or late blasgula cells. These
or other.differences may'account for the fact that Kuhl failed
to obtain reaggregation. But this failure may be no more
than a reflection of the fact that in the very dispersed
cultures used by Kuhl random movement would have to be
continued for a very long while for significant reaggregation
to take place, oeven if adhesion occurred at every contact.
Since Kuhi failed to obtain reaggregation, it can be objected
that his experiments do;not test ﬁhéther the movement of the
cells is ranﬁom or directed. Holtfreter (l9h5a) considers
that it is unlikely that the movement of reaggregating cells
is directed, but he offers no more evidence than that provided
by direct observation. Latef (1947&) he repéata the suggestion,
however, pointing out that cells in close proximity may exhibit

reciprocal attraction. In consequence it seemed desirable to
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roinvogtigate the quostion of uhethor tho movemont of the colle
i@ randon or dirooted.

Zvidence for tho chomotaxnis of colls in ombryonic material
has beon given by Holtfretor (1947n) vhe studied the movewmento
of the melanophorcs of gagigieng ta&poloé when locithin iaplanto
vere mado in theo body wall. Likowisco Tuitty (1945) conciders
that thoe reaggrogation of tho mclanophoros im tho black forn
of the arxolotl ia.brought about by ghemotaxim. Toitty
and Niu (1948) obtained ovidonco that cheomiecal factors nffoct
dicpersion of chromatophore cells from anphidblan ombryos.
Ualteoff, (1925) otudying the reaggregation of sponge collas,
aid not find any ovidence dirccteod movomont of the colls.

The movements of the eclls havo been studiod by naking
tino lapse filmc of roaggregations, Those filnc aleo provido
smuch cvidenco on the way in vhich adhoclions are formad botuoen
the collo and on tho part played by coll adhopcion in the formne
ation of the roaggrogates The reoouwlts of tho exporisonts
deceribod in the provious soetion provido suggostions as to
tho naturc of c¢ell adhosione Furthor oxperimento on.thé ofxecc‘
of variouc chemical and phyesical factors om coll adhesion in
roaggrogation wero mado and are roportod im thic ocoction of the
theocine

The sorting out of theo differont cell types from one anothor
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which may occur in reaggregation, has been investigated by
Holtfreter (1943a) and. others. He found that there is no
sorting out of the cells of gastrulae in their reaggregation
during the formation of the aggregate.  In his paper withA
Townes (1955) they reporfnthere is no sorting of the cells
till some while'after the reaggregate is formed. It is
fairly clear that there can be no great degree of sorting
of the cells while the cells are moving together and form-
ing their first adhesions, for if it were otherwise the sep-
aration of the various sorts of cells from one another could
be seen. Nevertheless it is possiblc that there may be
some degree of sorting, which though not obvious to bricf
examination, would be revealed by statistical enquiry. Cell
sorting could be brought about by directed movement. It could
also occur if the only cells to form adhesions were of like
kind or if like'péirs of cells formed stronger adhcsions
than unlike. In the latter case it would be necessary
for the weaker adhesions to sever moré frequently than the
stronger, if sorting were to be brought about. Chiakulas
(1952) hae described such differential cell adhesions in
wound healing. The results of the énalysis of the films
have been used to examine this problem of cell sorting. .
However it seems probable that cell sarting occurs

after the reaggregate'has formed. In consequence of the
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opacity of tho cclle it ig oxtromely difficult to detect
cell movements within tho reaggregntes Histologlend
proparations have been made of a munber of reaggrogates in
order to obtain evidenco on the oceurprence of coll corting.
All ctudies on coll corting nay be liable to the objeetion
that it hao mot boon shown that the various ¢ell types eurvive
disaggregation and reaggregations Trinkhaus (1956) suggests
that cells may dedifforemtiate and thon redifforentiate into
another type of cell. In ordor to cottlo thic objoction 4t
wQuld be nocessary to mark individunl cel;a qfha.hnaqn gype
in como har@iasa Ranner co that thoy could be teaced &n the
rea@@rogmte..reehniqa;ly this procedure i very,@&ffiénl@ to
‘porform. A loss satiofactory mothod of investigation io to
reagsrogate tiosues of a previongly known prosumptive fate and
interaction, and to test tho roaggregate for the appoarance
of cells of unaxpag%ea typess ﬂewever.tha igodation of only a
few cell typos at o tiso nay abscure'changos which would take
place when many other cgll ﬁypea.ara isolatoed with $hom, ao
in reaggrogates of whp;o embrﬁosa An axgmple of auch'a éhange
io that deseribed by Lagaechov (19555; in which changos 4a

ccll type occur whem the totnl number of celle of onc procunptive



fate in a mnop 45 large. Anothor is found inm the uwork of
Yanada (1940), vho found that chorda collsc would induce
nocodern ticoue of onc sort to givo risce to a numbor of
organs which wero not arnongot the organc usually formed by
that eiaaué. Decpite thesce objections exporimentc on tho
icolation, diecaggrogation and reaggregation of tisouoe of
known precunptive fate have been dono to toot the possibility
that changos in cell type occur. But by reagon of thege
objections the roeunlts and imterprotations of sueh experimonts

-ahould be regarded with groot caution.



Eobryos vere disogzrogmtod in tho carbonate-bicorbonato buffer
at o3 9.8 or in EDTA ot pB 8.0. \hon disaggrogation was comploto,
thich is aftor a peried of from forty to sizty minutes, the dis-
aggregating mediun wao roplaced with normal Holtfrotor solution ae'
pR 6.9~T.1. Tho procoos of roaggrogation was oboorved thercaftor.

A spocial typo of cultuxo dish was usod to hold tho reaggrog-
ations vhich wore boing £4ilmod. The construction of this is
indicated in figurec 4. Tho dioch is comstructod so that good
optical conditions for £ilming are had. The woaggrogating cmbryonio
c2lls are inside a glass ring, vhich is ccmontod with pelythono onto
o olide of lmme. thicknoose This olide lice in a potri dich, and is
surmounted by an inveortod mmtch glass with o coverslip cot im its
contro. The modium insido tho ring adheros to the coverlip above
by oapillary action. Thus tho medium forms o eoluun hoso onds axo
tho plane surfacos of ¢tho covorslip and the sldde. This column
contains the optical path usod 4nm filming, Tho potrd dich has an
optical flat sot in 4t contro co that all the bounderics traversod
by tho optical path aro plane surfaces. This condition prevonts
distortion of the imago of tho reaggrogate. Tho potri dish o
£locoded with Holtfrotor celution in ordor that evapsration from the
podiun inside the glaos oing might bo olight. Am edr space is
prosont inside tho imvexrtod wateh glass, which stende over the
glido, in consoquenco the mediuvm inside tho glacs ring is not in
connoction wvith that im ths potri dish, but adheres to the covorslip
got in the wateh glass. This air space provides oxygenm for the



VIEW OF CULTURE DISH USED FOR
FILMING.

Coverslip

set in inverted
watch glass.

Reaggregating embryo

Meniscus of fluid between
/ coverslip and glass ring.

Slide with glass ring /

~ FIQURE b.
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roagsrogates Tho wediun inside the glaso ping 40 hold to the
coversi&p above by capillary sttraction oo that %&wm 45 a narrou
zonicous betweon the top of tho ring and tho eoverslip, through
vhich gasos may diffuso 4n ond out of tho medium,

This dich wc;s mountcd on tho stago of a microocepd 'a.;u% timc-lapso
£1lno vore talon using low and high pover ob,je@ﬁvas. Diongarogation
wad dono in tho dich provided by tho glaes ring amd olido ond tho
wholo culturc dich was pud ﬁ@@ihor on tho stago of the mioroscopo
just bofore f£ilming wao ¢o bogin. Tho £ilaing uas dono by Lr.

E, Lucoy of the £ilm unit, Xnotitute of Andmnl Gonotics, University
of Fdinburgh. Filno of tho reaggrogaﬁon of o&ém Xonopue gastrulac
wore mado, six of thono wore filmed using tho 17 objoetivo of tho
éaacroscope, two with highor powore. Wine £iimoc of tho roegsrogation
of Triturus blostulao wows mades  Six of ¢heso £ilme were taken
using o 16mm. phoso conteact objcotive, twe with dark ground illum-
ination at o similor cammdfication and ono witﬁnomal illunination
7ith a 1&mm. objeemv}o‘, A chort tochnical dosoription of the filas
40 givon in appondiz 1. For thoso films %almn at highor powers or
imder phasc contrast 4llusdnation, tho petri dich was romovod fron
tho compositc dish in erdor <o provido tho smsl) vorking distanco
roquired by tho eptieal ayetome

Tho nogntives of thoso filmo are the proporty of ¢the Instituto of
Aninmal Gonetics, Univoroity of Edinburgh. Tho institute and I
poscoss pooitive copics of those films. An c8ited film with a
spoken commontary ha;: boon nados 4t is hopod 40 cubmit thic £ilm
togather with the theolo.

Tho obsorvations wdo £rom tho £ilms have boem added to by diroot
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oremination of voaggrogation. For esiz.éh oxaninntion tho waterial
vas culturod in the dishos formed by the glaso Pingo and thin
plides, end those disheé wre stored inside ﬁéirz_a of mtri‘néishas‘

in botwoen observations.
by _Gonoral obsorvations on magm&gt;om

This dosoription of rosgsrogation of tho colls of tho gastrula
of Xenopus inoludes the rosulte of direct obsorvations with those
Gerived from the films,

At tho ond of disagzrogation the oolls lay on tho bottom of t&wA
¢ulture dish. Tho colls woro froquently packod do thicldy that it
wae impossible to tol)l whothor thoy were properly soparate from ono
another. Purthermore in Such a situation it wno 4mpossible to
oxemine the nature of 601l novomente, in part by zonson of the
dogroo to which 6olis oboourcd one anothor. lomsover it was un-
likely that colls §in such proximity would chow wovemont for thoy
wore in closo contacts Finally the arrengement of ¢he cells was
unlilkoly to bo particularly random for thoy tonded %o 1ic closo to
thoir origimnl noighbours. In consaquence of ¢his tondonoy any
bohaviour of the cclls roculting in coll sortins would tond to be
oboourad, because the cal‘ia vould alroady bo partly arranged in
groups according to thole lind. Bvon if thore wne no aetual sorting
out of tho colls roagzrogntes would still chow on apparont cell
gorting, For theso roacono the cells wore adned up and sproad nors
openly on the dish by choldng 4t gontly. Sueh & $echnique ocannot
Tocult in o vory effoetive nixing of the colls but appsaro to givo
a modorately woll mixod population. This mixing of the celle was
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done before the culturo modium was roplaced with némal Holtfroter
culturo medium. Tho meagsrogetos £rom cuch ¢oll populations
showod cloar gorting out of the varicus types of oell, ac has beon
roportcd by Tormeo ond Holdfroter (1955). Tho deme of aixing of
" $ho colle was much roduend afdor thoir reagsrogation snd thio faot
'mdica.%eﬁ csl) sorting. - |

The £irst roaoction of tho colls disngsrogatod at pH 2.8 to tho
roturn of normal Holtfrotor nodium appoarod to Bo b, plight oclotting
of tho colis and jelly. This roaction did not ococur with colls
;ahioh had boon dissgeregnded with BDTA. Tho onsot of thio phonomonon
wog exccodingly rapid 4€ 4% eccurod, ond I an not cortain of ito
oxiotonce. Tho jolly botuoon ’tha colls secped t0 Booome much woxo
rociotant to tho moveomend of tho cells in 4t whom 4% wae cholen.
Tho collc oppeared to booome more athesive alwost immediately. It
vould be intorasting to invootigato this phememonon wors completoly.

For an hour or co 1littlc ohange wao obsorvod 4n tho population of
;colls. The colls lay still savo for tho movomonts of tho clear
hyalino margins. {gllc ofton lay in contact, but ao £irm adhosion
ooomod to form betwoen thon. The hyaline margins moved in ¢ho
oircular movemont round ond reund the cclls known oo cyclosis.
This movement procseded slovly (say one rovelution per £ive minutos)
in tho absonco of calcivny ond more rapidly im tho prosoncs of
calciumes Soon after tho roturn of ionic calcium to the wmoedium the

rate of oyclosis was much imecreassd. Exeminntion of the £ilme
oappoars to show that oyclesis was most rapid oaxly 4n the proocssso of
zongsrogotion and that tho rate declinod thoroaftor, ovon in colls
vhich £ailad to make comncotioms. 1% would bo of intersst to lnow



-51 -

vhothor thio docline is sonnootod with changos ik the culture modium
or in tho colls themolvose

In tho more 4densoly pacikod portions of the population, tho hyalo-
placn margine camo inte contact Uhonover thoy happonsd to be pointod
torards one another. Thoso vero the first contacts mado by the
colls. Cenorally thoso contacts lasted & vory short time. The
bulges moved away £rom ono cnothor and $ho connoetion broko without
m gign of mochanical otrain betwesn tho colls. Thio would socm
to indicato that thore is mo truc adhosion botwoon the cells but
that thoy are meroly proosing close on ono anothor. Yot later on
theso colls could often be soon to adhoro to ono anothor. Frequontly
tho bulges apposrod to push hard sgainst ono another and to becoms
doformed without any movemont of the wain mans of tho colls happoning.
From this it way bo concludod that tho bulgos havo 1ittio e‘ﬁmotuml
rigidity. The trensitory comtacts $hat woro forwed did mot appeer
to affoct tho motion or pesition of tho bulgoe. On oceacion tho
diroction of circulation of o bulge woo soon £0 reveyse aftor
collicion with anothor, but there was no inhibition or rostriction
of movement. In thoco rogpoots the cells do not bohave liko the
£ibroblast populations otudiod by Aborerombio ond Heaysman (1954)
whioh chow an inhibition of movoment in cortain dircetions on tho
formation of contact, thic phonomanon being ealicd ‘contact 4iuhibition'
by thess authors. '

After o while thé bulgon tonded to bocomo dlabby ond of comploxn
form, and thoir rogular eirculation around the coll ceased. Theco
ohanges may be seen in £ilms 16 and 17. Figuroc 5 chows the blebby
form of hyalino bulge. The blobs wore protyudod inm varioué



(b)

FIGURE 5.
Phase contrast views of celis from T.alpestris blastulae. Compare
with figure 1 and notice the development of a blebbiness in the
bulges,present in a slight degree in (a) and to an extreme degree
in (b). From film 13, Scale 1em = 17+3 micra.




FIGURE 5 cont,

Phase contrast view of T.,alpestris cells showing
the development of a moderate degree of blebbiness
in the hyaline bulges. From film 17, Scale 1cm=35¢6

micra.
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positions around tho ccll, Thouso éhmngaé appoored at the tiwo
that firm ndhesions of the collo bogan to occur, both in adhorent
oolls and in icolatod onod. ‘

The formation of thoso adhosions may bo soon £ren $imo to ¢imo in
tho £ilng, in particuler dn films 15 end 16,  Tho hyslino margins
of ¢wo colls werc noom $6 como into comtact. Instond of parting or
romaining in tho samo otato tho opaquo ondeplosns of tho colio
appoared to dort townxdo ono another. Pigure 6 chous tho otages
of thio phonomonon. Tho ondoplasms movod teunrds ono vory rapidly
ovor a distanco of about 10 miecra. This dictanco 4s too groat for
tho phonomeonon to bo Auoc do tho inability of tho optical systom do
iasolve botweon tho two ebjoets. Such an‘inﬁbﬁli%y would give the
inprescion of apparcnt fusion of tho two abjoots whon thoy lay olocer
$ogothor than the resolving dictanco of the syotome. In this caso
tho systom has o rosolvins pover of 2 microns.

Aftor this rapid fusion of tho two colls o sorios of clowar
ndjustmonts were scon to tako place. The axros of contact of the
darls endoplasns with ono anothor incroaged and tho olcar hyalino
bulges becomo confined $o She froo surfacos of the 6oll. This pro-
eoon inoreaced the aroa of mutusl comtaot botwoon tho colls.
Holtfroter (1947a) aeéaribao this phonocmonon anrd attributon it to
tho gotion of the forcoo of curfacs tension. It mny boe coon in
?11m‘13. After two colls had joinod their hyalino bulges were loog
activo, and as moro c¢olls joinod togother tho bulgéa dicapponrod.

The number of colls adhoping to ono arothor io inorcased by asnothor

factor. Coll divioion wos soon to eccur durimy roagzgrogation,



- STAGES IN THE ADHESION OF EMBRYONIC CELLS.

hyaline marqins

I Y%

FIGURE 6

The ondoplaemc are shown in black. In ctage I they lie
oppooite but no adhesion has formed. The rapid darting
out of tho endoplasme takes place in stage Il followed
by the gradual increasc in the area of contact between
the. endoplasng, stages III and IV. The cell monbranes
are shown black on vhite for the hyaline margins,wvhito
on black between the ondoplamme. '
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the daughter cells rcmain adherent. Division results in an increase

in the total surface arca, and if less than 36+5% of the surface of
each cell is concerned in contact with the next, there is an actual
increase in the area of surface onto which other cells may join.
Furthermore division results in a lateral movement of the daughter
cells,in consequence of which they come closer to other cells,thus
promoting aggregation. It was noticed that all the hyaline material
disappeared somewhile before the furrow formed., This observation
may bear relation to that of Mitchison and Swann (1955),who observed
that the cortex of the sea-urchin egg became much stiffer shortly
before cell division. The newly formed daughter cells frequently
showed very active hyaline margins. The ceils formed their adhesions
with little more movement than that shown by the hyaline bulges.
Amoeboid movement of individual cells was not seem ( compare with
Holtfreter,1946,1947b). Cell division and the small movements
caused by the irregular motions of the hyaline margins appeared to
account for the slight movements shown by whole cells. The cells on
the periphery of the population, which were often far from one anothen
showed active hyaline margins shortly after they were returned to
normol Holtfreter solution, but this activity soon dicd mway.
These peripheral cells remained in the same place and continued
to survive for several days.

As a consequence of this lack of motion of the cells,adhesions
only occur in those portions of the population, where the cells
lie s0 close that the movements ef the hyaline marginc and the
slight movements of the cells have a fair chance of bringing them

in contact. Thus at a certain soparation of the cells reaggregation
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will not oscur. Sineo tho dimonsions of tho hyaloplasm marging
on cclls are of wuch tho oons value from omo coll ¢o anothor it
followo that at a cortain dongity of population of the eollo thoy
will be just unzblo to touch ono snothor and reagzogato. This
donoity thus will bo ronchod quito abruptly i€ ono conoidors
succossivoly loso and lomo domco pdpulations. Tho regult of thoeo
oxpootations wao found o occurs Tho leso denco parts of the
population of colls ggilod t0 reaggrosnto. Sﬁn@q $ho formod ro-
aggrogate contracted §n tho horioontal dimomnions & cono cloar of
collc was left botwoon it ond those portions of tho £iold which had
failed to rongsrompto. Outaido this sono wnngsrogptod collo woro
Zound. Pigure 7 shown $hic ¢lear mono.

Aftor tho celles had joinod with one esnother, thoy bocome closely
packed so that the body thoy formod tonded to havo & sanll surface
aron. Tho stagos of thio procoss may be seon in Lfigure 8. This
diangram shows gtageo im tho moagsrogation of ths ¢ollo of a Xonopus
cantrula takon from £ilm 9. Colls wore soon to dovelop many con—
tocts with ons anothor. Thoso groups of osllo thom bognn to chow
movomonts of olongntion apd comntraction. Ofton ¢hooo wovomonts
vore of a vigourous natuxrc ouch. as moy be coen in £ilus 9 opd 17.
Proguently large groups of ¢olls moveod aotivoly im eno dircction.
Tho motion of such groups of colls appoarcd to bo duc to their con-
traction towaxrds a c¢ertain £ixzed point. No novemonts woro coon in
thoso groups of colls which hed no point of adhoolon t6 the culture
dich. Durinzg cuch movenonts the hyaline marging of tho outor colls
of such groups appoarcd to show o co-ordinatod emooboid wmovemont,

but at procont it canned be rosolvod vhether thic A0 an zotive
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FIGURE 7 cont.

(b). Another view of a Xenopus gastrula reaggregate
showing the clear zone between main reaggregate

and the unreagzregated cells. Here the unreaggregated
cells have formed small peripheral reaggregates

in places. Same scale as (a). From film 6.



PRESUMPTIVE MESODERM CELLS OF XENOPUS GASTRULA SHOWING THE

CHANGE IN CELL SHAPE AS REAGGREGATION PROCEEDS; [-VIII. Froma time lapse film.

FIGURE 8.,

Showing the successive stages I-VIII in the
close packing of cells which have readhered.
Cells marked with subscripte a or b are the
daughter cells of one cell present in stage
I, From film 9.
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promotion of the movements or a pasaive response of the cells to
being dragged over the surface of the dish.

On occasion a group of cells was seen to be attempting‘to move
tovards two or more different pointé. Later such groups split inmto
portions each of which centred on one of these points. Cells lying
betwecn these points often became very stretched during the early
stages of ceparation, as though they wore under congiderable tension.
Such cells may be scen in figure 9. These cells maintained their
attachments with both tho  separating portions and often had one
or Soeh of their regions of attachment to other cells drmwn out
into fine thread~like processes as the separation of the two portions
increased, In general the main body of such a cell lay in the
nargin of one portion of the group and a process reached from it
to find attachmeﬁt in the other portion, More rarely a cell lay
between the two portions and was attached to them by processes
reaching out from either ond. As the two portions separated the
cell and its processes became more extended, and they appeared to
be under considerable tensions Ultimately the processes snappeds
and on the few occasions when this was seen to occur it was noted
that the pieces of the processes slowiy withdrew, one into the cell
of its probable origin and the other onto the ccll of its attachment.
But this interprotation raises the question.of the nature and origin
of these threads. Are they elongated filopodia or threads of
surface coat of the type described by Holtfretor (1943a) ? And if
they are filopodia are they formed from a single cell or f{rom both

the cells concerncd in'an adhesion? Unfortunately no evidence on



FIGURE 9.

(a)s A still from film 9 showing the elongated
form of the reaggregating cells of Xenopus

at mid-gastrula stage : this form is
presumed to indicate considerable tensions

in the cells. Scale 1cm =57micra.
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FIGURE

(b).A view similar to 9a, but showing an even
greater extension of the cells stretched
between the several close-packed reaggregates.,
Scale 1cm = 45 micra. 10 sec, exposure on
Microneg Pan film,through binocular microscope

x 5 objective, x 10 eyepiece.

A
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thooo points has yot boon obtained., Theso £ilements may reach

400 miera in length. ‘fhey wore found to bo nogativoly birefringent
whon ;n normal Holtfrotor solution, Pigure 10 chows two of §hese
£ilamonts.

Thoro is no ovidenco that this violont scparation of groups of
adherent colls into covoral portions reprosonts any oxtonsive degree
of cell sorting, for tho soparated groups usually contain the samo
composito scloction of colls. Hovever this obeorvation does mot
provido a oritical tost of this question, It nooms that the collo
tond to contract togothor and that any point of Lizm attachmont of
tho colls to the surfaco provides a contro tounsds Uhich tho colls
will nocossarily ocontraot, In roaggrogetes formod from originally
vory donse populations of colls tho mmbor of cells will bo such
that thoso scparations vill bo obscured. That there aro cuch
rogions of particularly £iswm ndhesion of tho colls to tho culture
dich may bo due to tho paturo of tﬁe surfacs of tho culture dish,
Q«ge patches of dirts Such o fact would explain vhy this phonomonon
of groups soparating £rom onc anothor 4s only socom im a fow of tho
roaggrogations. Littlo invootigation has beon mado of thess
Zoatures of roagsregation, but thoy would appoor to offer a useful
£i0ld for future rescarch.

Tho oclls contractod imto tightly packoed groupse Thoroaftor fou
chengos whioh can bo soon gceur in the reagsregnte. Tho surfaco of
tho nevly formod agsrogeto tma in nature liko that of a nov layod
cobble streot with portions of individual cslls standing out in

roliof on the surfaco, Soon howover 4t took on tho appsaranco of



FIGURE 10,

Showing the filaments ( indicated by arrows)
formed between cells formerly in close contact,
which are moving into different aggregates.
Microneg Pan. 60 sec. exposure. x 5 objective and
x 10 eyepiece. Direct and reflected illumination.
Scale 1 em = 85 micra,



A filament drawn out of either end of a celly

note the secondary thickening in the filament

near the cell, From 17 hour old reaggregate of
a Xenopus early gastrula. Photographed on FP3

film, 5 sec. exposure. Phase illumination,

% 20 water immersion objective, x 10 eyepiece.
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worn cobblon for the ourfaco bocame'sﬁpoth. ' Tho}suxféco was at
first formed from all typoo of éali, but after a vhile as found by
Povnes ond Holtfrotor (1955) it boceme forheé mainly of pigmontod
ootodormal colls. Thisc change is the main outvardly visible sign
of the oztomoivo coll sortins vhich was found to occur. The
smoothing of the surface appoared to be accompanicd by the roform-
ation of tﬁ@ surface cont, os desordbod by Boltfrotor (1943a).
Howovor the actuanl dotoetion of this coat is o wntlor of somo
- diffioulty, and proof of ite notual oxiotones by dissocting it off
tho colls was tricd in énly three ensos.

Ao tho roogmrogaton contracted into closely-imit groups a cortain
punbor of sphorical and apparontly moribund colls wore rejectod from
tho masss. Theso colls appear to bo unnble to adhore to theiaelle
of tho aggrognto, apd ¢his pay account for thoir coparation from it.

Rongsrogotes £rom ¢olls soporated with alkeli toro found to 1dvo
gor 9-10 days, at the ond of vhich poriod thoir yolk platelots had
venichod and considerablo diﬁfoianxiaﬁion hed talon place. Pro-
sumably doath ocoured bosauso their supplics of food from the yolk
platolets wore ozhaustod. Tho reaggregatoc from eollo disaggrogated
with EDTA lived for 3=4 doys vhon a suddon and violont disagsrogation
and cytolysis happonod. Tho roason for this earlicr doath ie
sugmosted in tho sootion of this thoois on tho oxistones of comenting

naterial.

colls aro rondom or di:octgﬁo

In the roagsrogations, which have been studicd thore has boon very
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" 14¢tlo movenent of tho collo boforo the firet odhosions are foruod.
This £aet may be seonm olonrly 4n the £ilms. Furthorwore roagsrog-
ation only .oow et ouch o density of coll population thét tho
colls are quite or vory noerly in contact to bogin with. | That
thore is such o oritical domsity of thé population, for roaggrogation
0 bo posoiblo, suggosto ¢hat any nochanien preducing dircoted QOVGe=
monts of tho collo eon only aet over vory choxt vangooc. Tho moin
movemonts of tho colle xonponsible for tho profustion of adhosion
arc tho protrucions of tho hynlino bulgeo, for thoso arc the chief
oovencnts which bring tho 6ollo dnto contaet with ons smothor. Thus
¢ho problom which has boon annlyced ic vhethor tho dircetions of
protrucion of thoso bulgoo aro random or diroatod. |

Thoso bulges nisht bo dircetod, not with rodpoet €0 imdividunl
03ilo but with mbaéﬁ d0 oo more goneral foatuzo of tho eoll
population, c.g. donoity of population or to como mo&se foaturs,
0s5e tho location of o eoplain typo of eall. Such o direetion of
tho bulges would not cid moagzrogatien, for tho bulzes would tond te
bo on ono side of nll ¢ho eollo in a givom arpos. Conecquontly
contaoto vould bo mado botwoon celle only in thoso oituations whoro
tho bulge of ono ooll touchked tho ondoplasm of anothory - vhoroas if
the dircetion of protrunion of tho bulgos was ronden contaotq con
Yo made botwoon two bulgose  Thus with o rondon dirootion of Pro=-
¢rucion contaots will bo formed detweon collo that aro further apart
than 4o poosiblo i€ tho dircection of protrusion woro directod.
Novertholess it 4o pocoiblo that such a moechaniecn oxiste; in ocon-
 goquonce otatictical tosotso have boon used to investigate this poooid-
1lity.
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Anothor posoibility ita‘ that tho bulges exo direotod betwoen pairs
of colls so thot thoy oithor tend to face ono anothior or to hold
gomo othor rolation to ono cnothors This offoot might bo dud to
cithor of tho two folloving poseibilitios. Tirotly it might bo o
gonoral influonée of tho ¢0lis on ono emoth:arg whieh howovor vould
bo obsocured in closoly pacled populations of e2lloc, for any call
aoté and 4 sctod upon cqually by tho surrouniing ¢olls. Such a
phonomonon would not nid the reaggrogation of coll populations of
uniforn donsity, but would ansist tho reagsrogation of collo om tho -
poriphory of o population. This posoibility hac not boen tootod
ptatistically bocauco of tho lack of films choving roaggrogation at
tho poriphory of o populntion. [Iorcower any ouch action would havo
1ittlo offcet on rengerogntion of the vholo population. Secondly
thoro might bo an oriontndion of bulgos botwoon spocific types of
eoll. Such a wmochanima vould assist coll cortings Statistiocal
wothods haveo beah usod ¢o %05t thic poscibility.

Boforo dosoribingz thoso tootse 4t is well %o nontion that tho studios
of Voigtlander (1932) and Kuhl (1937) voxe dome with colls which

showod oxtensivo anooboid movemont across tho culturo dishos.
| Tho _stagigtical tosts.

The dircotionsc of protrucion of tho hyalino bulgoo may ba coon in
¢ho phaso contrast ffilm of tho aggregation of T. alpostris
blastulaece Thon tho £4luo were projocted frame by {rame the
dircotions of protrusion of tho hyanm marging could be road off
on an ootant grid. Such grids aro cshown. in figuro 11, vherc thoy
havo bsen superimposcd on tho colls A and B. Tho ootants wore



DIAGRAM TO ILLUSTRATE METHOD OF INVESTIGATING
POSSI_BLE ORIENTATIONS OF HYALOPLASM- BULGES.

CELL A =13
CELL B 8 5
7 |8 | 4
6 l 2 3
S 2 hyaloplasm buiges.
417 3

FIGURE 14,
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arbitrarily numbered in the mamnmer shown. The type of octant
shown over cell A was used in the portion of the work on the
orientation of the bulges in single individual cells, which is
now drescribed. The octants were placed over the images of the
cells projected onto a screen from the film, with an arbitrary
but constant orientation of the octant for all the cells in a film.
Whenever a protrusion appeared in a certain octant the number of
that octant was scored. The nature of the movements of the bulges
were analysed by scoring the positions of the bulges at intervals
throughout the film. If the direction of protrusion of the bulges
is random the distribution of observations in the classes 1 - 8
will be random. The randomness of the scores made were tested by
the Xttest, and the values of Xlare shown in Table JZT.

In order that the cells chosen for examination might be similar
and that there was no selection which ﬁight bias the results, the
cells were chosen according to the following conditions. The cells
examined reaggregated subsequently, but formed no adhesions (and
thus directed orientations of the bulges) during the period analysed.
This precaution precludes the selection of cells which failed to
reaggregate. This condition was further narrowed to those cells
whicﬁ reaggregate solely by the contacts formed by the protrusion
of their hyaline margins and not by any other slight movements of
the cells. So only those cells which were just able to come into
contact with other cells by means of their hyaline bulges were

chosen. The film was examined at intervals of about 12 frames

apart, durihg which interval the bulges would be expected to make



 IABLE 3,

Scores in the classes 1-8 of the octants
occupled by the hyaline bulge in the cells
8g reaggregating embryos of T.alpestris,

-, Ast set of 4 cells,

15

6. . 1z 5
9 6 L3 3

21 7 12 8
2 5 '3 %
22 6 5 9
19 S b .o 15
16 1" 8 43
13 43 8 ?

834 10433 17+03 13+09 Values of X

For f= 7, the 5% value ofX is 144

énd set of 7 celle;

w23 20 16 16 21 - 24

15 13 22 7 ik 8 17
ok 19 . 9 27 5 13 22
24 10 19 - 23 43 18 14
8 10 16 15 23 18 16
10 12 11 11 L F 11
13 17 19 19 47 17 '8
16 24 15 11 12 21 19
- — — — — o Values

849 13+72 © 9402 19433 5023  9e21 9443  of
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botuecn one and two rovolutions of tho cell. Individual colls
vore followod for abous 64 or 128 obsorvations.

Owing to the small cmount of £ilm which was suitoble for enalysio |
by this mothod only two cots of colls have boon annlysod by this
mothod. The rosults aro given in Table 3,  Tho £irst sst of
colle lay on the poriphory of o population, tho nocond sot tomards
the contre of anothor population.

Tho seoond possibility that the colls of cortnin types might show
o outual interaction was tonted by the Lollowing m@thbd of invosti-
gation. A group of ecllno oboying tho samo conditions as dosoribed
obove as chosen. A padr of colls euch as A and B in figuro 11
werc considered. Tho ootand grids of tho two typoo shovn woro
placed over the imagea of o pair of ocolles gno goxrt of grid on
cach coll. The ;:%ants mabored 1 wereléét oppooite so that theoy
roprosentad tho closcet appronoch 6£ the dulmen. Tho positions of
tho bulges in adjacont padro of collas woro examinod at intervals
of about 12 framos. Tho number of the octant that tho bulge of
one oell occupied was rood off on ocach occasion ond added to the
murbor obtained from ¢ho ndjacont cell. Thus seores in tho classes
2 = 16 wore obtaincd. If tho bulgos chov zendon eriontotion with
rospoot to one anothor, tho distribution of tho scores will bo a
trisngulor ono with & monn in tho olass 9. Tho rosuitg_of the
cxamination togother with tho thooretical distribution of rosults
4f tho positions hold by ¢ho bulges are randen aro showm in Table ko
Wino pairs of cells woro oxamined, unfortunntely this numbor is too

emall for resulte whioh arc satisfactory in torme of either the



BABLE &

Scoreco of tho pairs of oetanto occupdod by the
hyaline bulgec of adjocont collo arranged in
descending order in tho c¢laceos 2«16, The randon
expoctation for 64 obcorvatiops io included,

Random

exzpoctation,.
| ) |
2 3 5
3 d 12
b 10 9
5 19 10
6 ? 13
? 10 1
8 i L}
? 16 19
6 20 1%
9 12 9
4 2 ?
3 8 3
2 ? b
1 > 2

20024 Ba5h

l
vor £ = 14, the 5% valuo ofx 40 237,
Loe overleaf fop data on the renaining

five pairp of cello.

O & P

17

3
13
17
15

@ O YV w L

L]

30039

WY oo

&

1%

N e O~

R

1+45 Vaoluos of X



TABLE 4 cont.,

10

10
12

13
11

20

11

1%
27

11

11

12
10
12

14
14

20

15
12

15

i0

12

2648 47426 155

1738
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numbor or mumbor of typeo of colls examined.
Tho oystem of mumboring tho octants is not idoal for it provides
no oloar toot of o elight tomdenoy touards oriomtation, for como

of tho valuos, such as 8 ¢ 1, aro lost in tho largoot olasce of
rosults. Tho rosults of ¢ho scoring were emalysod by tho X t
tost, ond thoso valuocs of Xl aro inoluded in Tablo b,

~ Tho values of Xl obtainod for tho distribution of oriontations
of tho bulges of cell comsidored eingly are given in Tablo 3.
The majority of thece valuocs are not significant ot tho 5% levol,
but two arc significant ot this lovel. Tho rooults thus tond to
support the theory that ¢thoir directions of protrusion are random,

‘ but the presence of tho ttv onomalous rosulte suggosts that it
would be very desim_blo‘ ¢t oxemine more colis, If 4t 4o assumod
that tho cells ozamincd inm ooetion ii of Toble 3T are all identical
tho valuos for each olaso may bo sumned for all tho colls, in which
case XL o 15.27, whioch givos & result not significant at 2.5%
lavol,

Table IV gives tho voluoo of XL obtained for tho distribution
of matual orientations botwoon colls. Six of tho rosults arc not
significant at the 57 lovol, but throo arc. Agnin tho only
dofinito conoclusion that can be had from tho rosults is that a
largor sample is dosirablo. Sines tho first sot of observations
sugzost that tho orientotion of tho bulges i9 rondom it would be
oxpocted that the second s0% would chow tho cama offect, for any
mutual oriontation shoum by the cells would almo oppoar in tho
oriontation of the bulgea whom this was considored oingly. Tho

ebsorvationos for cach pordisn of the analysis worc dons oimultancously
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vhon tho naturo of tho eriontetion of the bulgen of 6ollo con-

pidered singly had not boon analysc@s -

Miaéenanaous exporimonto on the physical and chomigal conditions
nocsseary for tho roammrormtion of colls.

Thess ezporiments woro dono in order to roveal tho phyeico-
chomioal maturc of tho procosses involve& in adhosion. Experimonts
wero donc on tho pd 1imits for roagsrogatien cnd om tho offocts of
roplocing the caloium 4n ¢ho Holtfrotor scolution by magnosium or
ptrontiun. Some obsorvations on the offoet of the nature of tho
surfaco of tho dish uced Lo reagsrogation upon tho rounion of the
¢olls aro given. |

Tho oxperimonts on the i limito for roagsrogation aro desoriboed
girst, liidgastrulae (stogo 103-113) of K. loovin woro disagsrogatoed

in EDTA ot p3 8.0, Uhon dienggrogntion wos complote the mediwm wao
zoplacod by normal Holtfrotor saiution bufforod ot ¢thoe following pH
volues with a 0,001 tris buffor, 7.0y T.5; 8.0, cand 8.5, and with
a 0,00 34 1! phosphate buffer at pd 5.3, 9.9, 6.3 and 6,8 Groups
of ton cmbryos were triod at cach pH value, Rongsrogation vas
couploto in thoso cmbryes cultﬁred at pH 643, 6.8, 7.0 and 7.5, and
partinlly conplete at p¥ 5.9 and 8.0. Ho roagzregation occurcd at
. tho othor p¥ values triod.

Thoso obsorvations aro closoly rolated to semo mnde f£rom attompts
to roagsrogato embryos on 3% agar-agar or 3 golatim eurfaces. At
first trial it was found to bo impossible to obtain roagsregation
on such surfacos. Sinco both tho agar-agar and tho gelatim wore
ach-froc and had deom nnde up in &imille& wator 4% coemed possiblo
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that tho lack of reaggrogntion might be d&@ to o lack of caloium 4n
tho surfaco that theso cuvbstancoo presm%é& %o tho colis., [ovor-
tholoss ono would oxpoot diffusion from tho normal Holtfrotes
solution to remedy ¢thisc lack mpidiy. thon tho agar-agne oy
golatin verc mado up in noxmnl Holtfrotor solution tho colls plaéad
on such surfacos otill failod to reagmogate. It uas then docided
¢o moasure the pH of tho g@i&ti‘n and of thé medium abové it. The
oll of ¢he Holtfroter colution was ineamxrad cloectromotrically and
found %6 vary very 1ittlo £rom pH 7.0 oven if 1% licd beon loft over
tho gelatin for o lonz vhile. Tho pH of tho golatinm vas measursed
with indicators. Danicili (1941) pointod out that oving to the
adcorption of coharged indicator molecules onto tho surfaco of the
protoin molocules in the gol the measured p was not tho camo as tho
truo pH of tho bulk of tho gole (It may bo wondored vhothor tho
torm pH oan boe applicd ¢o tho complox conditions obdaining in theso
gystems). In conscquonco of thic adeorption tho bulk pH of such
oystems chould be measurad vith indicators thich aro not aﬁs}oma
onto the moleculas by xoasen of thoir havinz the camo oign of charge
ag the molocﬁlea at that pHs  Preliminary mooocurcmonts cuggested
that the bulk p¥ of tho golotin was abovo its 4cecloctrio point

(pH 447 oo roported im Kruyt, 1949). Concoquomtly tho onionic
indicators bromoorosol groon and chlorophonsl zed wore used, A pH
of 5.1 wvas found by matching the colour formed by those indicators
agninest thoso they formod Uith various pH standards, Xt wae then
doocided to buffor tho golatin te pH 6.6 with phosphato buffor,

Uhon this was dono roagarogntion succeeded, providod that caleium

wore included in tho golatin. Theso obsorvations suggest the
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nococoity of having caleiwn dono end a cuitable pll on the actual
surface on whi.gh the gello reaggega.ﬁa,' though 4t 4s pooocible fhat
failureo ware due to tho lowered ealoiun concentraticn and P4 in
$he iamediate vieinity of the gelatin ourfaco. Tithor of theo
intcrprotationo 4o supported by'the faet that 4f the hoaps of

discgoregated eolle loy coveral laysrc doep on the curface of

ploin gelatin, then all the colls reagprogated ozcopt thooe of
the layer in contoot with tho gelatin. loro ascurate mencurenont
of cuch natterc ao the pHl gradicnt on eithor cide of tho golatin
surfoce mnight dooido botween these two possidilities.

I% wac found to VO pescible te reaggregate eolls of X. leovio
gastruleo on curfacos of glass, both ploin ond costed with tho
oilicone whooo propriotary title 4s 11.8.1107, polythome, 'poropex’
and paraffin wax., The 'Wopho’be curfocos cuoh as polytheno or
paraffin wax gavo roagraogates which showed 1itile odhooion ¢ tho
eurfaco. Those oells recggrognted on suoh bydrophilie surfaces
ac glaos or polytheno which haa becn flamedl adhered ¢o theso cur-
facos moro ofrengly. Those oboorvations cuggect that the eolle
ave more edhocivo to hydrophilic surfaces than to hydrephobic, an
obsarvation chich 40 mot in agrecment with thooe of Holtfroter
(1947a), who found thot oil droplots were vory cdheoive to thoso
colle. The roacon for this disagrecmont may have ne othor courco
than that ho uced corto of hydrophobic surfaces difforent fren
thogo used in this work.

The oxporimentc im which the caloiun of tho culture medium woo

roplaced by mogreciun or otrontium wore dono im thio momnor., [Tive '
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- gabryos each frem 'catafgem 10 and 11 wero dicsgearogated in BDTA,
and 4n duo gource this weo roplaced by galeiun~Croo Holtfrotor
colution.containing eithor 0.00511 masnecium sulphate o chlorido
or 0.000501 otrontiun chlorido. In tho noxt coction of tho theols
4t will bo chown that tho concontration of caloium required for
reagzrogation hoo o lower 1imit of aboud 0.0065%

Thoso e0llo in colutions containing magnesiun wore slow te
dovelop tho firet cdhoclons of rocygrogotions Saking cbout 20 heuro
to roach the condition chown by normol control roaggregates in
about 3 houroc. The eolls were very odherent to theo bace of the
dich and no controotions of the reagsregate or corting of tho
colle appoared to ocsur. The hyslime margins of ths cello were
of o pooudopedial formy coo figure 12. An oxtenoive womolayer
of opithoiicl cellc doveloped on the poriphery of tho group.

Tith otromtium replacing caleium tho oells »onggrogated ¢o an
even olichter dogroo, and those adhooienc which werc formed wore
vory woak. ‘ ’

The general &e:ni@al cimilarity of magmesiun and ctrontium to
saleium éug@%t thot they would replaco calcium im the physiclogy
of the eoll to come desree, and the obscrvations support thio ddea.
A @eciradle oxtonoion of thic work would bo the ezamination of tho
offocto of various concentrations of magnesium and ctrontiun upon
roagzrrogation. For ¢hie would omable omo $o obtain come ides of
the natuve of tho colleid moloouloo which aro affocted in Shoir

odheoive proporticn by replacing caleiun with othor divalenmt -ioms,
seo Keuyt (1949).



FIGURE 12,

Phase contrast view of small reaggregate
of 7 cells from mid-gastrula of Xenopus.
Cultured two days. Note the extreme
flattening of the cells on the dish,and
the pseuddpodia,typical of the cells in
the presence of magnesium. Photographed
on Microneg Pan,30 sec. exposure. x 20
water-immersion objective,x 10 eyepiece.
Scale 1 em = 25 micra. The axis of the
phase system was not central with that
of the objectives ete. This accounts for

the apparent N.E. illumination of the cells.



The ‘paoaibni%zy that collo may chongo their type when thoy have
Docn treated with umucual chemienl or physiesl agemteo hoo beon
mentioned earlier. Eoforo undertoldng ctudieoc on tho certing out
. of the different cell typoo £fron one another which secmo %0 occur
in the reagoregote it was dooirable to invostignto thio poosibility.

Two coto of ozporimonto wore cob up. In the Lirot conditicns
were ocinilar to thoso with which Holtfrotor (1944b) obtained
aouralicatien of prapsctive opidermic from eorly gastrulac of
dmbystena punctatun. Explanto wore mede of tho median prospestivo
vontral epidercis of early gnotyulao ef X laovis. Tweamdy cuch
oxplants wore disaggrognted ir caloium-freo Holtfreter colution at
pH 9.8, and eightecn with EDPA. Tho ecolls woro allowed to ro-
agcregato in noroel Holtfreter colution and the roaggregatos were
cultured for thros days. At tho ond of thic poricd they were
fized in Sadth's colution, cobedded im paraffin war, cub at 7 miers
thickneco and etained with coleotin bluo cnd cosine In no easco
wao there any oign of tho formation of noureid or moural otructurco
in thece groups of cells. Sinco it has not yot beon posoible to
obtain the nourclioation of cueck materinl by any means ‘1% io i@~
pocaible to havo esnirolo for thic eoxperiment; mnevertholess tho
rosulto ouggoot that cueh colle are unlikely o bo affected by tho
treatnento used in their disagsrogation.

Tho cocomnd got of experimonte wao to tost that funetion of
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cobryenic colls such oo fnductiom woro not affeeted by disaggmag;
atien. Douchor (1953) dnvoetigntod thiw peowibility. Her
mothod of dicaggregation wos %o uso suloiuvw-fros Holtfrotor colution
ot pR 10.0. Cho chowed, oo had been sugseoted by Holt¢froter
(1944b), thot the imductivo eapaciticn of disaggreaate& erganicer
collo were unnffocted by dicagmrogation, though ¢there was porhaps
a dissrrangenent of tho cpscific regionnl proportios found in tho
intaot ergomicor frem late: soctrulae. Her oxperinonts wero
ropeated; howover DDPA colution wao used for disaggrogation.
Dnbryos of ¥. olpestric woro uced Dooauce tho cbmormal noturc of
gastrulotion of X laovis, docaribed by Hieuskeop and Flerccbute
(1950), proventc excot lecolication of the presunptive arcas of
thic cabryo. The reoaggrosntod orgunicors of wearly 100 cabryoo
of various oltngee were implonted wndor the vemtral ectodera of
. eorly gootrulos.  (langold'c 'Einstockung' tochadquo)e  Bre S.
Brahoa gavo great acoictanco with thoso operationc. Afgor thoce
inplantod cobryon had been cultured for four dayo thoy wero fized,
sectioncd ond otained im tho menner dooeribed above. Tho rosulto
are unfortunatoly comewhat incomplete for many of tho ezbryes dicd
oving to fungnl infection. Inductiono csocurcd both in o comtrel
and in the‘exgerﬁmsntal gories; though thoro wao o high poreontoge,
chout 207, of cazbryes inm which mo cecomdary induction dovolopcd im
both cordco. Theso reculte ave unsaticfactory but cuggost thad
dicaggrogntion with EIDA doco not greatly affoct tho inducing aetion
of tho erganiser eells.

Since tho two coploo of oxporiments give rice {e tho comclucion



- 69 =

~that bBoth cell typss are stadble to the mothods of dicaggrogation
used, i¢ seems reaconsble ¢o investigato the ocourenco of cell
| aorting. .

o extensive study has becn mado of oell corting, for tho subjost
1460 sém'méc cutelde that covered by this thesis,  Comsequently

investigations have beea oonﬁne& to exammauon of Mstaloglcai
| eeotiona of the Wgates. These eeeMone were preparea from
reammgates from embryos aieamamtﬁ by EDPA or ama.l Holtfretor
 colution ab pff 9.8, They uove fimed, cectdoned and stained in the

assner decoribed abovos | |
| The cells of reaggregates meh had boen ocultured for two oy more
daye chowed appreciable differentiation. Colls of all the organ
types precent in the tiscues aieaweggacea wero present, and thece
celle formed well-knit organs, appearing to bs conmpletely separated
from oells of other typoa. In rewe@aﬁea of one o» two deys
age the cell sorting woe less complets. CGroups of cells of very drawn-
out forn were eoen in the ssctions of cuch W&@waj theso oppeared
to be similar 4n form to tha 'bottle colls' descoribed by Holtfreten
(3943b), as ococuring at the dlastopore during the onset of gastru-
lation. Perhape those celle imiicate the cccurence of active
morphogenstio movemente in the reaggregnte as they appear to do in
the mormal gnetrula. %he jelly, which ie formed in the disagareg~
ation of exbyyos at pH 9.8, survived in places in the reagarogatec
foﬂm patohes which stained decply with colestin blue, The
£inding that these cells sort out or cegregate according to their
type in the reagsregates is in agreencnt with the vesulte of Townes
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~ and Holtfreter (1955).

In the introduction to thic anclyoic of’ tho procespoe invelved in
tho reagsrogntion of crbryonic caphidlon 0olls the quection of tho
node by which tho cello mako contact wao posed.  Tho romultc of
tho annlysio of tho films suggest that the colls noke centaot with
one onothor by randem protrucion of thoir hyolino bulgeo.

Pownoo and Holtfroter (1955) come %o a cimilor conolusioms  Tho
moveonto of tho collo wore practically confined o tho predustion
of thoso protrusions. Tho ‘eytotazis' doseribed by Roux (1896)
doco not appear to oscur.

The work of Uoies (1945) describos the orieontation of coll migration
in medio containing fine fibrous otructurcs. A Tho jolly which formed
botwoen the colls whon they were dicoggrognted ot pB 9.8 migat con~
tain cuch £ibroo, although attcmpto to otalnm ouch fibroo Yy Idlido's
reticulun mothed did mot roveal them. Do Loubenfolo (19330 con-

gorogation of tho opongo Jotrochota birotulata
wag controlled by tho fibres of Jelly uaterdal that formed botueon

pidered that the rag

tho eells, Howover ¢tho lack of such o jelly im thece dicngmrog-
otos which bad boon made with DDPA mokeo the poscibility of cuch a
mochanica in the voogarogation of X. lecvis erbryos meot unliloly.
Tao recultc of tho analyoio of the films aloe arguc ogainot cuch o
nechanich,.

It voc obsorved that the colls frem dblastuleo and gastrulco
adhoro equally woll to ono another vactover thoir &ypo. The
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rocultc of inveotigntion of poot-gaetrular stageo aro expresced
in figure 2. It chous thad tho ¢olls bogeme unable Ato dovolop
adhesion@‘ both botweon thoir own and different kinmdo. Thio ehanga
bogino with tho neural ecelle and finally reaches tho endodexins
thic order parallels ¢tho order in which tho tiscuoc loso thoir

ability to bo dicaggrogated with EDTA. Theso chaaseo in the eap=

ability of the ecllo ¢o reaggregate amd in their renction to LDRA
ocuggect that the mechanicn by which the cells adhere changes at
thic otage of devclopuent. Suoh o change in the moohonienm of coll
cdhesiecn would provide a meann wherchy the sorting cut of eolls
could ogour, oo was suggeoted by Townoo and Holtfroter (1955).

Tho roculto of uze prosent work indicate that the chango appcars to
bo fron o eechenicn in which tho eslotun ion is importont, to come
other kind or kinds of adhooion. If como means of moviag the
eollo arouni inoide tho roaggrogate oxioto, them the ¢olls will
tend to sort inte groups which shew thoir groatost adhopiveness
touoxrdo omo anothor. If coeh typo of eoll adheres most otrongly
to ito own typo, and less otrongly to e¢ollo ef othor typco, the
e0llo will cesrogato into groupo of definito compocition. Such
ooleetive adhosiveness night recult fron the cells doveloping ferms
of adbocion cpocific to thoir type, and thioc is $ho hypothoois which
hoo been put ferward by Towmes cnd Holtfroter (1955), weiao (1950),
ond Bylor (1948). A olmplor explenntion cen bo conceived $o
oxplain the segregsaticn. It 40 thet onmo form of ccll aahemi@n. is
ropleeed by cmothor, cquolly gonoral, and thot thic roplocement

doos not cccur oicultomesucly for oll ¢oll $ypeo but im cuoccosion
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fron ono celd ypo to onother. In consoquence cells of ono type
aro always capablo of adhering ¢o ono another, but eelio of
difforeat typo will only odhero to ono cmethor vhon their mothods
of adhosion happen %6 bo cioilar. Ao tho change bogino in the
£irot type of coll $o Bo affeoted 4t will cort cut freo ald otherc.
Tho chango will 2dhon oscuxr in tho ceoend typo of eoll %o bo affoeted
and 4% im tuen will aémmto cut Srom tho rexnimdor. And so en.
Tho cuccoooive ehomges in tho mothod of cdhooion cuggoested by ¢ho
ovidenco givem im Piguro 2 would scuppert cuch o thoory, Hevover
it 4c poocoiblo that thore io o ouccescive and not oimuldoncous
dovelopnont of tho typo-opccific form of afhemion.

In considoring tho veriousc ranners im vhich ooll adhooion might
offeet o0l sorting the important port played by the movemento of
the eells hao doen nogleeted. In tho precont ctudy ovidoneo Loy
tho oecurenco ef cuch movemento hao becn obdeined from the films, in
which controctions and extensions of groups of collc have boen
gecn. Tho hiotolesiesl slides haeve alco yoveoled evidenco for
sell novanento,; c.ge ‘bottlo selle'. Unfortunctely no ovidence
bao boen ebtained oo $o how thooe wovenento are brousht about,

Dvidenco on tho moochaniem of ¢oll corting hao boonm obtaimod frem
otudies on tho roagarogotion of othor embryomic matorinl sush as
chickz. [inccona (1956) foumd that tho oello of dioaggresated ehdok
enbyryos ascorted necording to typo. Tho dogrco of differentiation
of the accerted c¢olls, which is tho moim foature by which their
typo may bo pocogniced, wos found to dopend upen tho relativo pro-
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posdions of tho difforont coll ¢ypoo mized. In reagmrogotos of
oized goncrio exisin (mouco and chick) ho obtaincd tho corevhat
owrpricdng xoculd thot tho eollo ascorted cocording to thoir organ
ard net cecording to thoir gonarie type (31957a). o found no-
evidoneo for pooeiblo ehansoo of coll typo contrary ¢o the rosulto
of Trinlthomo and Crovos (1953), vhoe foumd thot thore was coms
- ovidoneo for cuch changos. Until 4t becomos poosiblo to trace
$ndividund eolle throushout peamrogntion it will bo impossiblo to
rocolve cuch points of aifforenco. The resulto of cuch oxperi=
mom%s\;h@uld be born in nind vhen conoidering the ovidencs which
koo becn obtained that 6ol type is unafééaﬁeﬁ by @icagmregation
and r@agg@ég&%icn. '

In tho compidoration of tho offcot which tho dovelopmont of
selootive adhesivonoos might havo on coll cortimg mo suggeobion
wao node an to tho pésa&blo causo of cuch aaffemenseo; The queotion
of tho eauco of thoeo differcreos locds ente tho concidoration of
whot couoos tho oolle to cdhero. Voiss (1950) dicousced $ho noturc
of tho eoll curfnoo in gonersl terno. He comsidered that the
dovolorzent of soloetive adhesiveness reoultc from the production
of o cuitadblo econfiguration of molosules om the surfaco of $ho golls
he ealled thio theoroticol phenomenom 'coaptation’. Ia 4¢solf thio
tera providoc mo Lurthor explanntion of the couseo for adhesion and
ito probably spoeific noture.

Holtfrater (1943b) enplained tho adhesion of colls in tezms of
tho cetien of ourfoce forcooce. If dho difforend ¢types of eolls have

divforent curface toncioms, selective adhesions will temd to foram.
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' The remarksble specificity of certain types of cell in their
ndhesion was revealed by the experiments of wilson (1907), |
Galtoof? (1925, 1929) and de Laubenfels (1927) and Splegel (1955)
who found that mixtures of sponge colls eeparated out into groups
according to their epecifio type. The experimente of lloscona,
quoted sbove, run somewhat counter to this. A fow experimontc
done in the course of this work show that the same specifie eepar-

_ ation occurc in emphibia. CGastrulae of T, gristatus and T, vulgario
were dicageregated together 1_n EDTA and the cells well mixed
together. On ma@.‘egation the cclls of each speoles separated out,
the large eolourlesc cells of T. cristatus being clearly separate
fyom the smoll ‘piguented cells of wlw. ic. Tyler (19{&6)
cugsoated that this speoificity of adhosion, which of course 1s
monifosted in the ssgregation of the colle, was dus t0-ccme type of
of antigen-antibody roaction. This suggestion hod proviously boen
made by Loed (1945)s  Spiegel (1954, 1956) hac demonstrated that
tho reogsregation of cponge or amphibian embryonic cslls may be
provented by cupplying suitable antibodies to the celle., Howover
thic phonomenon cannot be interpreted as beimg olear ovidence for
tho presence of on antigen—-antibody reaction in cell adhesion, for
any impairment of the coll surface will probebly ereatly alter its
edhooive properties. And Rothstein (1954) poimts out em the
cell surface carries a great number of poseible antigems, not all

of which will be concernsd with adhesion, with which the antibodies
will resct. Thus troatment with the goneral assortment of anti-

bodies that Spiegel used will probably damage the cell surface im a
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menner co uncpecific that it will be imposcible to make any .
definite conoclusions, (IneidantallyATuwnea and Holtfrotor (1955)
point out that tho mechanism of edhesion proposed by Tyler ic more
properly called an cuto-antibody roaotion). Foverthelocs Tyler's
theory could be tested oxporimentallys though tho tochnicol diffi-
culties would bo greﬁt as Clayton's work on the dictribution of
entigens in nowt embryoes showo (1953).

Unfortunatoly neither immmnelogical mothods nor surface tencion
invostigotions would provide much evidenso ao to tho nature of the
chemicol groupings recponsible for eell adhocion, althoush they
might roveal itc very opoocific nature in certain types of ecello
‘more clearly than the precent ezporiments on cell sorting ﬁo; Vore-
over tho tochnical difficultics of suchexperimontal mothods are
considerable {ceo Hewton Harvey, 1954, on curface tencion)e Thus
4% cocmed that the problea of coll adhocion and of the maturo of
differencos in this recpect botweon collo could bo better treated
by anpther opproach.

The cell surface con ﬁo conoidorcd oo bearing an elootrical double
layer upon it. Thio layer ic borm by oll charged curfaces vhich
aro charged by preferontial adsorption.or ezolusion of ioms froa the
currounding medium upon the surface. Thie proforential cdeorption
or oxolusion will tend to cot up & chargo en the.surface vhich will
be bolanced dy o correaﬁonding charge of opposite cign im the layor
of tho continuous phoce closest to the surfaco. Thio curfaco charge
will bo ot o cortain potential, and the potenticl 4o rolated to the

surfaco tonsion. Tho values of such potentials ave of course smoh
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affocted by the number of ions im the medium around the surface.

If two oloctrical double layers are olooo thoy will interaot &n
the following manner. Thoy will tend €o ropel eanch othor boeause
of tho 2iko sign of chorge and to attract oach othor duo ¢o %hov
London-Von der Uzclo ottraction. Tho ropuloive force asto only
in tho thicknoss of the doudlo loyor ond has the feoturos of an
exponontial fumction. Tho forso of attraction fullo off as am
inveroe cixtd pover law with the distanco fronm the eoll. In con-
oequoneo tho foreo of adtraction teéﬁm to predominote cloce to the
surfoce. Kollren and (M1llstatter (1932) hove chowm thot theco
forcos of ottraction moy oxtomd $0 10-100 Angetsen unito from the
surfaco. Ovﬁmboek (1949)'ha9 gurmsd those two offoste for o variety
of ¢theorotieal cituctions., He ghowed thet tho potenticl cnergy
asainet the separation of the tve surfosos may rooch the ordor of
orgo por square contimotre of thoir curfaeo whom the approach ic of
tho @rdcé of 5 Angetroa unite. In all casos attractivo forcos pro-
dominnto over ropulsive forsoo if o sufficiontly close approach of
tho twe surfacss 4o m&&oev If tho forgco of ropulsion 4o larse tho
oppreack of the two curfaces hos $o b9 vory closo beforo ottraction
predominaton. If howover tho forco of xopuleion is lowerced, which
nay be domo by lowering tho potontial of the curface chargo, attraction
prcdominates over ropulsion for roater soparations of two curfacoes.
Thethor er no two curfocos succoed in cohoring dopendc upon their
chance of making o sufficiently olese approanch for ofttrootion %o
occurs

The curfece potontial deponds upon tho chemieal moturo of the our-
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gace, for thic deteruines which iono it will preferentially adsord
or exclule, ani upon the ions present in ths surrcunding nedium,
Thic theory of the intercction of charged surfases accounto for
their edhesions It should be pointed out thot adhesion can also
be brouzht about bty the formation of non-polar chenlcal bonds botwoen
two ocurfaces. Cell surfeces arc like other surfaces apnd will
develop eleotrical charges upon themselves. Zims cell adhecion is
presunably partly or entirely brought about in the manner sugrested
above. Owing to the noture of the forceo involved adheciono will
thus be formed very rapidly once o suffioiently olose appreach is
made by the two surfages. Non-polar chemical bonds will prodabdly
foro more slowly between the two surfaces. The rapid formotion of
the adheoions described from the £ilm, i thus probably an example
of the adhesion reculting from the interaction of the two eleoctrical
doudble layers.

These properties of the electrical doudble layer also find oxpreccion
in suoh phenomena ao surface tension and ihe antigen-antibody reaction.
The antigen-antibody reaction is merely o specisl ecase of the mechanion
of adkosion described,

The offeot of the fonic nature of the medium on the curface potential
1é conciderablo. Bumgenmberg de Jong (1949), in discussing the effect
of cpootific fons upon colloids, points cut that tho effect of roversal
of the charge of the surfaco, which tho adoorption of epooifie ions
upon a oharged curfaco has, inoreases with the valenay of the ien.

‘The concentration of divalent ion nececsary to bring aboubt the some
roversal of charge as that produced by a certain concentration of
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univalent ion ic of one tenth to ome hundredth the valﬁe. If the
colloid is negatively charged; as it will be above its isoelectric
point, thece ions that affect the charge will be cations. Such
ions as calcium will alter the éharge. and consequently the surface
potential, far more effectively than-univalent ione such as sodium,

The reduction of charge that addition of calecium or magngéium to
the medium brings about,results in a fall of the surface poﬁential
and consequently the force of repulsion between like surfaces
diminiches. At a sufficient reduction of potential the forces of
attraction will be strong enough to maintain adhesion, The pH of
the medium would also affect the charge of the surfaces and thus
pH limits to adhesion would occur, The results of the work have
shown that calcium is otAgreat importance in the maintenance and
reforming of adhesions. pH limits for cell adhesion have been found,
The sudden formation of adhesions suggests that they are due to the
interaction of two surfaces whoso LomdoneVad der Waaie forces are
able to hold one another together., This théOry does not provide
a simple explanation of how celle may show specificity of adhesion,
but the cells of the early embryonic stages do not show such
specificity. If there existed patterns of different surface potent-
ial upon the various parts of the céll'surface the specific
adhesion of later stages might be explained as well, The next
section of this thesis is concerned with attempte to

show that cellular adhesiveness is dependent on the surface charge.
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Criginally I thought thot the theery cmld) beat be tested by
meas.urinvg‘the eurface charge _éf tho cells in verious eleotrolytes,
which were experﬁmentany known o affect cell adhesion, This was
tried but proved teohnically very troublesomes In concequence
| émther apﬁmaeh was taken, Burface 1po£exieia1 io affocted by
ionic adcorption, end if tho surface adsorption of cn ion can be
desionstrated and correlated with ohanges in the adhesiveness of the
celle then evidence will have been obtained suggesting that the
'theory is correot. The ion chosen for investigation was 'oaloium,

" of whose effect on adhesion much evidence has already been given.

A certain cuount of work was done on magnesium e well. This
method of investigation nay lead to more information being obtained
about the chemical nature of the cell surface, for 8s Bungenberg de
Jong (see abova) has chown the particular reverssl of éhar@
offects shown by a group of ions are mlé_ted to the chemiocal nature

of thoe surface.

The introduction to th&é work hao been given immediately previous,
The methods, results ani conclusions, as well ac the introduction
have been published (Curtis, 1957).

In order to determine whother the ealelum ie adsorbed onto the
surface of the cells which can adhers %o one another the general}
Giotribution of caleiua and magnesium (with which calciun may ecoily
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be confused) in the émbrya wos exemined. 'Phef poosibility of the
‘adsorption of calciun dy cells which th,en becaze abie to. edhars. was
invoatigated dy necsuring the uptako of oaleiun by cells. placed in
o mediun in whioh they subsequently reagrregated. Thio uptake waev
- measured by the decresse im calofun concentration of the medium
ocurrounding the cells, In order to show that thic procecs had the |
eha‘raotermﬁos of adsorption the kinetico of the uptalks were
oxcmined,  Consequently 4t was necessary to know the permeability
of these cells to calcium and their total uomal holding of thece
ions.. Tho total amounte of caloiun and ragnesiun in the embryos
| were maam on groups of embryos of various éeae.as which had been
ashsd, If the adsarption of caloiun permits reashesion of the
cells the removal of calcium from the surface chould permit dic-
agoregation, anﬂ thus the loss of oaluiim by the celis during die-
ag@-ogation was maasuma EDPA was uceﬁ for Msag@'egauon or 0CC,
and the amount of calcium they complex oan be peasured.
Analytioal mothodss

The methods developed by Headridge (1956, 1937) and Chalmers (1954)
wero used for the deterination of caloium and magnesiun fona.
Theso methods allow the distinction of the two donms. They depend
on the titration of the ions with EDPA using another complexzing
agent as on indicator (o.g. eriochrome black or murexide). By
doing these titrations at phB 10 and. then again at pB 12 the concen~
tration of magnesium ion may be eeparated from that of the caloium
ton, 4 slight modification of the methodo hat these authors used

wes made, for titrations were dome using a micrometer mounted
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miercburette of the Scholander type (thet is.o displacement Wurette)
inctead of an ordinary turette. . In consequence. estimations of thé
calciun content of eamples down to 0.1 ol could be dome, Tho ande
 points of the titrations were detorained epeoctophotcnstrically, .
using o Unlosn S,P.500 apeotraphommg ‘The results of Headridge
© (1957) tnilcato that caloiun and magneetun may be dotercined’ o
within 107 for quantities down to 0,02 miemma. A series of .
control estimations was run dwring the course of the prosent work.
" and gave aimilar resulte. | | | g

The precautiono againot contamination of the titrations bty fen,-io
ivon which Headridge (1956) imtroduced were used. The EDPA was
standardised against calciun ohloride solutions, which in their turn
had been ctandardised with eilver nitrate. .. All solutions were made
up in glass distilled water; which had been prevtqusly analys&ﬁ for
calojun and magnesiun by the methods desoribed above,  The titrations
wore dono on samplee whose volume had been messured by weiching o
the neareot 0,0001 @n, 1t wao found that the formula for the ‘metal
tuffer' whose use Headridge (1956) vecomuends in the titration, -
tended %o give free magnesiun ioms, though 4t chould mot in S$heory.
In consequence thie tuffer was adjusted by additions of EDYA until it
gave neither freo magnesiun ions or EDRA.

The calcium and magnesium ions obtained by ashing groups of embryos
wore estimated by these methods. Ouwing to the lavge aémm of
phocphato in the ash, solution of the ach with dilute acid d1d mot
extraot these ions efficiently. In consequence the phoophate fomo
wore redoved by passing tho ash, susponded in distilled water,
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thrcugh & coluan of thoe anionic oxmchange recin Anberlite IRA-401
(chloride form). This trectment appesved to give a saticfactory

| rexmoval of ﬁhoéﬁhate-s’rw the saupio» mﬁﬂ'w conosequence the caloiun

| and magmesiua ions camevzn%o solhtaon. -“‘he a‘shing was done in
platimm crucibles a.n& tho dry woicht (araes. at 110 c) of the
ambryos waa maasumxi.

| Groups of from 20 to 30 embryos were used i’oé tho eétmmim of
totel ealoium and zﬁamosiuin in them. - Aﬁax; Shé :-éiaaval of their
vitolline membranes $hey wore transferved to caloiun-fres Holtfreter
" solution buffered at 5 7.0, Tho blastocoel or archenteron cavities
wero opensd with necdles and tho fluld washed out with o pipette,

o that the calciun or magnesium in Maa ﬂu&é would mot be included
in the total estimation, This precaution prevgnfs the inolusion of
oalo&uni fron the Holtfreter solution in the estimates. It temds to
confine the estimation of the ions to those which are inside or on
the celle, which 4o the distribution of intevest in the present
enquiry. It nay be thought that the washing in caloiun-froe Holt-
fretor solﬁtaon allows a loso of these jons from the cells by permeation,
Yut evidence, which will be dosorided, susgests that cuch o 1oso 42
any cust be very enall. The embr&os were then given a cecond woshing
in calofun-free Holtfretor solution. A sample from this washing
wac set aside for the analysis of caleiun, oo éhat it could be shown
that no caloiun was transferred im the ﬂmp of mediun in which ¢the
.embryoa were earrma to the noxt stage. In t.he aext atage the
enbryos wero either yleeeﬁ in platinum erucidlos for ashing. or into
EDPA or OCC colutions for disagregation.. |
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Croups of from 20 to 40 etbryes; prepared in tho namner desoribed
above, were used for tho estimation of the amzounto of calcium ramoved
from then by disawregation in BMA or 0oC solutﬁ.ons. Then TDPA
. »aol\m.ons were used fbr disagmagation, in the mamner- &escribeﬁ
| earliepr, the amount of calodum and magnesinm that was remove& fron
' $ho eabryos by the EDTA could be ectimated by back uemuon of the
mmmmg free TDTA with standm ealcmn eoluuona. Owing to the
| facﬁ that sa.mples of about 1 mmmm volune must ‘be used for
ouch eatmtionn the loss of caloium m ﬁhe oourse of a d&ema@-
ation can-enly bo followed from a few ¢letarﬂna%ioxm. Thais e
somewhst unsatisfactory. Consequantly another mothod of ostinating
the azount of celeiun which hed been removed fron the eubryos was
used,  Orthocresol phthalein complexone V(occ) complexes caleiun,
with a charp inereaso in the light adsorpbion at 572 millimtcrs et
pE 8.,0. Thie increace was found to o\iay the Beer-lmbart law over
the range 0.00001I to 0,0002: caloiun, provided that the pH &a keps
constant.  Follard (1956) found hat the OCC complex with calodun
d1d4 not obey tho Beer-lLambert law exactly. | .‘I'ha.e siigﬁt difference
betwoen hie and the present findings ie probably to be exzplained by
the faoct thot he used OCC at pl 10.5, at which p8 the rate of change
of colour density with pR is very méﬁ, whereas at pH 8.0 this rate
of change is an@t. In consequence very slig&m bhouges in pB
would affect his results appreciably, while in tho present work such
ohanges would have a slight offect. Nevertheless it wao n6eessary
to mointadn the p8 most csrefully and in consequence the 0CC wae
buffered with tris at 0.0061 concentration, a higher concentration
¢than uced normallye A | o



*8l}¢

Exdryos disaggregstsd without damage in 0CC and reagmwogted
nornally thereafter. By ucing theos optiosl donatty Gethods of
ectination the increase in complezed caloiun in the course of a
disagarogation could be followed ﬁ'om 8 larger muber of neacure-
mente than when BITA wao used for disagpregotion. The optical
density of euall samples taken fyron tho disagerogation was measmd
in the cpactrophotometer. The camples were then returnocd to the
disaggregations 4n consequence tho disaggregution could be sampled
at frequent intervalo. DBoth methods of follewing the lesc of
caleiun froa the emdryos during diesggregation were used, Both
thess methodo do not ellow the distinotion of complexed coloiun from
conplexed tagnosiun and the neasuresents made are of the two dons
togothar.

The uptako of caloiun ion by the reaggrogating ¢olls wes exanined
by following the losc of calciun fon from the medlum in which the A
oolls vere. Prelioinary work showed that the uptake of coleium at
any civen concentration in the mediun was completo in less than dtwo
oinutes. Such a time 4o too chort for more than onc or two samples
of the mediun to be taken, and in consoquence 4t would only be
posaidle to obtain two or so mMemta on which to base au uptake
curve, Obviously this is not o satdefaotory mothod of investigation.

the method uced, wos to allow tﬁe uptake of ealoiun ot o low
extornal cslciun concentration to come to eguilidbriun; samples wero
taken from which the uptake could de meacured. The extermal celeiun
congentration wae then raised to a known velue and the uptaks ot
equilidriun measured again. Thie proceso wae ropeated with nine
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cucoessively doubled initial caleiun concentrations. By thic means
- the uptake of calelun with increasing externsl caleiun aeménﬁataon
wao fellowed. Tho enbrycs, in groups of from 55 to 70, were dic-
agixegoted in _mm at 58 8.0 in the usual manner and then washed
: repoatedly with ealciun-frea Holtfretor colution at pB 7.0. It
‘was found that four waoshings were cufficient to lover tho conoan~
tration of TDTA renaining with the cells to a very low value, A
sample of the final washing wao taken and enalysced in tho manney
deceribed above fop its contemt of [DPA; the value odtained was
used in correcting the caleiun fon ooncentraﬁaon of the firet colu~
tion of ecaloiun with which the oslls vere mized, |
The osllo were treated with each concentration of caletun for 15

mimites. The concentration of caloiuz én the msdiun at the
beginndng of o period was obtained by csloulation t’rdm anount of
oalofun in the medium at the end of the previous pariod and the
amount of caleium in the otronger mediun which m Just deen added
to the cells, Thece two values were cbtained by the methods of
analysic desoribed aboves Lizing of tho soluﬁiomé and the colls
was essisted hy4 plocing the culture dick on a macﬁan&aal LOOKOT,

In calculating the uptole of caloiun corrections were made for the
volume of the colip and the concentration of the solutiono due ¢o
evaporation.

Segulto,

Firot the pesults of tho analysis of whole embryos is considered.
The total anount of caleius in the eabryos appeared to vary con-
cidarably from datoh te bateh of ogyss The ficures given in Table 5,



TABLE 5.

Total calcium and magnesium content of
Xenopus embryos after ashing : expressed
in micrograms per embryo. Accurate tol;
0+02 micrograms.

Stage. Calcium . Magnesium

N} 6404
| 5466 0r11
Late blastula 5022 0+12
he25
3436
245k

537
, | 4468 0407
Early and mid- be53 TR TR
gastrula. 3027 '
2442

4.00

3062 012
Early neurula 255

2028

2+01 0+09
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sugseot that tho value £o11 frem blastula to neurula otageo during
the dovelopment of any ome batch. |
. Secondly the roculte of the meacurements of the amount of caloium
. and magnesiun renoved fzsy the ED2A show that the amount of theco
fons ramoved during dicaggregation foll alightly fron blastula: to
nourula. These values are shown ia Tablo /6, Sinos thé total
momt of magnesiun in the enbyyo is lower than tho ammnt of
| caloinm and magxesmm ramoved dn &1%@@&1@ it cecms probable
$hat mue magnesiun 4e removed in disaggregation, Pigure 13
Bhowa the amount of calciunm and aagnesiun lost by the cobryes during
disaggrogstion 83 & plot of cumletive losc agatnot tine,  Curvoo
Aand B refew to meaaarmme maﬁe on the disaggregntion of gnstrulas
with EDPA. Ourveo c and D were cbtaslneﬁ bw fonw&ng tho course of
~ the loss of these .uma with ecc; curve C rofers to the aieag@e@»
ation of a eaetmla, curve D %o & newmm maw@emtiw in all
cases was viaibly complete at 45-70 mimutes. Those curves indicato
that once discaggrogation was visibly complete the rate of loss of
calcium and ‘m@eaim greatly diminished and foll o a value Soo low
%o bo ostimated by tho wethods used, Howevar it woo found that 4f
the émbryos had beén decspsulated by the method of Spiegel (1951),
in vhich papain is used, tho loes of caloiun and magnesium m ‘
dtsagoregated cabryos in DUTA solution contimod until alzost the
whole amount of these ions must have boen removed, after & fow hours
ezbryos treated in thic manner oytolyseds Vheress he disaggregated
cells of enbryos decapoulated by hand survived for several days in
BP0 'I‘hese observatione suggest that the calcium and magnosium
contont of the eello ic divided into tuo portions, The swllor of



CALCIUM IN MICROGRAMS PER EMBRYO
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FIGURE 13,

Cupves chowing tho cu@nlativa ronoval of caleium
and pagnesiun from Xenopuc cnbryes during dicaggroe

gatioh. The arrous dndicato that dicaggrogation

wao vioibly comploto at this timo.
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TABLE 6.

Amounts of calcium and magnesium ( measured together)

removed from Xenopus embryos by disaggregation with

EDTA. Expressed in micrograms per embryo

to + 0005 micrograms.

. 025

Late blastula. 0032
Gastrula. 0+26
028

Neurula., 0+32

027

055
047

0e33
0+48

025

10028

: accurate

0-38

0+36
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theso portions is oasily ronoved &y EDEA troataent, cad its
reneval ic acconpanied by tho ﬂ&eggggegation of tho onbryoos:
The larger portion ic not affocted by BDTA troataent and doos
not appear to bo concornod primar;}y in coll adhcolone

%he rooultc of tho measuremonts of the uptako of onleiun ions
by cabryos prior to rgaggregation are choun in figure t4. Tho
colle tool: up caleium until the oxterral concontration roached
©+0005! in calciunm, abcve‘which concentration thero Uas no furthor
uptake. Figure 14 chowe the results obtainod for blastulacy aide
gaotrulae,late goctrulae acd carly nourulacs 8ix othor uptake
curves have boeen obtainody two cach fpr blastulae,enrly gactrulao
and late postrulaos These volues give curvee of cimilar fora to
those cohown im Figure 14. The data from vhich those other curvoo
may be plottod aro givon in Sable 7. The golls on whieh those
noacurenents uere made reaggrogated subsoquontly, uith the exception
of tho meurula stagooe. The forn of the reagarogatos which dovelopod
in tho higher calciua concontrations was somewhat abanopaal, for
ccll cortimg appearcd to be partinlly inhibitcd.

The curves choun in Figure 1b are of o form vhich suggootso thad
tho uptalke may be an adcorption procecc. Por thowc curvoo, which
ore adgorption icothorms, are fittod by the FProundlich aﬂedrptian

icothorm, which Bfgtee that i | N

: b:d 1 congondration *
the mase adsorbed « ( conceanghggg geisa% congon Ereugeg than 1.

Hnoleey and Taylor (19&?) shomcﬁ tha$ a sioplification of thig

icothern may be achioved 4f a limit to the adsorption io sote



TABLE 7.

Uptake of calcium in micrograms per embryo by
Xenopus embryos prior to reaggregation in media
of various strengthe of calcium ( expressed in
millimoles per litre).

Medium Uptake Medium Uptake
0+012" 005 0015 003
0.048 008 0053 0+09

Late

Blastula. 017 0+8 Oe 1k ) 0+6
Oel42 28 038 17
0+80 hel 077 Lot
12514 Le5 1946 Lo}
0010 002 0017 004
04051 0+05 0+053 007

Early . . . .

Gastrula 0+16 0+6 015 07
0439 08 Oels2 0+9
0481 0+9 091 1¢4
161 0+9 G20 qe1
04012 003 °f°13 002
0+062 0+06 0:049 008

Late

Gastrula 0+15 0.1‘ , 015 o
035 0e2 037 02
079 03 082 Qe2

1+62 0+3 1469 0.2
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UPTAKE OF CALCIUM IN MICROGRAMS PER EMBRYO
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IN EXTERNAL MEDIUM

0-44

FIGURE 4b

Curvos choudng tho uptale of cnleium by dicaggrogated
cells of Hlonopus in meodia of variouc molariticc of
caleiuns Tho shaded borders 4indicato the rogiono vhere
tho analytical methods are not sufficiocntly accurate

for measuremente to bo made, Curve I relates to a late
blaoctula,Ii to a nidegastruln, Il ¢o a late gastrula,and
IV to an early nourula.
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By this means the Freundlich isotherm ¢an be fitted to such gurves
a¢ these which ahow an adsorpt&oa mm. |

. W‘»

The uptake ourves for calolum which have been ohtaiued auggest the
" aotion of an adsorpnon proceas. The ktnetioa of thie uptake do
not necescarily prove the occurence of adaorption fbr certain.

. peruieation phenomens hava eimilar kinetios, The extrene rapidity
of the uptake ani the low values for tho outward permestion of
ealoiun and magnosiun revealed by the expericents on disagzregation
‘suggest thg% this process io an adsorption one. ‘Iiore properly the
process is probably one of chemisorption, for the adsorption appears
%o be fairly cpeoifically confined o divalent cations.

Tho caleiun and magresium removed from tho exzbryos during dice

" aggregation may be located in an intemelmlsr eaiea‘b. But the
caleiun taken up in reaggrogation 48 not likely %o be held by an

" intercéllular cement because diaam@noa wnl have removed this,
Horeover it seems unlikely that tho wns san give rise to o new
cement in the very short period which caloium uptake oocurs. In
the next part of $his work come evidenos for the axistence of &
cement botwecn tho cells will be @.vens and for its remeval during
Maagmegauon.

The resulto of the investigation of caleium uptake agree with thoss
on the reagrregability of the embryonic colls which are expressed in
figure 2. For the oolls becams unable to readhere as their adility
to edsord ealcdun fails, In figure 2 it ic shown that ons can
dicaggrogato otages of elightly greater oge than can be reaggregated.
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This difference may refleot slight chanaus in the mechanism of
adhesion brought adout by disaggregation, such as a slightly |
earlier loss of the ability to hold caleium to the curface than
would ocour in the imtact embryo. But tho devolopument of the
cells dax'ing the threo hourc or so that dimegatlon and reaggrog-
ation require may Wring the cells o tho came etage of develorment
as that at which disagsregntion becomes inposcible. It is for the
same reason that it io impes_sﬁ.ble; to say that the uptake curves
vrelate to a particular stage. If* the measurencnts were repeated
at a lower temperature, vhen differentiation would be greatly slowed,
dut adeorpﬁon procosses little reduced, it would be possidle to
remedy thie matter. However it is uncertain that isolatea celle
dovelop at the same rate as those in whole extwyos. Tho differ-
entiation of tho disaggregated cells would explain other observations
such as that cbout 0.2 miorograms of caleiun and magnesium can be
ranoved fron nourulao during disaggregntion; yot cells of such otages
will not readsorb caloiuam,.

The uptake of ¢aloium found in the blastulae and earlylmtmlae
i greater in anount than that released on dlsaggrogation of cueh
otagen. This may indieate that there arc more caloium binding
groups on the cell surfaces than fons to fill them in the normal
enviromont of the embryo. Hormally the enbyryo develops in its own
environzent falrly well iesolated from the surrounding wmediun, which
may contain very little caleium, by the jelly coat and vitelline
monbranes Tho short while during which the endbryos are in normal
Holtfreter colution prior to disagmrogation may not bo cufficiont
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for appreciable adsorption of caloiun.

It has boon argued from tho recults of tlw nescurenents of calefun
an& ma@me&um loss by disaggrogated embryoo th.est the pemeamnty of
the cells to theso ion 1s low. Bowever this dooo not neeeasarily
argue that perneation in the opposite dizection 1o as olight. Thuo
‘the uptake mi@t be aue to pameauon. Moveover 1% hao been
| auggesteﬂ % lensing and Rosenthol (1952) that tho caleun content
of membwanes determinea their pameabiuty; and thuo premmably
their permosbility to calefun. . It may be that tho cozploiing agent
rezoves calelun from the eurfaco of the cells faster then it can be
replaced by pernsation, end in censequemco the permesbility to
colofum falle. If o weaker complexing agent were used the loeo
would contimue longer for permeation could contimis to cupply caloium
fron the mwriur of the coll for a longer while. This poscibility
ehould bo teated expw:monmly. However the rapidity of uptoke of
oalolun sugzests thot paracation processso are mot involved to any
 conniderable extent. |

In the ,ﬁ-mt sootion of thic thesin, which was on ¢he subject of
disaggregation, the question of tho stebility of éaloium binding by
the o1l curface was rajsed. Although the binding appearc o bo dus
to chemisorption the concept of a stability constant for thio binding
s5till hes a useful meaning in deoiding cbout the action of complexing
agonto on the embryes, It wao suggeoted that if the pH threcheld
for disagsregation loy at o value at which the otability constants
for caloiun binding by the surface {provably falling with pi rise)
and for the cemplexing agent (rieing with pH) were of oimilar value,



thon one wight conciude thst disagg
complexing action of the agont. If it 4o acsumed tha$ each

egoticn wac mainly dus to the

birding group can hold one calcium aten then the stability constant
nay be written:

10 00A3uR)(GoRG, OF £7es BInding sites)
At half-saturation of the surfaco ﬁm 13 shows that a otage II
embryo has bound about 0.5 micrograms of caleiun, the axtemal
caloiun concentration being 0.000051. The emdryos of this ctage
were found to containm of the crdor of five thousand c¢ello, whose mean
radius is of the order of ten micra. Thess figures were obtained
fron photographs of disaggrogates but are not highly accurato.

Such, volues allow the caloulation of tho concentration of bound
caleiun in the surface layer, which i¢ assumed ¢6 be of ¢he order of'
ten Angstrom unite thick (Overbeek, 1949). 4% half-saturation
there will be an equivalent concentration of free binding sites.
The otadility constant that is calculated from these results hao o
value of 20,000 at pE 7. This value is cufficiently hich to make
dicaggregation by calciun-fyee media a very slow precess. The pH
threshold for disaggregation by EDPA 4o 7.8, at which the LDTA has
o logarithmic stability constand of T.3. 4% this pH the stability
constant for the calcium binding will probably bBe lower than the
loparithnic valué of 4.3 measured at pH 7. 7This thousand or pore
.. fold differsnce of tho atability constants at the pH threshold for
dieagorecation suggeste that calclun binding is mot the only facter
that controle coll adhesions Nevertheless it is realieed that the
evidonce on which thic value for the otability constant has boen
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calcu;ateﬁ 46 uncertein in nany xésgecata. Horeover it is not
known how the stability conctant for the cosloiun birding altars
with p3. FPor 4 4% increases with pil, though not eo rapidly as
that of the [DTA, then the interprotation that disaggregation is
- madaly Gue to the removal of caleium ie more 1likely.

The rosults iaﬁi'éate that ooleiun is chemicorded onto the cell
surface. They give suppert to the theory proposed earlier that
the adsordtion of oslcium would lower the surface potential of the
cells oo much that attraction would occur betwsen olése).y apposed
cell surfeces, thus producing cell adhesion. ~ Bince this mechaniem
of adhesion appears to exist only in tho blastula eni gastrula
stages 4t dosc not chow specificities with regard to cell typo for
all typoe of ¢oll adhere to one another. The fallure of nourula
stages to reaggregate with caloiun suggests that another mechaniem
of adhesion develops abt this stage, and the evidonces of oell sorting
sugsest that thic 1o speoific with regard to cell type. In figure 2
it was chown that the ability to reaggregate in the presence of
caloiunm failed at different stages for the various tissues. Duture
experivents night bo done to sce whether this failure i correlated
with the loss of the ability $o take up calofun by the respective

t4ssues.

It has been pointed ocut that coll adhesion may be drought about by
intercellular cements. Such cements ocour in large quantities in
many sdult tiscues, where they are fyequently of mucopolysacoharide
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nature; see Stacey (1946). In the earlier scctions of this'thesis
it vas suggested that tho jelly.forméd betwveen the colls during
disaggregation in alkali might represent such a cementing naterial.

The distinction between intercellular cement and cell surface
becomes very much a matter of definition vhen the amount of cement
ie small. In such circumstances the cement may be so'closely
apposed to the cell surface that in most respects it nay be regarded:
as forming part of the cell surface. Disaggregation with EDTA does
not produce a jelly material. It is possibie that the Jelly is due
to a cytolytic reaction of the cells to the action of the alkali,
which is not produced by EDTA. Otherwise it may represent a cement
which is not affected by the treatment with EDTA and remains on
_the cell surface, or is dissolved Sy the EDTA. If the material
remains on the cell esurface the prdcegs"of'dalcium uptake, which
“has been described as chemigorption, may be an absorption of calciun
by a layer of cement. In such a case the cement might be regarded
o being part of the cell surface. The possibility that the cement
is dissolved by the EDTA has been investigated. It should be
pointed out that if a material is found to be rémoved from the
embryos by EDTA, it may only be the fesplt of some cytolytie
reaction.

The results of thé'investigations of the nature of the jJelly,
mentioned earlier; showed that it formed in alkﬁline disaggregation,
and dissolved below pH 9¢2 in tho absonce of calcium ion (see p 21).
It was found to stain strongly with célestin blue. Such staining

suggests but does mot prove the prescnce of nucleic acids (Clark and
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Powers, 1953)s Originally the peculéc of tho oxperiuonts with
hyaluronidace were interpretod to indicate that the jelly was of
| a micopolysaccharide nature. In consequence mw@m nede

in alkali were fixzed and prepared for hictological oteiming. The
sootions were otained by the periodic aoid-Schiff methed, which
atains the aldehyde groups of eugars. The jelw natopricl did not
stain, which sugooste that the joelly does not contain any poly-
soccharide naterial, It was later foundi that the hyaluronidase

wos contaninated wiﬁh ridomolease. Fure ribomoleace eluo attacked
the jelly, ac ddd mein. These results sugpested that the jelly
contained ribomioleioc acid and protein couponento.

In view of the sbove evidencs it woo decided o exnmine tho KDPA

which had been used for disagorogation to dicoover if 1% contained
ribonucleic acid and protein componento. |

Uetheds of analyois.

Lato MG of X, laevis were disagzregated in 0,001 EDPA at
78 8,03 in calciun-free Holtfroter solution tuffercd with trice
hydsoshlorie actd (0,001 in tris)s Groups of from 20 to 30 exbryos
were useds The enbryos were gently agitated on o rocker during the
dicagiwegation for 40 aimtoo. -Aﬁ the enﬁ of thic period tho
ecbryoo ware coupletely diesgzregated imto separate cella.  Theso
cellp were ollowed to settle to ¢he bottom of the dieh and tho
supernatant ramoved. o eign of oytolysie of tho colls could be
fournd, The supernatont was centrifuged at 300-400 grevitics for 10
‘nimutes, A cnall quantity of intact cells and a few yolikeplateleto
formed the scliment at the boﬁtom of the centrifuge tubeo., These
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yow»plateleﬁe: are prodebly of extracellular origin, “geo oarlicy,
eni if thic 4o so do not indicate oytolyoie, ' The clear cupornatant
-fpom thio contrifugation woe ememined cpootrophotometricelly. A
typical absorption curve 4o shown in figure 15. Tho f’am of thio
' absorption curve suggests the mm;e. of & mieis acid component,
“seo Chavgaff and Davidson (1955)s | B

It wao then deoided o attempt a move exact 'cmaatérz'smaw of
thio component.  Pour batches of fren 250260 late @azatmlae of
' Ze leovis were disaggregated by the method described above.  Tho
supernatant mediun wae removed and treated in tho ceme camner. It
woo dried under reduced proscure at «) O, The cemples prepared in
this manner contoined the salts of the medium, the EDPA end tris
and the component or cocmponente being studied.

These samples were analysed in the manner doseribed below. The
cmounts of EDRA and tris in the matorial could be caloulated fron
their concentraticn in tho welght of solution evoparated. Thus $he
omount of nitrogen contained in the EDPA and tric could de ceparated
from that due to tho unknown material when the total nitrogen content
wao estimated by the method of luboohinsiy and Zalts (1954) after
the material had been @wea o micro-Kjeldahl digesﬁom Tho phose
phate content wao measured by the mﬂmﬁ of Brigze (1924) aftor the
material had decn digested in concontrated sulphuric ccid. Ribose
was estimsted by the oroinsl reastion end deoxyribooe by the method
of Disohe, (oo given by Chargnff and Davideon, 1§53). Thox -amino
nitrogen content wao measured by the method given by Colowick and
Eoplan (1957), which uceo the reaction with ninhydrin for estimation.




AHSORPTION SPECTRUM
03 OF SUPERNATANT FROM THE
DISAGGREGATION OF XENOPUS EMBRYOS
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The recults of thens analyses revealed that all the monasaea
sought with the exception of deoxyribose were preseat, Their
quantities were such that by caloulation the material appeared to
be a ridomcleoprotein containing about 257 mucleic acid. - The
- ribose-phosphate ratio was found to be 0.97.  In ealeulating the.
percentage of nuoleic acid in tho matoriel ¢ was assumed thaot the
anino~aoide forming the protein chain had an average moleculer
woight of 140 {coc Block and Velss, 1956) and that the proportion
- of the four moleic acid bases were s,a@nc.ieal 80 thot they had an
average molecular weight of 278, .

The micleic acid bases were ceparated and identdficd by chromato-
graphic methedes A sample of the zﬁaeexial waa wdrolyaed with 705
perohlorio acid for one hour at 100°C, m !zy&-olyeaea wao cpotted
onto %aﬁman Noe 1 mmar A aeacenm.n@ chromabo@'am was run in
ssopropanol- hydroehloru acid ~water (170:41“0 250 v/v). Adenine,
suanino, moaam ana uraeil ware re«:omlsﬁ m:u their positions
vsﬁh respest to w&me, and fron. m ultrwﬁolet absorption curves
of elnatae of the spots i’mrn the chmmatow The extinotion
values of the variocus bases awm*b for mfﬁoieat moleic acid to
fora 253 of the mleopmtein. This valuo i 4n a@eement with
that obtaiped fren tha 260/280 mnimum abmum mﬂo for the
untreated material, which indicates that there o mora than 207
nucleds acld presem in the moleoprotetm this me.thoﬁ was thﬁuceé
by Serburg end Christien (1941). Figure 16 chows the gurve fran
whiohthmvaluawasobmneﬁ. o

A cacple of the material was examined for its anino-acid comtent.



ABSORPTION SPECTRUM
OF RIBONUCLEOPROTEIN
AFTER EXTRACTION;

MEASURED AT pH 1.
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It wao hydrolysed in G wamamemmm for oix hours. A
chromatograa of the hydrolyuade was zxm on Uhataan Fo. 2 paper with
phemi saturated with weters @mutauwly wg&n&ne. mmme
and tyrosine have been vecosnised fron thetr R, values and fron
epecifio reactions,  Exsot 1dentification of the rémalnmg amino=
eomsteyeetobeaom o

A yiem of 4 mimgeama per mbryo of the moleémtem wag - found,

W-

The re’%ulca of the aualyses inddcate that ribonuscleic aoid and
protein are present in this materdal in a ratio of 143, Tho fairly
constant propartion of ribomucleic acld to protoin shich has been
found in the four batohes exenimed suggests thit they form a true
ribomioleoprotein in the exdbryo. But it chould be realised that
€hey ooy not be in comdimation on the living mnterial, Until the
matter has deen furthér. invostigated 1t s probably most conveniont
to refer to the material as containing a ribomucleoprotein.

Binoe LDTA appears to remove thio ribomucleoprotein from the
azbryos without damage to the cells 4t seems probablo that it io
located on the cell surface or inbetwoen the collss It séens un~
likely that cuch a large molocule would permeate cut from the osll
interior. The procoutionc taken aguinst contamination by aytolysed
¢olls in the preparation mekss o derivation of the micleoprotein
fron such cells unlikely. Brachet (1950) points cut that yolk-
platelets contain some ribomucleoprotein. It is poscible that o
yolk-lyeis reaction of the kind described by Gross (1954) ocours
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Guring disaggregaticn, bug this eecns unlikely for intaot platelots
are found in the medium, | |

That the ribomioleoprotein ic located in the cell surfaco or ine
botween thé cells is oupported by the observotions of Drachet -
{1957), who has observed that gastrula otages otainod with pothyle
groen pyromin ehow etaining of o ribomucloic acid component en the
extreme periphery of the celle, Similar observations have been
mode on enbyyos stained by thic method in the course of this work.
If the ribomicleoprotein io located in this pooition it may be

“identital vith the jelly moterial. I% hao alveady boen shown that

the jelly behaveo in 4te rosponse o the enaymes trypsin and
ribomicleane as though 4t were o ridomscleoprotein. - The insolubility
of ths Jelly in the presence of calodun doms cuggesto that 4t way be
& moleoprotein, see Aumbrose and Butler (1953). -

The results of the anclysic of the matexial suggest that all the
nitrogen found 4o oaccounted for by the ribomicleoprotoin. In maling

thie conclusion 4% 4o assumed that the protein has a falrly average
compoesition of aminoe-ncids for this e:laém of compound (sce Dlock and
Veias, 1956). In consequence it seems probable that if any other
orgonio matorial is cmtracted by tho EDTA treatuent 4% camnot contain
much nitrogen. This premise restriots the cearch for other com-
pounds painly to the sacchorides, Until the analycis of the cuine-
aoids 4o carried out quantitotively &t will mot be kmown whother

this assunption is true or false,



The probian rmﬁns of the ﬂmctiom of thte rﬁbomwleomtem or
ribomuocleoproteins, for it has not been shown thad it o one molo=-
cular cpecies, in the embryo. DBracket (1950) has drasm attonticn
to the funotion of the microsomss, which contain mmch ribomoleo-
protein, Frotm a nuoder of lines of evidence he _ole.ims' that they
play an essential part in the mecaanism of induction., Brachet,
Buust, and Gothie (1952) have produced evidense that these microsomes
may be transferred from the ¢ells of tho inducing mosodern to tho |
overlying aotodum. Buch an ooocurence would explain the diccovery
of ribmcleomtem on tho oall surface or botween the celio.
Vaddington and Sirlin (1955) could mot £ind ovidense for much a
transfer of microsones. |

Yanada (1950) notiosd that the premumptive mecoderc of aumphibian
@goatrulae was neurslised bty the aotion of alkalies, with tho formation
of o jelly material during the action of the alkalls I this jelly
40 of similar nature to that described in thio work 4% night be o
ribomeleomteiﬁs in which ocase ono might empoot it ¢o havo the
observed induotive cotion. Fiu (1956) hao shown that the inductor
material of T. torosus gstrules releasces a substance having meny of
the proporties of ridomocleoprotein when it ie cultivated in hanging
drop cultures, Induotion occurrad in such cultures in the chsonce
of contact between the tissues., He obltained evidence for the
exiotence of two or more olasses of imduotor. GConsogquently it
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seean 1ikely that tho ribemicleoprotein deseriliod in the present.
‘work 48 of eimiler origim to thoge reported by Ircchet, Uiwu, eoto.
 Since thé‘ ribonuoleoprotein appeare %o bo oimiler to thoce
olaimed to bave an inducing actien by the authors mentioned above,
.4 45 planned to nvestigate its inducing action. It hao been
pointed out that it may reprecent esverel ribomiclesproteins, If
thie 10 so thay might ropresent the various reglonally specific
“evocatora proposed by Toivonen (1950), Dieuwkeop (1952) and ethars.
Resolution é‘f the various poscible exmponent &abomoleomtem and
taoting of their evocating action might assist tho solution of the
problen of whether there are oy are not epecifiec ovocators, However
Waddington (1952c¢) has pointed out that the effeoto of regional
cpecificity may be due to the tendency for the varicus portions of
the embryos to inddviduste in their own specific manner.

Pithout disolaiming the possidility of an evocating action for the
riboruoleoprotein other functions whioh it might have can be suggected.
Lansing and Rosenthal (1952) and Haaia (1940) have put forward the
idsa that the presence of ribomucletc aoid on the cell surface deter-
aines i%s power to bind calodums If the ribomacleoprotein that has
besn found is regarded as forming o part of the coll surface, which
can bo yemoved in certain circumstanses without ¢ytolysis, the
adhesion of colls might be attributed to the caleiun binding by this
material. If 4t 4o to be regarded as an intercellular cement ito
stability and adhesivensss might alao bo attributed to the binding
of caloium. However tho comolusions of Lansing and Rogenthal and
of Mazia are based on the asscciation of these substances im tho goll
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surface,vhich is not a neccssary proof of thoir combinations
Rothotein and Meier (1951) showed that the cell surfaco of yeaéa
bound uranium very strongly ond calcium less strongly. This |
- binding was attributed to the precence of polyphosphate groups.
Nucleoprotein provides a rather similar structure.

Bagrlier it wae suggested that the @tability-constanb of the
calciun complex with the cell surface probably declined with pH.
Thic interpretation was advanced to explain the spontaneous dieéz
aggrogation in calcium~free modin above pB 9¢6. Thua the value:fgil
the ctability constant for tho calcium binding measured at pH 7¢0
. was regarded as indicating that othor factors as well as calciua
- binding vere required to maintain the adhesion of tho cells up to
pH 7+8 in the presence of EDTA. If howevor the stability comstant
roge uith pH, tho threshold for disagsrogation with EDTA might be
golely duo to compotition betueen the cell surface and EDTA for
calcium. Eoto and Klotz (1953) have ghown on theoretical grounds
that the affinity of proteins and othor subotancee of amphoteric -..
nature for cations gererally increases with pHsand demonstrated
»thie.experimentallyvfor the calciua binding of cerum albumin,as
hoo Hanninga (1957) for that of mcromyosin. Schnoider (1946) and
Gjessing (1951) found that ribonucleoprotein binds celcium and
nagnesium ond gave evidonce which suggested that these complexce

are most stable at pd 6 to pR 7.. :
In view of this ovidenco it seems that the accunmption made earlior

about the effect of pH on calcium binding wae uronge Thus it secns
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possiblo that the pH throshold for disaggrogation with EDTA
may b oxplained in torns of tho competition betwoem tho EDTA
and tﬁe coll surface for the calciuam ions. Until measuremonts
of tho calcium stability constant are made at a number of
difdferent pH values it will be impossible to decids whethor
other mechanicme of coll adhosion occur in this mateéial*
Katz and Klots point out that c¢alcium binding by proteins
_&ncreaees with pH up to pH 10 to 11.‘Yet the eubryos are
disaggregated in cal@ium—frée'media ab&vo pH 9¢6, I the
calcium is bouné by protein this fact would suggéet that
other mochaniems beside calcium binding are important in
cellfadheaion. Rowever the results of Schneider and Qjesaing
suggost that the ribonucleoprotein cemplex with calcium ie |
most etable im the range pH 6 to 7. This range is that in
which reaggregation occurs and is th&,ohe 1@ which embryos
aro very rocictant to disaggrogation. That tho stability
constant of cuch comploxos falls on oither side of pH QEO 7
accounte 29; the spontaneous dicagsregation abaove pH 9¢6 and
the failure of réaggregation bolow pH 6. The results of
Schneider and Gjeseing are incomplete and ief@r to & different
riﬂonucleoprotein from that isolated in the presont work.
Nevortheless such resulte suggest that the binding of calcium
by a ribonuclecoprotein would account for the observed pH limits
for disaggregation and renggr@gntionﬁ Horcover a ribonucloge

protein materinl has been idontified in theoee embryos in a
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suitable looation for action in cell adhesion. The action of
ribonuclease and trypsin,which prevent readhesion of the cells.
supports this hypothesis. McQuillen (1950) has given evidence
that some bacterial surfaces bear a nucleoprotein materisl
upon themselves.Further investigation of the calcium binding
by the cell surfaces and by the isolated ribonucleoprotein at
various pH values is planned. The results of such work may
allow the testing of the hypothesis that cell adhesion is due
to calcium binding by a ribonucleoprotein during these blastula
and gastrula stages. | |

There remain two objeotions to this:hypothesiSa Firstly how
is it thet enhryonio'cells conhinue ho adhere to one another in
media as acid as pH 2? Does another mechanism of cell adhesion
act at these pH values,even if 1t is not one normally used in
the life of the cells? Secondly it was found that cells which
had been disaggregated in EDTA showed an immed;ate and rapid
upteke of calcium, Yet disaggregation has removed a considerable
amount of ribonucleoprotein., Is sufficient left on the cell
surfaoe for the readsorption of calcium? Or is it resecreted
sufficiently rapldly for the observed uptake to occur, though
this possibility seems unlikely? Or is it possible that calcium
binding and the ribonucleoprotein are unrelated save in that
they are both distincyly and seperately necessary for cell

adhesion? If the rioonucleoprotein is slowly restored to the
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cell ocurfaee after‘ﬁieaggregaﬁion'iﬁ méuldlaccounz for tho
fact that.although caleiﬁm uptako 15 rapié.%he'devclo@mont
of roadhesiong botweon the cellc ip dolayed for an hour or
coe Such objéctiona ioém a gound for future work. Houovor
considoradble ovidonco has been givea for the hypothoois

that cdll.aﬁhea;on io duo to the surface adsorption of
ealetun domo. A cinilar mochanionm vao proposed on Ghoorotical
groundo by Schmitt (1941),

Anothep mnttor for furthor onguiry is raiscoed by tho cuddon
death of roaggrogatos made from celle coparated with EDTA at
throe to four dayo of agos Doos this roprosent a delayeﬁ
effoct aﬁe to the EDTA cpmp&exing mnetale within the cells

" which are necessary for the functioning of thoir encyme cyctoms?
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CONCLUSIONS

The naturc of the mechanien of ¢ell adhosion has been
exaninéa in anphibion ombryoss It hos been investigated’

in tormc of tho phon@mbna‘af'dﬁaaggregatioa and reaggrogation
which represent the lose and regaining of adhosions The main '

conclusions of the work dogscribed in this thoeis are 3

(1) The loss of adhccion between colle 46 conncetod with
the removal of calcium from tﬁelcella. and only océura'in

certain pH rangess

(i1) Geolls of blostula and gactruln otagos forn thoir
giret adhocions im reaggregation without regard to the types

of cell thoy are in contact withe

(144) The roadhopion of colls of thoso stagos is procedod
by an uptake of calcium, vhose kinotice scuggoet suriace

adoorption.

" (4v) A ribonucleoprotein matorial is concorned with the

‘pondhecion of the cellc of these stagess It is suggostod that
4¢ may be concerned with tho binding of calcium to tho colld

" surfaco, and that it may be identical whth the jelly matorial

soon in eertain dleaggregatess
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(vi) The cell surface of preblastular stages is not stable in
the absence of calcium but becomes stable to such conditions during
blastular stages. In neuruiar étagee the ability of the cell
surface to adsorbd calcium ceaéee. This failure of calcium
adsorption occurs at the same time as a general change in the
mechanism of adhesion of the_éells. Sﬁbsquently the mechanisms
of cell adhesion bacome selective. There thus appear to be at
least two different and successive mechanisms of cell adhesion
during the development of the embryo. The first mechagism occurs
during blastular and gastrular stages and is much concdrned with
the presence of the calcium ion,;the second occurs in«lafér stages
and is of a different nature. The first mechanism does not appear
to show any differentiation from onc cell type to another. The
second meChapism appears to be concerned with the selective adhesion

of the various cell types.

(vii) In order to account for the phenomena of cell adhesion
occurting in the blastular and gastrular stages it has been
suggested that adhesion may be due to the attraction which
exists between surface when they carry liftle electrical charge.
The nature of the uptake of calcium;the pH thresholds for
disaggregation and reaggregation and other phenomena have been

shown to fit the expectations of such a theory.
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APPENDIX I,

Technical description of the films,

Film No.
1e Xenopue gastrula disaggregated at pH 9+8, 3hrs,
- £filming with 2 sec¢s exposure and 10 sec. interval.
Field 540 by 760 micra. No reaggregation.

2. Xenopus gastrula disaggregated with EDTA. 4 hrs.
filming with 2 sec. exposure and 10 sec, interval.
Field 570 by 803 micra. -

3. Xenopus gastrula disaggregated with EDTA., 24 hrs.
filming with 2 sec. exposure and 10 sec interval.
Field 2000 by 2820 micra. |

L. Xenopus gastrula disaggregated with EDTA. 2 sec.
exposure for 10 sec. intervals for 4 hrs. and 132
sec: intervals for another 13 hrs.

Se Xenopus gastrula disaggregated with EDTA, 2 sec.
exposure: at 30 sec. intervals for 6} hrs. Field
4500 by 6350 micra,

6. Xenopus gastrula disaggregated with EDTA. 2 sec.
exposure at 30 sec. intervals for 14 hrs. Field
4500 by 6350 micra.

7 T.alpestris late blastula disaggregated with EDTA.
2 second exposure at 10 second intervals. Timer
failed several times for periods of about 5 minutes.
Field 570 by 803 micra.

8. T.alpestris blastula disaggregated with EDTA, 18 nhrs.
| filming at 15 second intervals. Exposure 2 sec. Field
570 by 803 micra,



9.

10.

11,

12.

13,

ik,
154
16°

and

17,

- 11 =

Xenopus gastrnlaﬁdisaggreéated with EDTA, Filmed for
20 hres. at 15 second inteévals with 2 second exposures.
Field 570 by 803 micras o

T.alpestris blastula disaggregated with EDTA., Filmed

" at 15 second intervals and 2 second exposure for 2

hours.when timer failéd. Field 570 by 803 micra.

T,alpestris blastuié diéaggregatea with EDTA, Pilaed
for 15 hours at 15 see¢ intesvals and 2 sec. eXpoBuUres,
Fleld 570 ‘by 803 micra. Little reaggregation. o

.alpestrie blastula dlsaggregated with EDTA. Filmed
under dark ground illumination with 2/3" objective and
x 10 eyepiece with 1 sec. exposnres and 5 sec. intervals
for 5 hrs, Field 360 by 507 ‘micra.

T.alpestris blastula disaggregated with EDTA, Filmed

vith phase contrast illugination, x 10 objective and

x 10 eyepiece, at 5 sec. intervals and 1 se¢. eXposures.
Field 180 by 253 micra. Four separate shots in this film,

T.alpestris blastula disaggregated with EDTA. Filmed
in the same conditions as film 12,

T.alpestfis early éaetrula disaggregated with EDTA.
Filmed with phase contrast illumination, x 10 objective
and x 6 eyepiece, for 2 hrs at'5‘seé. intervals and 1

sec., exposures. Timer failed after 2 hrs. Field 360 by 507
micra.
T.alpestris blastulae disaggregated with EDTA. Filmed

with phase contrast illumination, x 10 objective and
x 6 eyepiece, at 5 sec. intervals with 4 Ssec. exposures.
Field 360 by 507 micra;
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