
Mechanics of Morphogenesis

Thomas Lecuit
chaire: Dynamiques du vivant

Lecture 2:  Adhesion: from affinity to thermodynamics models



Thomas LECUIT   2017-2018

Summary- tissue organisation and plasticity
• Organisation: 

• Cells adopt morphologies and configurations that tend to 
approach minimal surface energy

• Reflects balance between:
         -hydrostatic/turgor pressure
         -cortical tension
         -cell walls/cortex stiffness

   - cell-cell adhesion
         
    • Dynamics: 

• Cell connectedness varies so tissues can be modelled as 
gaz, viscoelastic fluids or elastic solids. 

• Reflects differences in cell-cell adhesion
• Cell shape changes and cell movements are driven by 

active contractile systems in animals and wall remodelling 
in plants

• Cell-cell adhesion resists active remodelling and 
maintains tissue cohesion under stress.
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Mechanics of Cell shape - Geometry & Dynamics

◊  How can we reduce the dimensionality of these spaces?

• Cells « morpho-space » is a huge multidimensional space

Physical parameters

Biological parameters

……

◊  How many parameters for description of and control over cell shape?

Elsevier

• Genetic/biochemical space of regulatory interactions is also very large

• Quantitative Theory:
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• Minimisation of surface energy E
• Minimisation of surface S
• Surface tension

• Thermodynamic description: near equilibrium/quasi-static
d’Arcy W Thompson, On Growth and Form, 1917

Cell shape and Surface Tension

On Growth and Form. chapter V

©  2004 Nature  Publishing Group

Surface mechanics mediate pattern
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Pattern formation of biological structures involves organizing different types of cells into a spatial configuration. In this study, we
investigate the physical basis of biological patterning of the Drosophila retina in vivo. We demonstrate that E- and N-cadherins
mediate apical adhesion between retina epithelial cells. Differential expression of N-cadherin within a sub-group of retinal cells
(cone cells) causes them to form an overall shape that minimizes their surface contact with surrounding cells. The cells within this
group, in both normal and experimentally manipulated conditions, pack together in the same way as soap bubbles do. The shaping
of the cone cell group and packing of its components precisely imitate the physical tendency for surfaces to be minimized. Thus,
simple patterned expression of N-cadherin results in a complex spatial pattern of cells owing to cellular surface mechanics.

Pattern formation is the process by which cells are spatially arranged
into elaborate biological structures. Whereas significant advances
have been made in understanding how different cell types become
determined, less is understood about how cells are configured into
the characteristic shapes found in many organs. Signal transduction
networks under genetic control are known to regulate cell shape and
form through the cytoskeleton1,2. On the other hand, sporadic
descriptive analysis over the past century has suggested that cells
can be configured bymechanisms following physical principles. The
notion that cells organize themselves within structures that mini-
mize their total surface area is a recurring one.

The similarities between the patterns adopted by simple cell
aggregates and soap bubbles have long been remarked upon3. A
set of rules governing the behaviour of soap bubbles was first
developed by Plateau4. He found that in stable systems of bubbles,
junctions ofmore than three bubbles at a point were never observed.
He observed that three and only three bubbles meet at any junction
within a two-dimensional array of bubbles. The mathematical
and physical justifications for this phenomenon are based on
minimizing surface area for a given group of bubbles5. Plateau
also observed that the meeting point of any three bubbles was
symmetrical. The surface free energy of each of the three contact
surfaces is equal to the others, meaning that the three surfaces meet
at an intersection point, forming angles of 1208 (Fig. 1a). Because
the bubble membranes (soap films) are identical, the interactions
between neighbouring bubbles are identical and little complexity
can be generated by the system. However, many simple tissues and
multicellular aggregates in nature that closely resemble the packing
pattern seen with soap bubbles have been documented3 (Fig. 1b).
This correlation suggested that cells pack together in configurations
that minimize their overall surface area.

A different manifestation of surface minimization is seen when
mixtures of dissociated embryonic cells aggregate in vitro. As first
pointed out by Steinberg6, cells aggregate inways that closely imitate
the mixing of immiscible liquids. When two immiscible liquids are
mixed together, the liquid with the greater surface energy will round
up into a circle or sphere surrounded by the other. This shape
minimizes the liquid’s surface area. Likewise, dissociated cells
migrate and aggregate into an overall spherical shape if they are
able to adhere to one another; this process correlates with the
aggregate’s total surface energy7–9. Thus, a group of cells will adopt
an overall shape that minimizes the group’s surface area.

A wide variety of biological structures might be patterned
following minimization principles. Cells in epithelial sheets and

early embryos join in three-way junctions, as do lobules in a liver.
Epidermal scales and hair follicles are organized as circular struc-
tures, and cell groups within glands frequently adopt circular
shapes. Despite this circumstantial evidence, there is limited experi-
mental data that surface mechanics influences patterning in vivo.
Moreover, many complex biological patterns emerge in epithelia

Figure 1 Pattern formation in different tissues. a, The configuration of three soap
bubbles. The interfaces (a,b,c) are oriented at 1208-angles from each other. b, Packing
symmetry in an eight-cell mollusc embryo40. c, d, Schematic Drosophila ommatidium at

35% of pupal life. Cross-section view at the level of the adherens junction (c), and the side
view is equatorial to the midplane (d). Cone cells (eqc, equatorial; pc, posterior; plc, polar;
ac, anterior) are surrounded by two primary pigment cells (pp) plus secondary pigment

(sp), tertiary pigment (tp) cells and bristles (b). The cone cells sit over a cluster of

photoreceptor cells (R). e, A retina stained with cobalt sulphide. f, An ommatidium with an

arrow marking the junctional interface between cone cells. g, A cluster of four soap

bubbles, with an arrow marking the junctional interface.
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• Surface tension

Cell shape and Surface Tension
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into contact, ensuring that the oocyte is positioned at 
the posterior pole of the egg chamber. The existence of 
developmental compartments (BOX 1) has long been pro-
posed to be a manifestation of cell sorting that is driven 
by differential adhesion. Cells from adjacent compart-
ments do not mix and form a smooth boundary. For 
example, the cell-surface adhesion molecules Tartan 
and Capricious affect cell sorting at the dorsal–ventral 
boundary following overexpression of these proteins24. 
Moreover, overexpression of E-cadherin in a clone of 
cells can distort the anterior–posterior boundary25 and 
cause the sorting of cells that overexpress E-cadherin 
from their neighbours. The cadherin Cad99C is upregu-
lated in anterior cells along the anterior–posterior 
boundary; however, the loss of Cad99C does not affect 
the boundary. Redundant sets of cell adhesion mole-
cules might be required for the stability of compartment 
borders. Alternatively, global tissue adhesive properties 
(that is, those proposed by the DAH) may not fully 
account for the stability of compartment boundaries 
(see below).

Cell shape and cell surface tension
Groups of cells in a tissue behave in a similar manner to a 
fluid, with the global shape of tissues being dictated by tissue 
surface tension. Can we similarly explain cell shape in 
terms of surface tension? Isolated cells, similar to bubbles 
or liquid droplets, are often spherical, which minimizes 
their surface area (FIG. 2a). Despite the cell complexity, we 
can consider that cell shape is controlled by cell surface 
tension to a large extent.

However, it is important to recognize that cells are 
different in many respects from liquid drops. Contrary to 
liquids, the cell surface and interior do not form a homo-
geneous liquid material and the cell surface area cannot be 
increased efficiently by moving molecules from its interior 
(cytoplasm). However, the plasma membrane is decorated 
by microscopic wrinkles and folds, which constitute a 
signi ficant reservoir of molecules that are readily available 
for a change in its apparent surface area and its surface 
of contact with other cells. Although the surface tension of 
a liquid is constant, apparent cell surface tension can 
depend on the cell surface area26. The cell surface energy 

Figure 2 | Control of cell shape by adhesion and cortical tension. Cell–cell contacts change the shape of cells such 
that they are no longer spherical. Single cells, such as mouse embryonic cells at the two-cell stage with a β-catenin 
mutation that disrupts E-cadherin-mediated adhesion43, are spherical (a), whereas wild-type adhering cells have a 
different shape (b). Cells in an epithelium have a polygonal shape (c). The apical section of adhering Drosophila 
melanogaster cells marked with actin–phalloidin is more often hexagonal and pentagonal with many three-fold vertices 
(marked with a red dot). When two single cells (d) are brought into contact (e), they change form according to intercellular 
surface tension that controls the length of the surface of contact (Scontact). Intercellular surface tension results from the 
opposite effects of cortical tension (f) — exerted by an acto-myosin contractile network — that reduces the surface of 
contact, and of adhesion (g) that increases the surface of contact. The contractile actin (red) network is controlled by 
myosin-II (grey) and tethered at the plasma membrane (blue). Parts a and b modified with permission from REF. 43 © (2004) 
The Company of Biologists.
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Lecuit T and Lenne PF, Nature Rev. Mol. Cell Biol., 8:633 (2007) 
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1. Affinity and Adhesion: a specificity problem

2. Adhesion: a thermodynamic model

3. The molecular framework of adhesion 

6. Adhesion and dissipation 

Adhesion in multicellular organisms

4. Evolutionary origin of adhesion mechanisms

5. Adhesion as an active mechanism



Adhesion in multicellular organisms
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- Remarkable process at the cross road of : 

- Evolution:  
- How did multicellular organisms arise?      Principles of cell collective behaviours.

- Developmental Biology:   
- How do organisms acquire specific shapes?  From aggregates to functional forms.

- Cell Biology:  
- What are the molecular underpinnings of cell-cell interactions and association? 

                                                                Principles of specific multi-molecular couplings.
- Biophysics:  

- What are the physical basis of cell-cell adhesion? 
                                                                          The forces that hold cells together

Explain: Balance between robust organisation 
             and intrinsic dynamics
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Adhesion in multicellular organisms

• The dynamics of adherent cells

Cohen DJ,  Gloerich M and Nelson WJ. PNAS. 113:14698. 2016

Bertet C., Sulak, L and Lecuit T. Nature 429:667. 2004

E-cadherin::dsRed  MDCK cells

E-cadherin::GFP Drosophila embryo

h:min

min:s
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ON SOME PHENOMENA OF COALESCENCE AND 
REGENERATION IN SPONGES' 

BY 

H. V. WILSON 

WITH FOUR FIGLIRES 

I 
In a recent communication I described some degenerative and 

regenerative phenomena in sponges and pointed out that a knowl- 
edge of these powers made it possible for us to grow sponges in 
a new way. T h e  gist of the matter is that  silicious sponges when 
kept in confinement under proper conditiohs degenerate in such 
a manner that while the bulk of the sponge dies, thexells in certain 
regions become aggregated to form lumps of undifferentiated 
tissue. Such lumps or plasmodia1 masses, which may be exceed- 
ingly abundant, are often of a rounded shape resembling gem- 
mules, more especially the simpler gemmules of marine sponges 
(Chalina, e .  g.), and were shown to possess in at  least one form 
(Stylotella) full regenerative power. When isolated they grow 
and differentiate producing perfect sponges. I described more- 
over a simple method by which plasmodial masses of the same 
appearance could be directly produced (in Microciona). T h e  
sponge was kept in aquarium until the degenerative process had 
begun. It was then teased with needles so as to liberate cells and 
cell agglomerates. These were brought together with the result 
that they fused and formed masses similar in appearance to those 
produced in this species when the sponge remains quietly in 
aquarium. At the time I was forced to leave it an open question 
whether the masses of teased tissue were able to regenerate the 
sponge body. 

During the past summer's work at  the Beaufort Laboratory2 
1 Published with the permission of Hon. Geo. M. Bowers, U. S. Commissioner of Fisheries. 
2 I am indebted to the director of the station, Mr. H. D. Aller, for his kindly aid in supplying all 

facilities needed in the course of my investigation. 
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much discussed essay is perhaps not everywhere clear to me. It 
is manifest however that she consistently subordinates the idea 
of the individual, whether entire organism or cell, to that of the 
specific substance of which it is but a more or less detached piece. 
As far as the cell is concerned this point of view seems to be essen- 
tially that of Sachs and Whitman. Mrs. Andrews extends it to 
the whole organism, and I may say that this way of looking at an 
animal or plant (or piece of the same) is in my opinion a habit of 
mind that will justify itself and indeed is doing so today, in that 
it leads to discoveries concerning the nature of protoplasms as 
revealed by what they can do. 

University of North Carolina 
Chapel Hill, N. C. 

October 29,  1907 
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Mechanical dissociation of sponge cells
Spontaneous re-association and formation of new sponges

Interpreted in terms of de-differentiation and re-differentiation

Does not favour the idea that differentiated cells sort according to origin

THE REGENERATION OF SPONGES (MICROCIONA) 
FROM DISSOCIATED CELLS 

H. V. WILSON AND J. T. PENNEY 
University of North Carolina 

FIVE PLATES (FORTY FIOUREB) 

A number of investigators have shown from time to time 
during lahe past twenty years that, in one genus after another 
of sponges and hydroids, cells of the parent body which have 
been forcibly broken apart (dissociated) will recombine to 
produce what Korschelt (Muller, '11 a) has happily desig- 
nated a reunition mass, and this has been shown in a number 
of cases to have the power to transform into a new and 
perfect organism which may even become sexually mature 
(Wilson, '11; Foyn, '24, '27 b). 

This method of propagating sponges and hydroids, theo- 
retically possible with them all and even perhaps with other 
forms such as the Polyzoa, but in actual practice sometimes 
meeting with difficulties (as de Laubenfels, '28, reports is 
the case with horny sponges), has lent itself to the study of 
a variety of problems. Among these are such questions as 
whether cells ever really dedifferentiate and transform into 
other types of tissue elements, first, possibly, losing their 
cytoplasmic individuality through the establishment of many 
and extensive intercellular connections ; or whether we are 
dealing in such cases of reduction or involution only with 
temporary cellular dedifferentiation, the individual cells 
sooner or later always resuming their original and, at bottom, 
unchangeable characteristics ; or whether in all such cases the 
essential phenomenon is the activation of relatively undiffer- 
entiated cells, some with unlimited, some with less, regenera- 

73 

Henry van Wilson 
1863-1939

Regeneration and Cell Aggregation



Microciona prolifera Haliclona oculata

STUDIES ON CELL AGGREGATION: DEMONSTRATION OF MATERIALS
WITH SELECTIVE CELL-BINDING ACTIVITY*

BY A. A. MOSCONA
DEPARTMENT OF ZOOLOGY, UNIVERSITY OF CHICAGO, AND MARINE BIOLOGICAL

LABORATORY, WOODS HOLE, MASSACHUSETTS

Communicated by George W. Beadle, April 2, 1963

The mechanisms involved in the mutual attachments of cells and in selectivity of
cell contacts are of major interest in studies on growth, developmental interactions,
and differentiation in multicellular systems (recent reviews'). With the advent of
procedures for dissociating tissues into cells and for controlled reaggregation of single
cells into tissues, various aspects of these problems became accessible to critical
analysis. Work on aggregation of dissociated embryonic cells directed attention to
the possibility that specific cell products, functioning at the cell surface or between
cells, might be involved in developmental attachment and interactions of cells.2
This raised the question, considered previously by others,3 , 4whether selective bind-
ing, grouping and "affinities" of cells, and related morphogenetic phenomena might
not depend on the molecular features of such products.5 Suggestive in this context
was the role of cell surface materials in selective contact of mating types of micro-
organisms,6 in virus attachment to cells,7 in antigenic specificity of blood cells,8
in fertilization,9 etc. The pursuit of these propositions hinged on validating the
postulated existence of experimentally accessible cell-binding materials. Bioassays
were therefore developed which would enable their detection,1" and tests were con-
ducted for evidence of cell-binding activity in various preparations from embryonic
cells,5 and from sponge cells. This report deals with work on marine sponge cells;
the experimental advantages of these cells are that, unlike vertebrate cells, sponge
cells function normally in sea water (or in a similarly defined salt solution) and can be
dissociated without treatment with enzymes. It was found that (1) materials with
cell-binding activity can be obtained cell-free from living sponge cells; (2) their
removal results in loss of mutual adhesiveness of the cells; (3) their replacement re-
endows the cells with selective adhesiveness.

Materials and Methods.-Microciona prolifera (referred to as 11), a bright red
sponge, and Haliclona occulata (H), a light purple-brown sponge, (both from Cape
Cod waters) were used. The difference in pigments served to identify cells in
interspecific mixtures. Only freshly collected material was used.

Preparation of cell suspensions: Two critically different dissociation procedures
were used: (a) mechanical dissociation by pressing sponge fragments through fine
cloth into sea water;" the expressate contained cells and numerous cell clusters;
and (b) chemical dissociation' whereby suspensions of single cells were produced by
removing divalent cations. To do this, mechanically dissociated cells were washed
in calcium- and magnesium-free artificial sea water (CMF-SW) at 4° C by swirling
them for 6 hr on a gyratory shaker at 80 rpm. The cells collected by low speed
centrifugation were resuspended by pipetting in cold CMF-SW to make a stock
suspension of single cells.

Cell aggregation: The procedure of cell aggregation by rotation was used;10 3 ml
aliquots of cell suspension in sea water, or in a test medium, were rotated in 25 ml

742

M cells H cells
Aron A Moscona in 1972

1921-2009

Moscona AA. PNAS, 49: 742. 1963
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M and H cells could be tracked based on natural pigmentation of cells

Cell Aggregation: Cell selective binding
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INTRODUCTION 
Previous work in this laboratory has shown that histogenetic attach- 

ment and aggregation of dissociated sponge cells are mediated by 
specific macromolecular products that are localized at the cell surface 
and between cells and link them into multicellular systems. These 
materials can be separated from cells into solution by washing the cells 
in cold seawater free of divalent cations; although such washed cells 
do not reaggregate in the cold they adhere rapidly into multicellular 
masses when resupplied with the removed materials (Humphreys, 
1963; Margoliash et al., 1965; Moscona, 1963). These findings have 
been confirmed and corroborated by others (Galanti and Gasic, 1967; 
Gasic and Galanti, 1966; Loewenstein, 1967). 

One of the significant features of these aggregation-enhancing 
preparations from sponge cells is that their effect is species specific 
and, therefore, corresponds to the selective affinities characteristically 
displayed by the aggregating cells from the sponges used in this work. 
Thus, Microciona cells commingled in suspension with Haliclona cells 
aggregate only with cells of their own species; accordingly, prepara- 
tions obtained from Microciona cells enhance the aggregation of 
Microciona cells but not of Hdiclona cells, and vice versa. 

From the aggregation-enhancing preparation an active factor was 
isolated and some of its biochemical and biological properties were 
determined (Margoliash et al., 1965; Moscona, 1968). Its specific 
aggregation-enhancing activity was found to be associated with a 
particulate fraction sedimented by high-speed centrifugation. This 
fraction was composed predominantly of unit particles 26-25 A in 
diameter, which were frequently associated in clusters of various 
sizes; it consisted largely of glycoprotein and contained small amounts 
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FIG. 1. Sections through 12-hour grafts: (a) Microciona (M) on M; note 
fusion of graft with host; (b) M on H&ha (H); note separation of graft from 
host cells. 

evidence of separation of graft cells from host cells during the period 
of these observations. 

In clear contrast to the above, heterospecific grafts were rapidly 
“rejected,” without exception. Soon after being placed in contact, host 
and graft cells moved away from each other and, in 6 hours, retracted 
from the contact area, leaving behind a characteristic cell-free zone of 
evacuated skeletal elements (Fig. lb), At no time and in no case was 
there persistent contiguity or intermingling of graft and host cells as 
in the isospecific confrontations; similarly to the “sorting out” of cells 
into separate aggregates in heterospecific cell suspensions, the adjacent 
cells of the two species in heterospecific grafts consistently moved 
apart, and the graft separated from the host. Particularly striking were 
the cases in which grafts from both species were placed side by side; 
the isospecific graft always fused with the host and persisted, while 
the closely adjacent heterospecific graft separated promptly and 
eventually fell out. 

These findings establish that also within the tissues of these orga- 
nisms the cells display differential affinities and contact preferences 
similar to those that guide their sorting out into aggregates following 
dissociation, and which are also reflected in the specific effects of the 
aggregation-enhancing factors isolated from these cells. 

1. Aggregation of cells and grafting experiments       
show similar selectivity

2. Aggregation M Factor shows specific activity:
- activity is specifically depleted in « used medium »
- still active on formaldehyde fixed cells (not metabolically inactivated)

                                      

3. Aggregation M Factor: insensitive to DNAse, RNAse, Trypsin, collagenase, hyaluronidase etc
      sensitive to Pronase (non specific exo/endo peptidase) and a-Amylase (glycosidase)
> Surface Glycoprotein

4. Antiserum against M Factor: 
                     > inactivates M Factor and induces Microciona cell agglutination selectively
                     > Antigenic specificity of M-Factor ligand(s) reflects aggregative affinities of cells
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THE PROBLEM OF SPECIFICITY IN GROWTH AND
DEVELOPMENT*

PAUL WEISS

Introduction: Biological Specificity
The frequency with which such terms as specificity, selectivity,

conformity, correspondence, etc., appear in biological literature is
ample proof that they denote a universal and fundamental trait,
running like -a common theme through all manifestations of life.
Yet, they are used with so many different shades of meaning and
degrees of precision that it is impossible to tell whether the various
phenomena to which they are applied bear a purely formal resem-
blance to each other or whether there is essentially a single principle
in back of them all. A random list of examples will illustrate the
case. We describe as "specific" the absorption by certain compounds
of certain wave lengths of light; the relation between enzymes and
their substrata; the matching between egg and sperm; the action of
a hormone on its end organ; the effect of genes on characters of
development; the association between a parasite and its host; the
immunological response to a foreign protein; the adequate response
of our nervous system to a given stimulus; the acts of recognition
and evaluation, which characterize our highest mental functions.
What do these various "specificities" have in common? Are they
merely superficial parallels, or does one or the other of them perhaps
contain the key to the rest so that specificity in all manifestations of
life could be resolved to a single operative principle?

It may be too early to attempt an answer to this question, but it
does not seem too early to ask it. Therefore, let us take a closer look
at relations and activities in growth and development which we
commonly describe as "specific," and examine to what extent their
specific character might be explicable in terms of better known and
better understood specificities at other biological, or preferably sim-
pler physical and chemical, levels. In particular, let us explore the

* From the Department of Zoology, University of Chicago. The present paper
is an expanded version of an address given at a symposium on "Specificity" of the
Society for the Study of Development and Growth held on 24 July 1945.
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pertinence of the model of serological specificities as a model of
developmental processes, inasmuch as recent studies in immuno-
chemistry have brought those specificities within our grasp.16 Per-
haps, the study of growth and development could then profit from
this faster advance of one of its biological sister lines.

But let us first clarify what biologists mean when they speak of
"specificity." In its common connotation, the term refers to that
relation between 'two systems which enables members of one system
to exert a discriminnative effect upon certain members only of the
other; it implies selectivity of action and reaction even in the absence
of separate channels from the acting to the reacting members. A
chemical that bathes all tissues, but affects some of them with dis-
proportionately greater potency than others, will be considered as
specific for the affected tissues in that sense. By definition, selectivity
is the faculty of a process or of a substance to activate, to alter the
state of, or to combine with, certain elements in preference to, and to
the exclusion of, other elements of the same system. The basic cri-
terion of selectivity, therefore, is the correspondence and mutual
fitting between two properties. Primarily, the term specificity applies
to this correspondence, and to neither of the interacting systems as
such. By custom, however, it has acquired a secondary meaning
signifying those properties of each system which make selectivity of
interaction possible.

Resonance is one simple model of selectivity. Here the speci-
ficity is based on time charcteristics. The example of fitting keys
and locks illustrates specificity of relations based on spatial corre-
spondence. And if we analyze all conceivable types of specificity, it
would seem that all can be resolved into characteristic patterns of
time or space. Selectivity shows different degrees of sharpness, the
intensity of the response falling off more or less steeply from a peak,
which marks the point of best- correspondence. In these days of radio
communication, we need hardly stress the fact that selectivity is a
matter of degree. It is important, however, to point out that the
degree of selectivity need not be entirely a fixed constitutional prop-
erty but can often be sharpened as a result of adaptation of the
responding system to repeated or lasting exposure to a stimulus of
constant configuration.

Perfunctory and incomplete as this definition of specificity is, it
will do for the purpose of our further discussion. In the indicated
sense, specificity is perhaps the most fundamental attribute of life
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• Interpret cellular affinities in terms of molecular structure and organisation

380 Malcolm S. Steinberg

directed m ovem en ts, t he differen t cell t ypes in a com posit e
aggregat e are sorted ou t in to dist inct homogeneous layers,
t he st rat ificat ion of wh ich corresponds to the norm al germ
layer arrangem en t . The t issue segregat ion becom es com -
plet e because of the em ergence of a select ivit y of cell adhe-
sion . . . .’’ (p. 116).
Although som e recent accounts of th is subject at t ribu te

to Holt freter the view that ‘‘t issue affinit ies’’ arise from
intercellu lar adhesive select ivity, h is actual views of the
m at ter, although quite am bivalen t , leaned in a differen t di-
rect ion . In a 1966 art icle on ‘‘Cellu lar Affinity’’ he wrote,
‘‘. . . it has been postu lated that in order to account for
the t issue-specific direct iveness of m ovem ents both in the
embryo and in the reaggregates one must assum e the exis-
tence of gradien ts of som e kind to which the innately m o-
bile cells react differen t ly’’ (Holt freter, 1966). In discussions
with the writer in the 1970s, he cont inued to favor an origin
in som e sort of directed m igrat ion .

Molecular Recognit ion at Cell Surfaces
Paul Weiss compared Holt freter’s t issue affinit ies with

the select ive associat ions evident am ong neurons and,
drawing upon a line of reasoning relat ing cell –cell adhesion
to ant igen –ant ibody binding, in it iated by Jacques Loeb
(1922) and ‘‘t raceable to Ehrlich ,’’ offered an explanat ion
for select ive cell adhesion in term s of the in terlocking of
sterically complem entary m acromolecules in and associ-
ated with the cell surfaces (Fig. 2; Weiss, 1941, 1947). Albert

FIG. 2. ‘‘Sligh t ly m odified reproduct ion of a diagram used pre-Tyler expressed sim ilar ideas (reviewed in Steinberg, 1958).
viously [Weiss, 1941] to explain select ive adhesion and non-adhe-
sion among cells in term s of m olecular configurat ions along the
contact surfaces. The key molecules, which num erically perhapsSelect ive and Nonselect ive Cell Adhesion
const itu te only a sm all fract ion of the surface populat ion , are sym -

Townes and Holt freter (1955, p. 111) wrote, ‘‘It appears bolized as bars with characterist ically shaped ends. The assumpt ion
that the factors m aking for indiscrim inate and select ive cell is that two complem entarily shaped molecules m eet ing in proper
adhesion m ay be present sim ultaneously and that it requires orien tat ion will becom e linked by in term olecular forces, which
a prolonged contact between heterologous t issues to bring thus becom e forces of at tachm ent between the two cont iguous

system s. Propert ies of the sort required in our m odel are commonlyforth the select ive component of adhesion .’’ Sim ilar views
associated with proteins, or combinat ions of proteins with lipidswere expressed by Weiss (1950, p. 183), Curt is (1960, pp.
and other substances.’’ (From Weiss, 1947.)48 –51), and Moscona (1962, p. 67) and discussed in greater

detail elsewhere (Steinberg, 1964). Curt is (1960, 1961), seek-
ing an explanat ion for the inside/outside st rat ificat ion of
segregat ing cells in m ixed cell aggregates, at t ribu ted by Hol-
t freter to directed cell m igrat ion , suggested that it resu lted the differen t pathways of cell segregat ion expected if the

segregat ing cells are guided by directed m igrat ion in radialfrom differences in the rate at which cells of differen t k inds
recover from surface alterat ions induced by cell dissocia- diffusion gradien ts of chemotact ic substances, by differ-

ences in in tercellu lar adhesive in tensit ies or according tot ion . This becam e known as the ‘‘t im ing hypothesis.’’
Curt is’ ‘‘t im ing’’ m echanism . The sort ing pathway actually
observed was the one predicted for differen t ial adhesivenessBehavioral Tests for Underly ing Princip les (Steinberg, 1962c). The answer was the sam e for every situa-
t ion exam ined (Steinberg, 1962b,c,d, 1963b, 1964, 1970),In order to obtain evidence capable of dist inguish ing

among directed m igrat ion , differen t ial adhesion , and ‘‘t im - leading to the form ulat ion of the ‘‘differen t ial adhesion hy-
pothesis’’ (DAH), which t races these m orphogenet ic phe-ing’’ as alternat ive possible m echanism s responsible for pro-

gressive cell st rat ificat ion with in m ixed aggregates, a series nom ena of living cell populat ions to t issue in terfacial free
energies arising from cellu lar adhesive in teract ions.of situat ions were cont rived in which each putat ive guiding

m echanism would be expected to bring about it s own As set forth by the DAH (Steinberg, 1963b, 1964, 1970), the
sorting out of interm ixed embryonic cells and the envelop-unique pat tern of cell or t issue behavior. Figure 3 depict s

Copyright q 1996 by Academ ic Press, Inc. All righ ts of reproduct ion in any form reserved.
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• Specificity: correspondance and mutual fitting between 2 properties
    Can be resolved in terms of molecular theory

SPECIFICITY IN GROWTH AND DEVELOPMENT

however, approached liver tissue in effectiveness. Sham grafts of
paraffin were wholly ineffective.

In conclusion, these experiments contain strong indications that
substances released from the grafts and carried by the blood stream
into the embryo, exert a catalyzing effect on the growth of the
homologous tissue. But the admixture of the less localized effects
just mentioned leaves the interpretation somewhat in doubt. The
main purpose of presenting the results here has been to call attention
to a promising line of work which is badly in need of systematic and
intensified pursuit.

Pending verification by such future work, the whole concept of
growth advanced in these pages remains hypothetical. It has points
in common with the scheme of gene reproduction suggested by
Sterling Emerson,9 which likewise resorts to immuno-chemical anal-
ogies. In its emphasis on the existence of molecules of complemen-
tary configuration, our concept has points of contact with Tyler's
thesis of "auto-antibodies,,32 which has not, however, tbeen explicitly
applied to growth. Yet, for the time being, there seems to be nothing
more to these convergences than a common conviction that the phe-
no,mena of biological specificity have a common stereochemical foun-
dation: reproduction to be based on the ability of a compound to
serve as a model for the synthesis of more of its kind; adaptation, on
the ability of a compound to impose a conforming configuration upon
other compounds; and selectivity, on the interlocking of matching
compounds.

This past discussion leans heavily on current concepts of immuno-
chemistry, particularly those developed by Pauling.24 It may be
premature to tie the phenomena with which we have been dealing
too closely to the antigen-antibody model. Rather than trying to
force all biological specificity into the immunological compartment,
we might have to consider the latter as merely a special case of a
more universal biological principle, namely, molecular key-lock con-
figuration as a mechanism of selectivity, whether involving enzymes,
genesj growth, differentiation, drug action, immunity, sensory
response, or nervous co-ordination.

Conclusion
The purpose of this artide has been to point out how some prob-

lems of specificity in development can be resolved into terms of
molecular theory. Some of the premises and conclusions are fairly
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or of true attachment, presupposes again highly discriminative
powers on the part of both the cell and its prospective "trap." One
could envisage a hypothetical trapping mechanism as consisting of
the establishment of firm linkages across the contact surfaces between
molecular- groups of high affinity.

Selective elimination. This process is the reverse of the one just
outlined. As in the former, the cells concerned are at first distributed
rather ubiquitously throughout the body, but are then actively
destroyed in certain regions while being spared in others. The final
distrilbution would not be a matter of selective affinity between the
cell and its permanent site, but rather of some disaffinity between it
and all other sites.

It seems that these three principles embrace all the conceivable
mechanisms by which localized aggregations of cells originating from
distant sources could be effected. In a last analysis, they resolve
themselves to a single common principle, namely, the existence of
specific contact relationships between the various units of the organ-
ism, according to which adjacent units may either be bound to each
other, or not bound, or even actively separated. In the case of selec-
tive conduction, the ties are those between the cell and its guide struc-
ture and are transitory. In selective fixation, they are more durable,
anchoring the cell to its surroundings, pending reinforcement or
replacement by secondary cementing agents. Being contact relation-
ships, they can easily be conceived iof as products of intermolecular
forces, and their specificity as the result of steric conformances, that
is, fittingly interlocking configurations of the molecular species to
either side of the surface of contact.* These relations will have to be
viewed as dynamic rather than static, and as statistical rather than
rigidly fixed; that is to say, as the bonds in question are presumably
incessantly made and broken, the rate and frequency of these events
are as instrumental in determining the degree of specificity attained
as are the nature and arrangement of the molecular groups involved.

Before going into these matters more fully, however, we wish to
strengthen the biological evidence on which -this theory of contact
specificity rests.

* We are adopting here essentially Pauling's3' concept, according to which the
strength of intermolecular bonds varies with the degree of correspondence in the
shape of the interacting molecules.
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Holtfreter: Significance of the Cell Membrane 747 
constituents of the cell membrane not only determine the elasticity of 
the cell surface (Harvey and Danielli, 1936) and contribute in differenti- 
ating the shape of the cell, bu t  that  in cooperation with the lipids they 
are directly responsible for amoeboid movements. Analogous to myosin 
micelles, proteins contained in the cell membrane may undergo reversible 
molecular contractions and extensions. The fact, however, that ,  in con- 
trast  t o  the lipid models, no protein models have as yet been devised 
which imitate in any way the various functions of the cell membrane, 
speaks in favor of the view that  the essential kinetic elements of the 
membrane are the lipids rather than proteins. 

Cellular ddhesiveness. It appears tha t  the most important general fac- 
tor determining, simultaneously, cellular adhesion, pernieability, and 
motility is the state of solvation of the cell membrane. The physiological 
importance of the mono- and bivalent cations in controlling these phe- 
nomena is possibly derived from their readiness of substituting each 
other in protoplasmic compounds. Adhesion and aggregation of eni- 
bryonic amphibian cells can be brought about by calcium ions in the 
ambient salt solution, provided the latter is isotonic and not too alkaline. 
The bivalent cations seem t o  operate according to  the “zipper mecha- 
nism” of Schmitt (1941), by desolvating and pulling together the con- 
tacting cell surfaces. This concept presupposes a preponderance of 
acidic groups, possibly phosphoric acids, at  the surface of the cell mem- 
brane, an assumption which finds support in the cataphoretic behavior 
of some cells, particularly of erythrocytes. 

While in early embryonic stages only calcium and hydrogen ions seem 
to  be required in order t o  hold the cells together, an intercellular adhesive 
matrix, presumably of a protein nature, is reported to  exist in be- 
tween the cells of differentiated epithelia (Gray, 1926; Chambers, 1940). 
Further insight into the nature of such cementing substances may be 
gained from investigations of the kind which Chargaff and co-workers 
(1944) made on the throniboplastic lipoproteins and their function in 
the process of blood clotting. 

The cells in the interior of early amphibian embryos are not firmly 
aggregated. This is, perhaps, a prerequisite for the execution of the 
morphogenetic movements which occur during this period. The lack of 
cellular adhesion apparently arises from the absence, or inactivation, of 
agglutinating substances in the body fluid, since the cells of the differ- 
ent germ layers will indiscriminately unite with each other when exposed 
t o  a balanced salt solution. 

With progressive differentiation, there arise cell-specific differences 
of adhesiveness which are reflected in the display of histotypical patterns 
of aggregation, disaggregation, migration, and recombination ofthe var- 
ious cell strains (Holtfreter, 1939,1944). It is not known whether these 
manifestations of a selective adhesiveness result froni A molecular lock- 
and-key mechanisni of the naked cell surfaces (CVeiss, 1941) or from the 748 Annals: New York Academy of Sciences 
interference of specific cementing substances, which may either exudate 
from the contacting cells themselves or be furnished by the external 
fluid. Weiss (1947), in a recent discussion of the significance of cellular 
“affinities” and “disaffinities” for the elaboration of growth patterns, 
has drawn attention to the similarities which seem to exist between these 
phenomena and serological reactions. However, aggregations are possible 
between cells or myelin bodies, the membranes of which may be assumed 
to have an identical molecular configuration. Nor is it likely that the ad- 
hesions occurring between cells and other substances, such as glass, oil 
droplets, fibrin, etc., are caused by the presence of complementary sets 
of polar groups a t  the contact surfaces, comparable to those which are 
thought to determine antigen-antibody reactions. The ease with which 
cellular adhesions can be broken up and restored, and the fact that cells 
migrate in spite of adhesion, indicate that the bonds of attachment are 
very labile. When observing the gliding movements performed by the 
surfaces of contacting cells, one gains the impression that the attraction 
forces operate across an intercalated cushion of water (Holtfreter, 
1946b), suggesting that the merely temporary adhesion of migrating cells 
may be controlled by long-distance forces of the kind which produce the 
tactoid formation in. certain colloidal sols. 

Amoeboid Movements. The general rule that cellular adhesiveness de- 
creases with the swelling of the cell likewise applies to the different 
regions of the individual cell, for the surface of an expanded hyaline 
bulge is non-adhesive in contrast t o  the more contracted region of the 
cell. It seems, therefore, that both non-adhesiveness and expansion of 
the cell membrane involve a state of increased solvation of this structure, 
whereas a more contracted and adhesive condition of the membrane 
would indicate the loss of bound water. The amoeboid movements de- 
scribed above consist essentially of two phenomena: ( I )  periodic expan- 
sions and contractions of certain areas of the cell membrane; and (2) 
a more or less regular propagation of these alternate states of activity 
along the antero-posterior axis of the cell. The first phenomenon appears 
to be more readily accessible to an interpretation than the second one. 

With Faurk-Fremiet (1929), it may be assumed that, analogous to the 
phosphatide models, the movements reflect periodic variations in the 
spacing of the radially arranged lipid molecules contained in the celr 
membrane. X-ray *analysis and polarization-optical studies of phospha- 
tides indicate that variations in the water content of these structures 
not only alter the distance between the bimolecular lipid leaflets but 
also affect the interchain packing of the molecules (Palmer and Schmitt, 
1941). Both in cells and phosphatide models reversible expansions and 
contractions of the external membrane can be brought about by the 
alternate application of a great variety of respectively solvating and de- 
solvating agents. However, it is a matter for conjecture what are the 
intracellular processes that produce the movements in the absence of ex- 

750 Annals: New York Academy of Sciences 
somewhat analogous to  the reversible combinations occurring between 
numerous enzymes, or pigments, and their carriers, where again lipids 
and proteins are the most universally present constituents of the sys- 
tems (Needham, 1942, p. 206; Chargaff, 1944). As to the periodicity and 
propagation of the surface movements, electric phenomena, comparable 
to those which accompany the nerve impulse, appear to be involved. 
Hubbard and Rothschild (1939) made the interesting observation that 
both the unfertilized and segmented eggs of the trout exhibit rhythmical 
changes of impedance, of the frequency of about 1.5 per minute. The 
changes are interpreted as possibly caused by a thickening or thinning 
of the protoplasmic membrane, involving "a change in the ability of 
polar or oriented molecules to rotat'e according to the sense of the ap- 
plied- current." 

Summary 
Based mainly upon observations on amphibian material, the attempt 

has been made to show that many embryological phenomena may be bet- 
ter understood if we take into consideration the properties and functions 
of the interfacial membranes which separate the cells from each other 
and from the external medium. While all cells are furnished with a liv- 
ing plasma membrane, the periphery of the.amphibian egg, and the epi- 
thelia deriving from it, possess an additional covering in the form of a 
coat, which resembles in many ways the hyaline layer in echinoderm 
eggs. The coat, though not considered to be a living and indispensable 
part of the egg, plays an important role in determining the viability of 
the embryo under various environmental conditions, and in controlling, 
but not causing, the morphogenetic movements of gastrulation and neu- 
rulation. This structure seems to  consist predominantly of protein 
compounds, containing calcium, which with progressive differentiation 
become more densified and less soluble. 

The cells derived from the egg periphery possess a proximo-distal 
polarity which is expressed in polar differences of adhesiveness and 
amoeboid activity, and in the tendency of these cells to stretch them- 
selves reversibly along an antero-posterior axis. These phenomena are 
thought to result from regional differences in the composition of the cell 
membrane, which in turn reflect an inside-outside gradient of the egg 
connected with the Gibbs-Thompson effect. Subsequent form changes 
and directed locomotions of the cells are decisively influenced by their 
inherent axial polarity. 

The kinetic behavior of isolated embryonic cells under various en- 
vironmental conditions indicates that cellular form changes and locomo- 
tion result primarily from rhythmic expansions and contractions of the 
cell membrane. The endoplasmic core, which is more or less separated 
from the outer membrane by a layer of ectoplasmic. fluid, may undergo 
cyclic sol-gel formations which are, however, not the cause of amoeboid 
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movements. A cell becomes fragmented if a constriction wave passing 
over the cell surface becomes stationary and cuts progressively deeper 
into the cell body. This phenomenon is brought into relation to  normal 
cytoplasmic division. 

Local diflerences of cellular adhesiveness and anioeboid activity, aris- 
ing in the course of development, are regarded as the main factors which 
transform the priiiiitive cell into the specific shapes characteristic of the 
ditferent cell strains. General features of this differentiation process are 
the replacement of lobose pseudopods by filiforin and lamellar processes, 
attachment of the cell nienibrane to  the plasniagel over the niajor sur- 
face area of the cell, and progressive confinement of amoeboid motility to  
the tips of the extended pseudopods, which remain free of endoplasni. 
This process seem to involve a certain amount of dehydration since, on 
exposure to  liquefying solutions, half-way differentiated cells may re- 
adopt the appearances and kinetics of earlier developmental stages. 
After the cell-specific shape has been established, it may become con- 
solidated by the elaboration of an inner cytoskeleton. 
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membrane, which varies with the developmental stage and with the kind 
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degree of solvation of the cell membrane. A prerequisite for cellular ag- 
gregation appears to  be a certain concentration of hydrogen and calciuin 
ions in the ambient solution. 

The attempt is made to  interpret the kinetic functions of the cell 
membrane on the basis of data on the cheniical and physical properties 
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chiefly represented by phospholipids. In support of this concept, it is 
shown that niany of the features pertaining to  cellular permeability, ad- 
hesion, and surface movements can be imitated in models of hydrated 
phosphatide bodies which are subjected to various environmental con- 
ditions. The surprising similarities in the physico-cheniical behavior of 
cells and niyelin formations suggest that amoeboid movements result 
froin alternate states of packing of the oriented lipid molecules of the 
cell nienibrane. These changes seem to  involve reversible variations in 
the extent of solvation of the lipid leaflets, brought about by the action 
of electrolytes and, perhaps, proteins and other conipounds. The wave- 
like propagation of the alternate states of film condensation along the 
cell surface recalls the impulses traveling along a nerve fiber. The above 

SIGNIFICANCE OF THE CELL MEMBRANE 
IN EMBRYONIC PROCESSES 

BY JOHANNES HOLTFRETER” 
Biology Department, C‘nirersity of Rorhestrr, Rochesttr, X. Y. 

VIDEKCE of the embryological significance of the cell nienibrane E may be derived froni a consideration of this structure in connec- 
tion with the following phenomena: cellular permeability, amoeboid ino- 
tility, morphogenetic movements, cytoplasniic division, selective ad he- 
siveness, cell polarity, and cellular differentiation. It is clear that  such a 
wide range of phenomena cannot be discussed exhaustively within the 
fraiiie of the present review. The aim of this paper is, therefore, t o  give 
not more than a tentative synopsis of the embryological functions of the 
cell nienibrane and to  discuss the physico-chemical and physiological 
properties of this structure only as they may serve this purpose. This 
paper will mainly be concerned with observations on amphibian develop- 
ment, although i t  is realized that  some of the phenomena t o  be touched 
upon have been inore thoroughly investigated in other foriiis, such as 
the echinoderms. The discussion will include nunierous unpublished ob- 
servations. 

Functions of the Coat in  the ,4mphibian Egg 
Plrysico-Chemical Properties of the Coat. The array of protective en- 

velopes investing a fertilized amphibian egg reseiiibles that  described for 
the sea urchin egg by Chanibers (1938, 1940). Apart froni the external 
gelatinous layers and the vitelline nienibrane, the amphibian egg and its 
subsequent stages are covered by a filni, or coat, which is firmly attached 
to  the underlying cell iiieinbrane and which seetiis to  be coinparable to  
the hyaline layer in echinoderni eggs. The integrity of the coat requires 
the presence of small amounts of calcium in the ininiersion fluid (Holt- 
freter, 194%). Amphibian embryos which are placed in an isotonic solu- 
tion lacking calcium ions fall apart into single cells, and A mucilaginous 
substance passes into solution. Similar mucus forniation and rlisaggrega- 
tion occur when the pH of the balanced salt solution is raised above 9.6 
or lowered below 4.2, or when solutions of sodium citrate or oxalate are 
applied. h s  in the case of disintegrated echinoderni blastonieres, the ain- 
phibian cells reaggregate and survive the treatment if, withina restricted 
period, calcium is restored to the external niediuni. A new coating sub- 
stance niay be secreted by the outerniost surface of the ectodernial and 
endodermal cells. 

* In dedicating this paper to Professor K. von Frisch, I am expressing m y  great admiration for his 
scientific work, and my indebtedness to him for the inspiration and kind assistance I received while 
I was a member of his former Zoological Institute a t  Munich. 
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FIGURE 18. Accessory buds and fragmentation occurring in a myelin tube under the influence of alkali. 
FIGURE 19. Coalescence of two myelin vesicles in a 6 x lO-4M solution of CaCI?. 

FIGURE 20. Aggregation of myelin vesicles in a 10-2M solution of CaCI1. 
FIGURE 20a. Shrinkage, granulation and collapse of a myelin 
vesicle under the influence of acid or other desolvating reagents. 

amoeboid motility ceases, and the cells eventually die. On the acid side 
of this range, the dead cell membrane becomes increasingly adhesive to  
glass or to  lecithin vesicles, and the content of hyaline cell fraginents 
precipitates into granules. Strong acids cause complete shrinkage and 
collapse of the fragment into a coarsely granulated film spreading on 
glass (FIGURE 10). 

Efects of Metallic 1on.s. The rate of swelling of lecithin in solutions of 
the chlorides of Na, K, Li, Ca, and Mg varies with the salt concentra- 
tion and with the valence of the cations, bivalent cations having a niuch 
stronger inhibiting effect than monovalent cations (FIGURE 17). 

In molar concentrations, all chlorides completely suppressed inyelin 
formation. Equimolar solutions of NaCl, KCl, and LiCl apparently had 
an identical inhibitory effect which was no longer noticeable a t  concen- 
trations below 10-2M, while that of CaClz and MgC12 could still be 
traced a t  concentrations as low as lOWM. Morphologically, the effect of 
the various metal ions was similar t o  that of hydrogen ions. In higher 
concentrations of the bivalent cations, only sniall spherical myelin bodies 
were formed. Length and width of the bodies increased with a decrease 
of the salt concentration. When expanded myelin bodies were transferred 
from distilled water t o  increasingly concentrated solutions of any of the 
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stratum. The adhesive faculties are not changed through the process of 
migration, and the speed of incorporation remains the same. Also a 
fragment of the already invaginated gut epithelium bf a neurula or of 
a young embryo will sink into the body of gastrula endoderm to which 
it has been exposed. 

Nor is the process species-specific. This conclusion could already be 
drawn Prom transplantation experiments of Geinitz ('25) and others 
who combined the tissues of anurans and urodeles. The shaping of the 
migrating cells is here the same as in homoplastic combinations. 

Since the intermolecular forces involved in the phenomenon of 
adhesion are of an order of magnitude where the force of gravity is 
outweighed, it is only natural that the result is identical whether the 
graft is placed on top of the substratum o r  makes contact with it only 
slightly from the side or from underneath. 

Fig. 17 An aggregate of uncoated endoderm is incorporated into an endodermal substratum 
but forms no groove. 

The size of the graft is of significance in so far as with increasing 
volume it will become less engulfed and will merely fuse with the con- 
tacting tissue sharing in the formation of the new, leveled surface of the 
compound body. Singly grafted cells may remain in a superficial posi- 
tion, where they flatten and join in the structural pattern of the surface, 
or  they may slip into the aggregite and become drop-like. 

It has been emphasized above that any endoderm cell is capable of 
adapting the shape of a spindle or a flask, the shape being a function 
of the relative position of the cell within the aggregate. If a group of 
the flattened endoderm cells which line the blastocoel are isolated they 
rearrange themselves into a radially symmetrical pattern forming a 
ball (fig. 4). Brought in contact with another blastocoelic surface which 
has become level, the ball is completely incorporated (fig. 17).  The 
migrating cells are reshaped and stretched more or less perpendicular 
to the new surface, without however attaining the extreme type of neck 
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An illustrative example of this process is given in figure 21. Here a 
vitally stained ball of blastocoelic endoderm, partly covered by ecto- 
derm, was placed upon uncoated endoderm. The endoderm portion of the 
graft penetrated into the substratum, while the ectoderm began spread- 
ing over the surface. The reciprocal attachment of the two components 
was strong enough to pull the ectoderm a short way into the substratum : 
a blastopore was simulated. Then the process of alienation became 
aggrevated and the ectoderm, by way of constriction, was thrown off 
forming a ball within the groove. 

Qhese observations make it obvious that in a normal gastrula ecto- 
derm, even if it comes in contact with a bulky layer of endoderm, can 
never invaginate because it is kept back by its epithelial cohesiveness 

Fig. 21 An endodermal graft covered by eetoderm iiivaginates into endoderm; the ectoderm 
spreads at first, then becomes isolated. 

and its incapability of extending bottle cells into the substratum. In  
the process of neurulation, however, the tendency of the neural tissue 
to coalesce with the underlying endo-mesoderm becomes one of the 
principles determining neural tube formation. 

Imagination of mesoderm 

In  normal development cellular infiltration and mass movements 
into the depth are characteristic not only of the blastoporal endoderm 
but also of the mesoderm. Although the mesodermal invagination can 
be partly attributed to the pulling force of the preceding endodermal 
layer, Spemann’s ( ’18) experiments have demonstrated that the meso- 
derm has an invagination tendency of its own. In the course of our 
experimental analysis, some at a first sight strange looking results 
were obtained which, however, will turn out to assist in clarifying the 
situation. 

Invaginutiom of mesoderm imto endoderm or mesoderm. It has been 
shown above that a graft of the dorsal lip containing mesoderm will 
invaginate into an endodermal substratum forming a short archenteron 
(p. 186). If, instead, uncoated mesoderm is used, deriving from the inner 
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of a yielding substratum that prevents in this case an infolding in 
,form of an archenteron. Accordingly, in a floating ectodermal fragment, 
such as used by Spemann ( ’31), invagination of the graft is hindered by 
a fusing together of the inner ectodermal walls which deprives the 
graft of the space to move into. 

From what has been said before, it is clear tbat also the invaginating 
mesoderm needs a surface coat in order to form the lumen of an 
archenteron. A group of uncoated mesoderm cells from a deeper layer 
of the blastoporal lip grafted into a slit of the ectodermal surface of a 
gastrula simply glides into the depth as a solid mass and becomes later 
covered by the ectoderm. Encountering the underlying endoderm the 
mesoderm does not infiltrate it but extends, as in a normal gastrula, 
in between the endodermal surface and the protective ectodermal cov- 
ering. In  this position the grafted cells will arrange themselves length- 
wise into an axial system of different tissue properties which will 

Fig. 23 Ectoderm lying on glass engulfs a graft of mesoderm. 

cause the overlying ectoderm to stop spreading and to develop into 
neural tissue. 

Summarising the essential experimental data on invagination we 
find that this process is determined by the same factors as spreading. 
All germ layers, provided their contact surface is uncoated and they 
are sufficiently‘bulky, can be incorporated one into another. Which one 
of them, in a given case, becomes incorporated is mainly a question 
of surface tension differentials and of tissue consistency. Arranging 
the different tissues according to the depth they penetrate into denuded 
endoderm we obtain the sequence : mesoderm, endoderm, ectoderm. 
This order seems to reflect differences in specific surface tension. I n  
other words, the spreading coefficient of the different tissues is inversely 
proportional to their “invagination coefficient ”. 

The shape of the cells in an aggregate is largely a function of their 
relative position, and of tissue affinity. In  a homologous combination, 
invading endoderm or mesoderm cells stretch perpendicular to the 
surface and interlock with those of the substratum. In  heterologous 
combinations, an aggregate of like cells tends to keep together and to 
establish a smooth surface in contact with unlike cells. Later an in- 

A STUDY O F  THE MECHANICS O F  GASTRULATION 
PART I1 

JOHANNES HOLTFRETER 
Department of Zoology, McGill University, Montreal 

INTRODUCTION 

In a first part of this contribution (Holtfreter, '43b, henceforth be 
referred to as Part I) it was shown that the morphogenetic movements 
of gastulation are associated with specific changes in the shape and 
arrangement of the cells involved ; that localized cell multiplications can 
not be considered to be a guiding principle in bringing about the early 
form changes of the embryo; that an oriented shifting of egg material, 
similar to the bne in embryogenesis, can be observed also in ageing un- 
fertilized eggs, and that the epiboly df the ectoderm is a process of 
centrifugal spreading, related to wound healing, which can be analysed 
in terms of surface tension and adsorption. The following sections deal 
with the rest of the gastrulation movements, especially with the spread- 
ing of the endoderm, the stretching of the marginal zone and the 
invagination of both layers. 

MORPHOGENETIC TENDENCIES OF THE ENDODERM 

A spreading movement takes place within the endodermal layer after 
it has become shifted into the interior of the gastrula. It is manifested 
in an expansion of the former blastoporal area now occupying the mid- 
ventral archenteron, in a-folding up of the lateral edges of the h'ind 
gut to form the dorsal roof epithelium, and in a general widening of the 
pharyngeal cavity. 

The endodermal spreading process is in principle identical with the 
epiboly of the ectoderm, in fact, both germ layers are potential com- 
petitors in their tendency to cover surface areas, and it is only due 
to a well balanced regulative mechanism that normally the ectodenh 
is allotted the external and the endoderm the internal surface area of 
the embryo. The driving power in both cases resides mainly within 
the coated surface layer. The following experiments may illustrate the 
phenomenon. 
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• Grafting experiments:
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DIRECTED MOVEMENTS AND SELECTIVE ADHE- 
SION O F  EMBRYONIC AMPHIBIAN CELLS 

P H I L I P  L. TOWNES AND JOHANNES HOLTFRETER 
Depattmevts of Biology and Anatomy, The University of Rochester, 

Rochester, New York 

TWENTY-SEVEN FIGURES 

INTRODUCTION 

One of the most striking features of early vertebrate de- 
velopment is the transformation of a spherical egg into a 
body of about equal size in which groups of cells have shifted 
into specific arrangements which foreshadow the tissue pat- 
tern of the adult organism. This transition occurs principally 
between the blastula and neurula stages. Throughout the 
history of embryology, these shiftings of cell associations and 
their subsequent segregation into germ layers and tissues 
have been of foremost interest to students of embryogenesis. 

It was these transformations which prompted His (1874) 
to propose his famous, though no longer acceptable, inter- 
pretation of enibryological phenomena in mechanistic terms. 
Roux (1894, 1896), in an attempt to relate tissue formation 
to the kinetic properties of individual cells, teased early 
amphibian embryos apart and recorded the movements and 
re-aggregations of the free cells in a medium of diluted egg 
white. Roux claimed to have found evidence that the cells 
produce diffusible substances which either attract or repel 
other cells in the immediate vicinity and which he considered 

Revision of a thesis submitted iu partial fulfillment of the requirements for  
the degree of Doctor of Philosophy, Department of Biology, The University of 
Rochester. 

Predoctoral Resoarch Fellow, Xational Cancer Institute, U. S. Public Health 
Service 1951-1 952. Present Address : Department of Anatomy, School of Mrdieine, 
University of Eochester. 
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belly epidewmis were removed and placed together with their 
uncoated surfaces in contact. The approximate areas excised 
are shown in figure 10. It may be added that in all subsequent 
experiments the part of the neural plate used corresponds 
to  the area outlined in this figure. 

DISAGGREGATION RE AGGREGATION CELLULAR SEGREGATION 
A piece of the medullary plate and a piece of prospective epidermis 

are excised and disaggregated by means of alkali. The free cells are intermingled 
(epidermal cells indicated in black). Under re-adjusted conditions the cells re- 
aggregate and subsequently segregate so that the surface of the explant becomes 
entirely epidermal. 

Fig. 10 

Immediate adhesion between the two tissues resulted and? 
within the first few hours, the medullary plate became partly 
enveloped by epidermis. At the same time the plate under- 
went an infolding similar to  that which leads to the formation 
of the neural tube in normal development. About 10 hours 
later, the neural tissue, now entirely covered by epidermis, 
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Evaluate the contribution of: 
- cell motility 
- cell-cell adhesiveness
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where they unite into a progressively larger and more homo- 
geneous cell mass (fig. 12 b). The boundary between the two 
types of cells is indistinct and jagged. Small groups of medul- 
lary cells still occupy a surface position and a number of 

MEO. PLATE + EPIDERMIS MEO. PLATE + EPlO + FOLD MED. PLATE ON ENDOOERM 

Figs. 12-14 Diagrammatic sections through sutcessive stages of composite re- 
aggregates. Figure 12. Randomly arranged cells of epidermis (black) and medul 
lary plate (white) move in opposite directions and re-establish homogeneous 
tissues. Figure 13. Same as figure 1 2  except that cells from the neural fold were 
added. The latter move to occupy the space between neural tissue and epidermal 
covering. Figure 14. A piece of medullary plate or o f  larval forebrain first moves 
into, then out of 5 matrix of endoderm. 

Epidermis

Neural plate

Observations: 

- Rapid cell aggregation  
- Elongation of prospective neural cells
- Centripetal migration of prospective neural cells
- Centrifugal migration of epidermal cells
- Sorting of distinct cell populations according to identity
- Clear separation between two tissues

Interpretation: 
- Cell-type specific movement 

- 2 forms of cell adhesion:  
- not specific at early stages
- specific at late stages, following prolonged contact

Thomas LECUIT   2017-2018
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and re-aggre,gated. The difference in size between the two 
cell types promotes some clustering of the medullary cells ; 
however, once aggregation has started, this preliminary group- 
ing ceases. 

MED. PLATE + FOLD ON 
ENDODERM 

ME(). PLATE + ENDODERM MED. PLATE + FOLD + ENDODERM 

Fig. 15. When neural fold and medullary plate are combined with endoderm, 
invagination of the medullary material is incomplete and the developing epidermis 
and mesectoderm prevent isolation of the neural tissue. Figure 16. When dissoci- 
ated cells of medullary plate and endoderm are mixed, the former move centripetally 
to produce a core of neural tissue lacking a neurocoel. Figure 17. The addition 
of neural fold produces epidermis and mesenchyme which prevent central allocation 
of the neural tissue and promote neurocoel formation. 
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1. Cells tend to sort out and re-organise 
      in configurations that ressemble the normal 
      embryonic development

2.    Tissue movement of 2 kinds: 
- Spreading 
- Invagination

Tissue movement and Cell sorting

Thomas LECUIT   2017-2018
Townes P. and Holtfreter J. J. Exp. Zool.  53-120. 1955



Argues against role of: 
- Cell division and growth 
- Tension of outer layer (cortex)  

- viscous gel layer characterised by WH. Lewis (42): plasmagel
The relation of the viscosity changes of protoplasm 
to ameboid locomotion and cell division. 
In: A Symposium on the Structure of Protoplasm, 
ed. by W. Seifritz, pp. 163-197. 1942

Mechanics of invagination. Anat. Rec., 97: 139-156. 1947 

- elastic coat characterised by J. Holtfreter (43) 
Properties and functions of the surface coat in Amphibian embryos
J. Exp. Zool., 93:251-323. 

- May coordinate, but not cause/direct invagination/epiboly.
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2. Other speculative minds ascribed infoldings to imagi- 
nary pushing forces of the surrounding epithelium (Butschli, 
'15; Giersberg, '24) or to localized water intake (Glaser, '14, 
'16; Spek, '31). The findings of subsequent investigators 
(Brown, Hamburger and Schmitt, '41; EIoltfreter, '44) as 
well as the results of this study provide no factual evidence 
for these suppositions. 

3. More recently, Lewis ('47, '49) has interpreted the 
gastrulation-neurulation processes as resulting from localized 
contractions of a rather ill-defined superficial gel-layer. This 
concept cannot be reconciled with the experimental data of 
Holtfreter ('44, '48), Devillers ('48, '50) and Trinkaus ('49, 
'51). The present experiments furnish numerous additional 
data which disqualify the assertions of Lewis. They demon- 
strate that the inward movement of one cell type underneath 
or into a layer of other cells has nothing to do with the con- 
traction of a superficial gel-layer. This layer can hardly be 
interpreted as anything else but the coat. 

It is true that, under normal conditions, the coat is in a 
state of elastic tension, comparable to that of an expanded 
rubber film. The coat does contract when released from 
tension, for  example when fragments of neural plate o r  blasto- 
poral region are isolated. The fragments immediately curl 
into concave bodies (Holtfreter, '43a, b). But due to the 
antagonistic forces of lateral cell adhesion, such precociously 
involuted fragments soon flatten out again. It is inconceivable 
that epiboly or the formation of such deep cavities as the 
archenteron could result from curlings due to the contraction 
of any kind of surface structure. At any rate, single cells, 
or uncoated cell masses, move into the depth just as well as 
does a layer of coated cells. 

I n  the areas of medullary plate or blastoporal region, the 
coat unites the invaginating cells peripherally but it does not 
provide the motive power for invagination. On the contrary, 
the coat counteracts invagination and favors (in an apparently 
paradoxical way) epibolic spreading. This is strikingly illus- 
trated by the fact that a piece of epidermis which has been 

Conclusions: 
-Invagination is driven by some sort of cell locomotion

Forces driving Tissue Movement
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spond to the gradient by invaginatingt First, due to  its specific lower 
surface tension it tends to engulf tissues with a higher surface tension, 
such as the mesoderm and endoderm.. Second, an increased tissue 
cohesion prevents the ectoderm from lowering further its potential 
energy by the way of tissue infiltration. 

Yet, this interpretation is not quite satisfactory, for in later stages 
certain regions of the ectoderm do invaginate forming a neural tube, 
sense organs etc., processes which again are associated with the forma- 
tion of claviform cells. These infoldings, however, take place only if 
the ectoderm has established an  inner contact surface with a new sub- 
stratum posessing cell-speci5c adhesive properties. Just  as gastrula- 
tion, the movements of neurulation, coupled apparently with the cyto- 
logical determination of ectoderm to neural tissue, can be considered to 
be fundamentally a problem of adsorption and molecular orientation. 

Fig. 24 Diagram illustrating the mechanics of invagination. 

The ectoderm will respond to those polarising forces only during a limit- 
ed period of its life history which lies beyond the stage of gastrulation. 
So, in order to give an adequate interpretation of the psttern of morpho- 
genetic’ movements, we must take into account this tissue-specific and 
stage-specific disposition of the cell which is genetically determined 
and goes back to the regional organisation of the egg substances. We 
might say: gastrula ectoderm does not invaginate because its intimate 
structure is not yet prepared to produce claviform cells which would 
increase its internal surface area at the expense of the external area. 
It is true, one can bring forth precociously elongate shapes in ectoderm 
cells by using artificial stimuli, such as the hydrolysing action of strong 
alkali, but the adsorption phenomena a t  the contact surface with the 
blastocoelic fluid or with gastrula endo-mesoderm are not such as to 
achieve this kind of ectodermal reaction. Instead, the conditions favor 
a spreading, which is as much as to say tha.t the ties of interfacial attrac- 

 as proposed earlier, J. Holtfreter. A study of the mechanics of gastrulation. J. Exp. Zool. 1943

Townes P. and Holtfreter J. J. Exp. Zool.  53-120. 1955
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• Cell-type specific tendency to migrate outward or inward

• Cells respond uniquely to an inside-outside gradient

• Interpreted as akin to a gradient of interfacial tension
108 PHILIP L. TOWNES AND JOHANNES HOLTFRETER 

(1899, '02, '27) and Holtfreter ('43b) have elaborated upon 
such speculations. They suggested that if the blastocoel, or 
the interior of a cell aggregate in general, contains surface 
tension-lowering substances, invagination may be due to a 
kind of cytotactic reaction of the proximal cell surfaces to 
a gradient of interfacial tension between inside and outside 
of the embryo. The cells or cell masses would move toward 
the surf ace tension-lowering gradient comparable to the en- 
gulfing of certain kinds of oil drops by a sea urchin egg. 

As has been emphasized by Rhumbler (op. cit.), the forces 
of molecular interfacial tension cannot be ruled out in the 
kinetics of embryonic cells whose surface is of a semiliquid 
nature. Yet the well-attested structural properties of the 
cell membrane would necessarily resist a free display of 
these forces since the latter presuppose freely mobile mole- 
cules. Further work is required to clarify the significance of 
interfacial tension in morphogenesis and to define the factors 
which direct the tissue-specific movements here recorded. 

Cellular adhesivemess 
The phenomenon of cellular adhesion is the prerequisite for 

the evolution and ontogenesis of multicellular organisms. I n  
early cleavage stages this phenomenon may be almost absent, 
as in the eggs of mammals, or echinoderms, where the blasto- 
meres round-up and retain hardly any contact with each 
other. Their falling apart is largely prevented by the tightly 
applied hyaline layer (echinoderms) or by the egg membranes. 
In the case of the amphibian egg, the syncytial coat is at least 
as important as is intercellular adhesion to hold the blasto- 
meres together. In  all these instances the function of the 
external coverings as a mechanism to insure cohesion of the 
blastomeres is progressively replaced by an increasing ad- 
hesiveness of the adjacent cell walls. At the gastrula stage, 
the cells of the peripheral layers have attained mutual ad- 
hesion, whereas the cells of the inner endoderm are still 
lacking it. 

see L. Rhumbler 1927

• Requires labile, unspecific intercellular adhesive bonds  
    and mobile molecules

1. Active, directed cellular motility:

MJ. Kopac & R. Chambers 1937
J. Holtfreter 1943

Thomas LECUIT   2017-2018

chemokine
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coat and the microscopically non-detectable cement which 
holds the inner cells together. 

It should be pointed out that whereas the cell-disaggre- 
gating effect of alkali, citrate or oxalate is reversible, that 
of proteases is irreversible (Townes, ’53). This shows that 
calcium ions and proteins are involved in adhesion, but it is 
a matter of taste to consider the proteolytically susceptible 
material as an intercellular cement or as part of the living 
cell membrane. 

Morphogenetic movements and cellular adhesiveness obey 
quite different controlling factors although both result from 
specific properties of the cell membrane. Prospective neural 
tissue invaginates while losing adhesion to ectoderm or endo- 
derm, whereas mesoderm invaginates while retaining ad- 
hesiveness to the embedding tissues. Not only in the latter in- 
stance, but in cellular locomotion in general, the crux of the 
matter is that a cell migrates in spite of being adhesive to an 
organic or inorganic surface of contact. I n  morphogenesis, 
the forces controlling directed movements must overcome 
those of cell adhesion. It becomes evident once more that the 
molecular bonds involved in these early, temporary and in- 
discriminate cell adhesions are extremely labile and as such 
not comparable to the bonds involved in antigen-antibody 
reactions. 

Tissue- awd stage-specificity of cell adhesiow. The situation 
becomes more involved because of two sets of experimental 
data : (1) The indiscriminate adhesiveness of early embryonic 
cells changes subsequently into tissue-specific selective ad- 
hesiveness ; (2) this change cannot readily be correlated with 
the stages of cellular differentiation. 

As to the first point, the present as well as previous data 
show that initially intermingled different cell types, after they 
have undergone sorting-out by way of directed movements, 
stick together permanently to form homsgeneous tissues 
which segregate themselves from adjacent, other types of 
tissues. Whether this segregation results from a process of 
“pinching off 7 f  or through cleft formation seems to be irrele- 

Townes P. and Holtfreter J. J. Exp. Zool.  53-120. 1955
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cell movements, as examplified in the combination of pros- 
pective epidermal and neural cells. Only a few words need 
be added to these self-explanatory diagrams. 

I 

IIT 

n 

IE 
INTERCELLULAR BONDS MOVEMENTS 
--O Ectodermal - Spreading tendency 
---O Epidermal 

Neural I Invagination tendency 

Fig. 27 Schematic representation of changes in intercellular bonds and migra- 
tion tendency leading t o  segregation of medullary and epidermal cells (or tissues). 
Stage I. Early condition of ectodermal cells having a moderate spreading tendency 
and non-specific intercellular bonds. Stage 11. Partial conversion of ectodermal 
into epidermal and neural cell types, indicated by changes of the unspecific bonds 
into neural and epidermal types. Stage 111. Completion of bond modifications and 
emergence of cell-specific migration tendencies. Stage IV. Invagination and 
segregation result from these cellular modifications. In artificial aggregates of 
neural and epidermal cells, the cells may be considered t o  have been returned to 
the condition o f  stage I11 from which stage IV  is once again attained. 

While the cells of different prospective fate either spread 
or  invaginate due to cell-specific migration tendencies which 
are evidently directed by inside-outside gradients within 
the aggregate, their mutual adhesiveness is only temporary 
and not very firm. I-Ience the prospective neural cell of figure 
27 can readily slip into the depth whereas the prospective 
epidermal cells continue spreading (indicated in arrows). By 

Forces driving Cell Sorting

Cell motility resisted by indiscriminate, weak adhesive bonds

22. Late, tissue-specific cell-cell adhesion:  
- can vary in degree/strength

21. Early adhesion: 

SELECTIVE ADHESION AND CELL MOVEMENT 111 

vant. One and the same tissue may follow either of these 
procedures according to the environmental conditions ; for 
example, prospective neural tissue separates from epidermis 
or endoderm under any circumstances - obviously due to 
an arising disaffinity between these tissues. On the other hand 
mesodermal tissues retain a permanent adhesiveness to ecto- 
and endodermal tissues. New cellular affinities arise in the 
course of development (Holtfreter, '39). 

As to point two, the above experiments dealing with the 
combination of primordia of different developmental stages 
(p. 73) show that the alternative between indiscriminate and 
selective adhesiveness is not simply determined by develop- 
mental stage. A piece of forebrain, or of mesoderm, which 
has already undergone invagination and segregation will, 
under experimental conditions, once more adhere to a layer 
of early ectoderm or endoderm and move into these layers. 
Invagination and subsequent segregation of these tissues of 
different age require about the same time interval as is ob- 
served in corresponding tissue combinations of an earlier 
stage. Hence it appears that the factors making for 
indiscriminate and selective cell adhesion may be present 
simultaneously and that it requires a prolonged contact be- 
tween heterologous tissues to bring forth the selective com- 
ponent of adhesion. 

There is another point worth mentioning though it is partly 
implicit in the above statements. It is the fact that adhesive- 
ness between different tissues may vary in degree. Dissection 
of a fresh neurula shows for instance that the prechordal 
mesoderm is much less firmly attached to the medullary plate 
than is the notochordal tissue. Alkali treatment of advanced 
embryonic stages does not produce the ready cell dissociations 
as it does in earlier stages. 

Hypotheses comcermkg the molecular factors emgaged in 
cellular adhesiom. The hypothesis of Weiss ('41, '47, '50) 
which interprets selective cell adhesion in terms of an inter- 
locking of complex molecules possessing complementary con- 
figurations is based on Pauling's theory that the strength of 

- Molecular interpretation:
> Key-lock mechanism  
based on Pauling’s theory
that strength of chemical bonds proportional to
complementariness of molecules (P. Weiss, 47)

> Labile bonds and molecular mobility

2. Passive, cellular adhesiveness:

Thomas LECUIT   2017-2018 Townes P. and Holtfreter J. J. Exp. Zool.  53-120. 1955
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represent an adequate embedding substratum for the invading 
neurogenic material. 
4. A neurocoel can be formed (1) as a result of the infolding 

of any portion of the coated medullary plate, or (2) through 
secondary cavitation of a compact mass formed by individually 
immigrated neurogenic cells. 

5. I n  consequence of directed movements, the different cell 
types in a composite aggregate are sorted out into distinct 
homogeneous layers, the stratification of which corresponds 
to the normal germ layer arrangement. The tissue segregation 
becomes complete because of the emergence of a selectivity 
of cell adhesion: homologous cells when they meet remain 
permanently united to form functional tissues, whereas a 
eleft develops between certain non-homologous tissues (eg., 
between neural or endodermal tissues and adjacent epider- 
mis). As in normal embryogenesis, the mesodermal elements 
take up an intermediate position connecting the inner with 
the outer epithelia. 

6. Regional organ characteristics such as may develop in 
combinations of non-dissociated fragments hardly ever occur 
although the reconstituted part-embryos display rather typi- 
cal cyto- and histodifferentiation. One may conclude that the 
districts of medullary plate and axial mesoderm are to a 
certain extent locally determined and that the disaggregated 
and intermingled cells of these primordia are incapable of 
reestablishing these patterns. Corresponding experiments on 
gastrula material yielded more typical neural and mesodermal 
structures reflecting a higher degree of regulative capacity 
in these younger stages. 

7 .  It would appear that the principles of cell-specific move- 
ments, selective adhesions and cavitation, as manifested in 
the present experiments, help to elucidate the factors instru- 
mental in the normal formation of germ layers and their fur- 
ther segregation. An interpretation of these phenomena in 
cytological and physicochemical terms is attempted. 

1. Central role of cell-specific directed motility
2. Gradient of chemokine
3. Suggests possible role of surface tension at cellular level
4. Cell-specific adhesion stabilises final configuration

• Uncouples motility and adhesion
• Uncouples adhesion and surface tension

A 

chemokine

Thomas LECUIT   2017-2018

Forces driving Cell Sorting
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1. Affinity and Adhesion: a specificity problem

2. Adhesion: a thermodynamic model

3. The molecular framework of adhesion 

6. Adhesion and dissipation 

Adhesion in multicellular organisms

4. Evolutionary origin of adhesion mechanisms

5. Adhesion as an active mechanism
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CURRENT PROBLEMS IN RESEARCH

Reconstruction of Tiss
by Dissociated C

Some morphogenetic tissue movements and the sc
out of embryonic cells may have a common explan.

Malcolm S. Ste

How is the structure of a multicel-
lular animal generated? In the broadest
terms, we can distinguish three kinds
of developmental processes: growth,
differentiation, and morphogenesis. The
developing organism multiplies its cells
and increases its mass. The emergent
parts become different-different from
what they were before and different
from one another. And the differen-
tiating parts bend inward or outward,
expand, contract, disperse, condense,
fuse, separate, elongate, even perish,
and otherwise rearrange themselves in
the process of constructing the animal.
But what are the mechanisms which
elicit and orient these tissue movements
of morphogenesis?

Background of the Problem

Early workers envisioned the tissue
movements as resulting from pressures
or other inhomogeneities in the imme-
diate environment, but a considerable
body of evidence has meanwhile been
accumulated to show that the move-
ments are due to intrinsic properties of
the individual tissues themselves. Be-
yond this statement, however, we find

The author is assistant professor in the depart-
ment of biology at Johns Hopkins University,
Baltimore, Md.

2 AUGUST 1963

ourselves in an area
the character of thes
ties has not been secu
established. A crack
rounding this proble
early. H. V. Wils
1907, that the cells
obtained by squeezini
the meshes of fine,
could reunite, and t]
tained in this way
themselves into funct
The manner in whi
tion was effected ren
cal. Wilson continue
that a considerable a
entiation and rediffer
and that cells alterei
characteristics to cc
newly established er
other workers (3)
demonstrated the rec
sist, in large measur
of the various typ
coming again -to occi
haunts in the body c
difficulty lay in the
nent and recognizabl
which one could acc
and follow the vari
during the process o

In the meantime,
laid the foundation
embryology, a four

SCIENCE

cluded the concepts of the selection of
paths by outgrowing nerves and of the
specificity of nerve-end organ connec-
tion, and which was ably extended and
built upon by the researches of P.

ues Weiss, Hamburger, and others (see 5).
A second discovery of major impor-

,ells tance appeared against this background
in 1939. Holtfreter, working with care-
fully defined tissue fragments from

)rting young amphibian embryos, found that

ation. these fragments showed marked prefer-
ences in their adhesive properties.
These preferences were correlated with

inberg their normal morphogenetic functions.
For example, ectoderm and endoderm,
isolated from a gastrula, would adhere
to each other much as they do at the
same stage in vivo. In time, however,

of uncertainty, for these two tissues would separate from
;e intrinsic proper- one another, an event which occurs in
[rely and rigorously the embryo as well. This separation is
c in the shell sur- accomplished, in normal development,
Dm appeared very by the penetration of the mesoderm be-
on discovered, in tween the ectoderm and endoderm.
, and cell clusters Mesoderm incorporated along with the
g a sponge through isolated ectoderm and endoderm was
silk, bolting cloth indeed found to bind the latter two
hat aggregates ob- tissues together in a permanent union
could reconstitute in vitro as it does in vivo. Further-
tional sponges (1). more, when the tissues were present in
ch this reconstitu- the right proportions, the ectoderm
nained problemati- would take up an external position and
-d to maintain (2) the endoderm an internal position, with
mount of dediffer- the mesoderm spread out in between,
entiation occurred, duplicating in the culture vessel not
d their cytological only the associations but also the ana-
)nform with their tomical relations which exist in the
ivironments, while embryo. An impressive array of simi-
believed they had lar results with these and other tissues
sonstitution to con- (6) led Holtfreter to frame the concept
e, of a sorting out of "tissue affinities" to describe these
ies of cells, each associative preferences, which he had
upy its accustomed shown to be so closely related to normal
)f the sponge. The morphogenetic events.
absence of perma- A third advance was made by Holt-'
e characteristics by freter in 1944. He found that by sub-
:urately distinguish jecting a fragment of an amphibian
ious types of cells gastrula to an environmental pH of
of reorganization. about 10, he could cause the individual
Harrison (4) had cells to separate and fall away from one
for modern neuro- another, much as Herbst had earlier
idation which in- been able to cause the separation of sea
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of uncertainty, for these two tissues would separate from
;e intrinsic proper- one another, an event which occurs in
[rely and rigorously the embryo as well. This separation is
c in the shell sur- accomplished, in normal development,
Dm appeared very by the penetration of the mesoderm be-
on discovered, in tween the ectoderm and endoderm.
, and cell clusters Mesoderm incorporated along with the
g a sponge through isolated ectoderm and endoderm was
silk, bolting cloth indeed found to bind the latter two
hat aggregates ob- tissues together in a permanent union
could reconstitute in vitro as it does in vivo. Further-
tional sponges (1). more, when the tissues were present in
ch this reconstitu- the right proportions, the ectoderm
nained problemati- would take up an external position and
-d to maintain (2) the endoderm an internal position, with
mount of dediffer- the mesoderm spread out in between,
entiation occurred, duplicating in the culture vessel not
d their cytological only the associations but also the ana-
)nform with their tomical relations which exist in the
ivironments, while embryo. An impressive array of simi-
believed they had lar results with these and other tissues
sonstitution to con- (6) led Holtfreter to frame the concept
e, of a sorting out of "tissue affinities" to describe these
ies of cells, each associative preferences, which he had
upy its accustomed shown to be so closely related to normal
)f the sponge. The morphogenetic events.
absence of perma- A third advance was made by Holt-'
e characteristics by freter in 1944. He found that by sub-
:urately distinguish jecting a fragment of an amphibian
ious types of cells gastrula to an environmental pH of
of reorganization. about 10, he could cause the individual
Harrison (4) had cells to separate and fall away from one
for modern neuro- another, much as Herbst had earlier
idation which in- been able to cause the separation of sea
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Malcolm Steinberg
1930-2012

The Differential Adhesion Hypothesis

Holtfreter:
- directed motility

Steinberg:
- random motility and selective stabilisation by adhesion
- based on quantitative differences in adhesion
- unrestricted by qualitative specificity
- cells in tissue are like molecules in a fluid

381Overv iew of A dhesion in Developm ent

FIG. 3. The t im e course of sort ing out of two cell types with in a m ixed aggregate, as it would appear if brought about through three
differen t m echanism s. Cent ripetal m igrat ion in a diffusion-generated radial concent rat ion gradien t (’’directed m igrat ion‘‘) would produce
the pathway shown on the left . T im ed changes in cell surfaces following dissociat ion in the m anner proposed by Curt is (1960), leading
to a ‘‘herding’’ of one class of cells in from the periphery, would produce the pathway shown in the center. Differences in the in tensit ies
of cell –cell adhesions (’’differen t ial adhesion‘‘) would produce the pathway shown at the righ t . (After Steinberg, 1964.)

ment of one embryonic tissue by another are the homologs, Parenti, 1972; Steinberg and Wiseman, 1972). The DAH, then,
postulates that cell surface adhesive properties cause tissuesrespectively, of the ‘‘breaking’’ of a dispersion or emulsion
whose cells are mobile to behave as living liquids (Steinberg,and the spreading of one liquid over the surface of another. If
1962c, 1963b, 1964).confronted as a pair of droplets, oil (of lower surface tension)
The syndrom e of behaviors displayed by embryonic cellspreads over the surface of water, while if codispersed in a

populat ions which duplicate behaviors displayed by ordi-single droplet , the dispersion ‘‘breaks’’ or sorts out, the oil
nary imm iscible liqu ids is illust rated in Fig. 4 and was foundagain com ing to occupy the external surface. The determ i-
to include:nants of the above behavior in liquids are their relative surface

and interfacial tensions, which are global reflections of the 1. The rounding up of irregularly shaped t issue fragm ents
intensit ies of cohesion and adhesion between their compo- toward a spherical shape.
nent subunits (Rowlinson and Widom , 1989). For a system to 2. The spreading of one t issue m ass over the surface of
show such behavior it must (1) be composed of many subunits another.
which (2) cohere while (3) being motile. In ordinary liquids 3. The sort ing out of heterotypic cell m ixtures to ap-
the subunits are molecules and the mobility is thermal; in proach a part icu lar anatom ical configurat ion .
rearranging cell populations the subunits are living cells and 4. The pathway by which th is cell sort ing proceeds (co-

alescence of sm aller islands to form larger ones).their mobility may be either active or passive (Arm strong and
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Interfacial Energy or Surface Tension

Interfacial Energy: J/m2

Surface tension: N/m

- maximisation of intermolecular forces minimises 
    the free energy
- anisotropic forces at interface associated with
    increased interfacial energy compared to bulk
- Free energy minimisation causes surface 

minimisation
- It is the amount of reversible work to change the 

surface         dE = k. dS

- derives from free energy difference between 
interface and bulk

- consequence of net inward intermolecular force 
at interface 
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1. Cells in a tissue are akin to molecules in a fluid
(though recognises that cell movement is active: « active fluid »)

2. Free Energy minimisation of liquid drop/cell aggregate predicts its organisation
at thermodynamic equilibrium

3. Tissue interfacial free energies arises from cellular adhesive interactions

4. Work of adhesion: work done in the realisation of adhesion over unit area
         (between 2 phases)

Work of cohesion: (within single phase)

A thermodynamic view of Adhesion

helpful in this analysis to review first
the behavior of inanimate physical sys-
tems which share with living cells pre-
cisely these attributes, and to examine
the way in which this behavior is in-
fluenced by the particular quantitative
adhesive relationships which apply. In
this way we may see the consequences
of the presence of these motor and
adhesive properties, unobscured by any
of the complex and often seemingly
goal-directed activities of which cells
are capable.

In the physical world, we recognize
that the units which comprise a gas
are mobile but not coherent-they fly
apart to fill as much space as is pro-
vided. When the energy which drives
them apart is sufficiently reduced, at-
tractive forces begin to dominate and
the units form a different type of sys-
tem-a liquid, in which they retain
mobility but gain coherence. Reduction
of the thermal energy to a still lower
point results in the domination of at-
tractive forces to such an extent that
mobility of the units is effectively in-
hibited, and we have a system in which
coherence is retained but mobility is
severely restricted-a solid. Thus, in
the world of molecules, a liquid system
is one which is composed of a popula-
tion of coherent, mobile units.
Many of the properties of liquid sys-

tems depend exclusively upon this fact.
It is of no substantive consequence that
the units happen to be molecules and
that their motility happens to be passive
rather than active in nature. These
properties are independent of the com-
position of the units, independent of
the causes of their motility, and inde-
pendent of the nature of the adhesive
forces. For example, a liquid drop
assumes a spherical shape when sub-
jected to uniform external conditions,
because the mobile units of which it is
composed attract or adhere to one
another until the greatest possible num-
ber have the maximum possible con-
tact. Adhesion being nothing more than
close-range attraction, the same holds
true for a population of actively mo-
tile, uniformly adhesive cells (Fig. 1).

The same principle can be expressed
by saying that the free energy of the
drop reduces to a minimum. Included
in this quantity is the surface free en-
ergy, which provided the impetus in
the simple illustration given. The sur-
face free energy is merely the energy
available for adhesion but "left over"
in the surface, where adhesions could
be formed but have not been. It is
readily seen to be directly proportional
2 AUGUST 1963

Fig. 1. An initially jagged fragment of
liver that has assumed a spherical shape.
Isolated from a 5-day chick embryo, it has
been maintained in liquid medium at 370C
for 2 days under constant gyration. The
same result is obtainable in a stationary
culture.

to both (i) the area of exposed surface
and (ii) the free energy per unit of
surface area, the latter quantity being
a direct reflection of the adhesiveness
of the units which comprise the surface.
The free energy is a potential energy
and will tend spontaneously to decrease
toward a minimum in any population
of mobile, coherent units. At this mini-
mum the system is in thermodynamic
equilibrium.

Let us now consider the manner in
which thermodynamic equilibrium is
achieved in a coherent population con-
sisting of two different kinds of mobile
units which adhere to one another with
different "strengths." The standard
measure of the "strength" of such ad-
hesions is called the work of adhesion.
This is a measure of the work done by
the system in the formation of an adhe-
sion over a unit of area. [In common
usage, the term work of adhesion refers
to adhesion between two different
phases while the equivalent term work
of cohesion refers to adhesion among
the units of a single phase (24).] The
units adhere to one another, rearranging
themselves, as in our first example, until
the free energy of the system is re-
duced to a minimum. This minimum
is achieved when the total work done
through adhesion in the system is raised
to a maximum-in other words, when
all of the individual units are mutually
oriented in such a manner that they
adhere to one another with the greatest
average tenacity. At this point of ther-
modynamic equilibrium, the distribu-
tion of the two different types of units
(phases) within the system is a function

of the work of cohesion of each of the
two phases and of the work of adhesion
between them. There are three types
of distribution, each corresponding
with one of the following three sets of
adhesive relationships, in which the
two kinds of units are denoted, respec-
tively, as a and b: (i) a-b adhesions
equaling or exceeding in strength the
average of a-a adhesions plus b-b ad-
hesions; (ii) a-b adhesions weaker than
this average but equaling or exceeding
in strength the weaker of the other two
kinds of adhesions; and (iii) a-b ad-
hesions weaker than either the a-a or
the b-b adhesions. Let us now explore
the three situations with which these
relationships correspond.
We will designate the work of cohe-

sion among the units of type a as W.,
the work of cohesion among the units
of type b as Wb, and the work of ad-
hesion between a and b units a Wab.
If it happens that a-b adhesions equal
or exceed in strength a value obtained
by averaging the strengths of a-a adhe-
sions and b-b adhesions, we can de-
scribe the situation by the relation

W.b W.,+ W" (1)

In such a case the greatest average
tenacity of adhesion is achieved when
a and b units are alternately arranged
in the coherent population, so as to
have the maximum possible intercon-
nection. Therefore, at thermodynamic
equilibrium, the two populations are
intermixed. This is our case 1 (see
Fig. 2). If, on the other hand, the
strength of the a-b adhesions falls be-
low this average value, the situation is
described by the opposite relation,

W.b < W. + Wb (2)

In this case the greatest average tenac-
ity of adhesion is achieved when a and
b units are totally segregated in the
population. However, even the mutual
disposition of the segregating a and b
phases is thermodynamically controlled,
a fact which is shown as follows.
To begin with, let us establish the

convention that when the cohesiveness
of the units comprising the two phases
differs, the more cohesive units will be
designated a and the less cohesive units,
b. Now, if b units adhere to a units
with a tenacity that is equal to or
greater than the tenacity with which
they adhere to one another, we can
express this by the relation

Wab - Wb (3)
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express this by the relation

Wab - Wb (3)
403

li

Relations 2 and 3, taken together, de-
termine the complete set of conditions

W.+Wb> W (42a+W> W.b Wb (4)

These conditions can only be met when
W. > Web. What are the consequences
for the mutual disposition of the segre-
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gating phases? Since a-b adhesions are
intermediate in strength between a-a
and b-b adhesions, the two kinds of
units adhere relatively strongly, the
whole coherent population tending to
assume a spherical form, in which the
exposed surface area is minimal. How-
ever the surface free energy of the sys-

tem is the product of the exposed sur-
face area and the free energy per unit
of such area, and the free energy per
unit area, as we saw earlier, is a mea-
sure of the cohesiveness of the units in
the surface. Consequently, minimiza-
tion of the surface free energy is
achieved only when the surface is of
minimal area and contains exclusively
the less cohesive of the two kinds of
units which comprise the population.
Therefore, in the segregation of the a
and b phases, phase b will come to
occupy completely the surface of the
system, which will, as a whole, tend
to assume spherical form. Further-
more, the greatest possible segregation
of the two phases will occur, a condi-
tion which requires that the interfacial
area between the two be minimized.
Phase a being totally subsurface, this
condition is met when phase a itself
assumes the form of a sphere totally
enclosed by phase b. Thermodynamic
equilibrium is thus established when
the less cohesive units are arranged as
a coherent sphere totally enclosing a
second sphere composed of all of the
more cohesive units. This is our case 2
(see Fig. 2).
Only one other set of possible adhe-

sive relationships remains, at this point,
to be explored. What will be the dis-
position of the phases at thermody-
namic equilibrium if a-b adhesions, in-
stead of being as strong as, or stronger
than, the average of a-a and b-b adhe-
sions (as in our case 1), or weaker
than this average but yet as strong as,
or stronger than, b-b adhesions (as in
our case 2), are the weakest adhesions
of all? This circumstance is described
by the relationship

W,- Wb > Web

1 2 3
W

RATIO OF W

Fig. 2. Types of phase distribution, at equilibrium, in coherent populations consisting
of mobile units of two kinds. The work of cohesion of the weakly cohesive b units,
arbitrarily assigned a value of 1, is given by the line Wb. The work of cohesion of the
more strongly cohesive a units is denoted by W.. The diagram is used as follows. For
any set of adhesive relationships, that vertical line is drawn which passes through the
calculated value of We/Wb as read on the abscissa. The work of adhesion of a units to b
units (Web), as read on the ordinate, is then entered upon thrs line. The background
shading at this point indicates the distribution of the a ind b phases for this system at
thermodynamic equilibrium. Exam-ple: If W. = 3, with *b defined as 1, then W.b = 2.1
would yield intermixing; W.b= 1.5 would yield complete coverage of a by b; and
W b= 0.5 would yield incomplete coverage of a by b (see 24). The intersection of
the vertical line with the dotted line (W.)1'' (Wb)11' marks -the value of W.b which
would be generated in the model system devoid of adhesive specificity, as described
in the text. [Modified from Steinberg (30)]
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(5)

Let us begin by considering the most
extreme possible examples. At the one
extreme, a and b units do not adhere to
one another at all. Clearly, two sepa-
rate, isolated populations will form.
Each will consist at equilibrium of a
sphere containing one of the two types
of units. At the other extreme, a and b
units adhere to one another with a
strength ever so slightly less than that
achieved by the adhesion of a pair of
b units to one another. Were the a-b
adhesions any stronger, they would be
equal in strength to the b-b adhesions
and we would have at equilibrium the
limiting example of case 2: a sphere
within a sphere. Instead, the distribu-
tion of the phases at equilibrium is
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any set of adhesive relationships, that vertical line is drawn which passes through the
calculated value of We/Wb as read on the abscissa. The work of adhesion of a units to b
units (Web), as read on the ordinate, is then entered upon thrs line. The background
shading at this point indicates the distribution of the a ind b phases for this system at
thermodynamic equilibrium. Exam-ple: If W. = 3, with *b defined as 1, then W.b = 2.1
would yield intermixing; W.b= 1.5 would yield complete coverage of a by b; and
W b= 0.5 would yield incomplete coverage of a by b (see 24). The intersection of
the vertical line with the dotted line (W.)1'' (Wb)11' marks -the value of W.b which
would be generated in the model system devoid of adhesive specificity, as described
in the text. [Modified from Steinberg (30)]
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Let us begin by considering the most
extreme possible examples. At the one
extreme, a and b units do not adhere to
one another at all. Clearly, two sepa-
rate, isolated populations will form.
Each will consist at equilibrium of a
sphere containing one of the two types
of units. At the other extreme, a and b
units adhere to one another with a
strength ever so slightly less than that
achieved by the adhesion of a pair of
b units to one another. Were the a-b
adhesions any stronger, they would be
equal in strength to the b-b adhesions
and we would have at equilibrium the
limiting example of case 2: a sphere
within a sphere. Instead, the distribu-
tion of the phases at equilibrium is
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Relations 2 and 3, taken together, de-
termine the complete set of conditions

W.+Wb> W (42a+W> W.b Wb (4)

These conditions can only be met when
W. > Web. What are the consequences
for the mutual disposition of the segre-
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gating phases? Since a-b adhesions are
intermediate in strength between a-a
and b-b adhesions, the two kinds of
units adhere relatively strongly, the
whole coherent population tending to
assume a spherical form, in which the
exposed surface area is minimal. How-
ever the surface free energy of the sys-

tem is the product of the exposed sur-
face area and the free energy per unit
of such area, and the free energy per
unit area, as we saw earlier, is a mea-
sure of the cohesiveness of the units in
the surface. Consequently, minimiza-
tion of the surface free energy is
achieved only when the surface is of
minimal area and contains exclusively
the less cohesive of the two kinds of
units which comprise the population.
Therefore, in the segregation of the a
and b phases, phase b will come to
occupy completely the surface of the
system, which will, as a whole, tend
to assume spherical form. Further-
more, the greatest possible segregation
of the two phases will occur, a condi-
tion which requires that the interfacial
area between the two be minimized.
Phase a being totally subsurface, this
condition is met when phase a itself
assumes the form of a sphere totally
enclosed by phase b. Thermodynamic
equilibrium is thus established when
the less cohesive units are arranged as
a coherent sphere totally enclosing a
second sphere composed of all of the
more cohesive units. This is our case 2
(see Fig. 2).
Only one other set of possible adhe-

sive relationships remains, at this point,
to be explored. What will be the dis-
position of the phases at thermody-
namic equilibrium if a-b adhesions, in-
stead of being as strong as, or stronger
than, the average of a-a and b-b adhe-
sions (as in our case 1), or weaker
than this average but yet as strong as,
or stronger than, b-b adhesions (as in
our case 2), are the weakest adhesions
of all? This circumstance is described
by the relationship

W,- Wb > Web
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Fig. 2. Types of phase distribution, at equilibrium, in coherent populations consisting
of mobile units of two kinds. The work of cohesion of the weakly cohesive b units,
arbitrarily assigned a value of 1, is given by the line Wb. The work of cohesion of the
more strongly cohesive a units is denoted by W.. The diagram is used as follows. For
any set of adhesive relationships, that vertical line is drawn which passes through the
calculated value of We/Wb as read on the abscissa. The work of adhesion of a units to b
units (Web), as read on the ordinate, is then entered upon thrs line. The background
shading at this point indicates the distribution of the a ind b phases for this system at
thermodynamic equilibrium. Exam-ple: If W. = 3, with *b defined as 1, then W.b = 2.1
would yield intermixing; W.b= 1.5 would yield complete coverage of a by b; and
W b= 0.5 would yield incomplete coverage of a by b (see 24). The intersection of
the vertical line with the dotted line (W.)1'' (Wb)11' marks -the value of W.b which
would be generated in the model system devoid of adhesive specificity, as described
in the text. [Modified from Steinberg (30)]
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b units to one another. Were the a-b
adhesions any stronger, they would be
equal in strength to the b-b adhesions
and we would have at equilibrium the
limiting example of case 2: a sphere
within a sphere. Instead, the distribu-
tion of the phases at equilibrium is
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assume a spherical form, in which the
exposed surface area is minimal. How-
ever the surface free energy of the sys-

tem is the product of the exposed sur-
face area and the free energy per unit
of such area, and the free energy per
unit area, as we saw earlier, is a mea-
sure of the cohesiveness of the units in
the surface. Consequently, minimiza-
tion of the surface free energy is
achieved only when the surface is of
minimal area and contains exclusively
the less cohesive of the two kinds of
units which comprise the population.
Therefore, in the segregation of the a
and b phases, phase b will come to
occupy completely the surface of the
system, which will, as a whole, tend
to assume spherical form. Further-
more, the greatest possible segregation
of the two phases will occur, a condi-
tion which requires that the interfacial
area between the two be minimized.
Phase a being totally subsurface, this
condition is met when phase a itself
assumes the form of a sphere totally
enclosed by phase b. Thermodynamic
equilibrium is thus established when
the less cohesive units are arranged as
a coherent sphere totally enclosing a
second sphere composed of all of the
more cohesive units. This is our case 2
(see Fig. 2).
Only one other set of possible adhe-

sive relationships remains, at this point,
to be explored. What will be the dis-
position of the phases at thermody-
namic equilibrium if a-b adhesions, in-
stead of being as strong as, or stronger
than, the average of a-a and b-b adhe-
sions (as in our case 1), or weaker
than this average but yet as strong as,
or stronger than, b-b adhesions (as in
our case 2), are the weakest adhesions
of all? This circumstance is described
by the relationship
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Fig. 2. Types of phase distribution, at equilibrium, in coherent populations consisting
of mobile units of two kinds. The work of cohesion of the weakly cohesive b units,
arbitrarily assigned a value of 1, is given by the line Wb. The work of cohesion of the
more strongly cohesive a units is denoted by W.. The diagram is used as follows. For
any set of adhesive relationships, that vertical line is drawn which passes through the
calculated value of We/Wb as read on the abscissa. The work of adhesion of a units to b
units (Web), as read on the ordinate, is then entered upon thrs line. The background
shading at this point indicates the distribution of the a ind b phases for this system at
thermodynamic equilibrium. Exam-ple: If W. = 3, with *b defined as 1, then W.b = 2.1
would yield intermixing; W.b= 1.5 would yield complete coverage of a by b; and
W b= 0.5 would yield incomplete coverage of a by b (see 24). The intersection of
the vertical line with the dotted line (W.)1'' (Wb)11' marks -the value of W.b which
would be generated in the model system devoid of adhesive specificity, as described
in the text. [Modified from Steinberg (30)]
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intermediate in strength between a-a
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units adhere relatively strongly, the
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assume a spherical form, in which the
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of such area, and the free energy per
unit area, as we saw earlier, is a mea-
sure of the cohesiveness of the units in
the surface. Consequently, minimiza-
tion of the surface free energy is
achieved only when the surface is of
minimal area and contains exclusively
the less cohesive of the two kinds of
units which comprise the population.
Therefore, in the segregation of the a
and b phases, phase b will come to
occupy completely the surface of the
system, which will, as a whole, tend
to assume spherical form. Further-
more, the greatest possible segregation
of the two phases will occur, a condi-
tion which requires that the interfacial
area between the two be minimized.
Phase a being totally subsurface, this
condition is met when phase a itself
assumes the form of a sphere totally
enclosed by phase b. Thermodynamic
equilibrium is thus established when
the less cohesive units are arranged as
a coherent sphere totally enclosing a
second sphere composed of all of the
more cohesive units. This is our case 2
(see Fig. 2).
Only one other set of possible adhe-

sive relationships remains, at this point,
to be explored. What will be the dis-
position of the phases at thermody-
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stead of being as strong as, or stronger
than, the average of a-a and b-b adhe-
sions (as in our case 1), or weaker
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our case 2), are the weakest adhesions
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Fig. 2. Types of phase distribution, at equilibrium, in coherent populations consisting
of mobile units of two kinds. The work of cohesion of the weakly cohesive b units,
arbitrarily assigned a value of 1, is given by the line Wb. The work of cohesion of the
more strongly cohesive a units is denoted by W.. The diagram is used as follows. For
any set of adhesive relationships, that vertical line is drawn which passes through the
calculated value of We/Wb as read on the abscissa. The work of adhesion of a units to b
units (Web), as read on the ordinate, is then entered upon thrs line. The background
shading at this point indicates the distribution of the a ind b phases for this system at
thermodynamic equilibrium. Exam-ple: If W. = 3, with *b defined as 1, then W.b = 2.1
would yield intermixing; W.b= 1.5 would yield complete coverage of a by b; and
W b= 0.5 would yield incomplete coverage of a by b (see 24). The intersection of
the vertical line with the dotted line (W.)1'' (Wb)11' marks -the value of W.b which
would be generated in the model system devoid of adhesive specificity, as described
in the text. [Modified from Steinberg (30)]
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rate, isolated populations will form.
Each will consist at equilibrium of a
sphere containing one of the two types
of units. At the other extreme, a and b
units adhere to one another with a
strength ever so slightly less than that
achieved by the adhesion of a pair of
b units to one another. Were the a-b
adhesions any stronger, they would be
equal in strength to the b-b adhesions
and we would have at equilibrium the
limiting example of case 2: a sphere
within a sphere. Instead, the distribu-
tion of the phases at equilibrium is
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helpful in this analysis to review first
the behavior of inanimate physical sys-
tems which share with living cells pre-
cisely these attributes, and to examine
the way in which this behavior is in-
fluenced by the particular quantitative
adhesive relationships which apply. In
this way we may see the consequences
of the presence of these motor and
adhesive properties, unobscured by any
of the complex and often seemingly
goal-directed activities of which cells
are capable.

In the physical world, we recognize
that the units which comprise a gas
are mobile but not coherent-they fly
apart to fill as much space as is pro-
vided. When the energy which drives
them apart is sufficiently reduced, at-
tractive forces begin to dominate and
the units form a different type of sys-
tem-a liquid, in which they retain
mobility but gain coherence. Reduction
of the thermal energy to a still lower
point results in the domination of at-
tractive forces to such an extent that
mobility of the units is effectively in-
hibited, and we have a system in which
coherence is retained but mobility is
severely restricted-a solid. Thus, in
the world of molecules, a liquid system
is one which is composed of a popula-
tion of coherent, mobile units.
Many of the properties of liquid sys-

tems depend exclusively upon this fact.
It is of no substantive consequence that
the units happen to be molecules and
that their motility happens to be passive
rather than active in nature. These
properties are independent of the com-
position of the units, independent of
the causes of their motility, and inde-
pendent of the nature of the adhesive
forces. For example, a liquid drop
assumes a spherical shape when sub-
jected to uniform external conditions,
because the mobile units of which it is
composed attract or adhere to one
another until the greatest possible num-
ber have the maximum possible con-
tact. Adhesion being nothing more than
close-range attraction, the same holds
true for a population of actively mo-
tile, uniformly adhesive cells (Fig. 1).

The same principle can be expressed
by saying that the free energy of the
drop reduces to a minimum. Included
in this quantity is the surface free en-
ergy, which provided the impetus in
the simple illustration given. The sur-
face free energy is merely the energy
available for adhesion but "left over"
in the surface, where adhesions could
be formed but have not been. It is
readily seen to be directly proportional
2 AUGUST 1963

Fig. 1. An initially jagged fragment of
liver that has assumed a spherical shape.
Isolated from a 5-day chick embryo, it has
been maintained in liquid medium at 370C
for 2 days under constant gyration. The
same result is obtainable in a stationary
culture.

to both (i) the area of exposed surface
and (ii) the free energy per unit of
surface area, the latter quantity being
a direct reflection of the adhesiveness
of the units which comprise the surface.
The free energy is a potential energy
and will tend spontaneously to decrease
toward a minimum in any population
of mobile, coherent units. At this mini-
mum the system is in thermodynamic
equilibrium.

Let us now consider the manner in
which thermodynamic equilibrium is
achieved in a coherent population con-
sisting of two different kinds of mobile
units which adhere to one another with
different "strengths." The standard
measure of the "strength" of such ad-
hesions is called the work of adhesion.
This is a measure of the work done by
the system in the formation of an adhe-
sion over a unit of area. [In common
usage, the term work of adhesion refers
to adhesion between two different
phases while the equivalent term work
of cohesion refers to adhesion among
the units of a single phase (24).] The
units adhere to one another, rearranging
themselves, as in our first example, until
the free energy of the system is re-
duced to a minimum. This minimum
is achieved when the total work done
through adhesion in the system is raised
to a maximum-in other words, when
all of the individual units are mutually
oriented in such a manner that they
adhere to one another with the greatest
average tenacity. At this point of ther-
modynamic equilibrium, the distribu-
tion of the two different types of units
(phases) within the system is a function

of the work of cohesion of each of the
two phases and of the work of adhesion
between them. There are three types
of distribution, each corresponding
with one of the following three sets of
adhesive relationships, in which the
two kinds of units are denoted, respec-
tively, as a and b: (i) a-b adhesions
equaling or exceeding in strength the
average of a-a adhesions plus b-b ad-
hesions; (ii) a-b adhesions weaker than
this average but equaling or exceeding
in strength the weaker of the other two
kinds of adhesions; and (iii) a-b ad-
hesions weaker than either the a-a or
the b-b adhesions. Let us now explore
the three situations with which these
relationships correspond.
We will designate the work of cohe-

sion among the units of type a as W.,
the work of cohesion among the units
of type b as Wb, and the work of ad-
hesion between a and b units a Wab.
If it happens that a-b adhesions equal
or exceed in strength a value obtained
by averaging the strengths of a-a adhe-
sions and b-b adhesions, we can de-
scribe the situation by the relation

W.b W.,+ W" (1)

In such a case the greatest average
tenacity of adhesion is achieved when
a and b units are alternately arranged
in the coherent population, so as to
have the maximum possible intercon-
nection. Therefore, at thermodynamic
equilibrium, the two populations are
intermixed. This is our case 1 (see
Fig. 2). If, on the other hand, the
strength of the a-b adhesions falls be-
low this average value, the situation is
described by the opposite relation,

W.b < W. + Wb (2)

In this case the greatest average tenac-
ity of adhesion is achieved when a and
b units are totally segregated in the
population. However, even the mutual
disposition of the segregating a and b
phases is thermodynamically controlled,
a fact which is shown as follows.
To begin with, let us establish the

convention that when the cohesiveness
of the units comprising the two phases
differs, the more cohesive units will be
designated a and the less cohesive units,
b. Now, if b units adhere to a units
with a tenacity that is equal to or
greater than the tenacity with which
they adhere to one another, we can
express this by the relation

Wab - Wb (3)
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Relations 2 and 3, taken together, de-
termine the complete set of conditions

W.+Wb> W (42a+W> W.b Wb (4)

These conditions can only be met when
W. > Web. What are the consequences
for the mutual disposition of the segre-
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gating phases? Since a-b adhesions are
intermediate in strength between a-a
and b-b adhesions, the two kinds of
units adhere relatively strongly, the
whole coherent population tending to
assume a spherical form, in which the
exposed surface area is minimal. How-
ever the surface free energy of the sys-

tem is the product of the exposed sur-
face area and the free energy per unit
of such area, and the free energy per
unit area, as we saw earlier, is a mea-
sure of the cohesiveness of the units in
the surface. Consequently, minimiza-
tion of the surface free energy is
achieved only when the surface is of
minimal area and contains exclusively
the less cohesive of the two kinds of
units which comprise the population.
Therefore, in the segregation of the a
and b phases, phase b will come to
occupy completely the surface of the
system, which will, as a whole, tend
to assume spherical form. Further-
more, the greatest possible segregation
of the two phases will occur, a condi-
tion which requires that the interfacial
area between the two be minimized.
Phase a being totally subsurface, this
condition is met when phase a itself
assumes the form of a sphere totally
enclosed by phase b. Thermodynamic
equilibrium is thus established when
the less cohesive units are arranged as
a coherent sphere totally enclosing a
second sphere composed of all of the
more cohesive units. This is our case 2
(see Fig. 2).
Only one other set of possible adhe-

sive relationships remains, at this point,
to be explored. What will be the dis-
position of the phases at thermody-
namic equilibrium if a-b adhesions, in-
stead of being as strong as, or stronger
than, the average of a-a and b-b adhe-
sions (as in our case 1), or weaker
than this average but yet as strong as,
or stronger than, b-b adhesions (as in
our case 2), are the weakest adhesions
of all? This circumstance is described
by the relationship

W,- Wb > Web

1 2 3
W

RATIO OF W

Fig. 2. Types of phase distribution, at equilibrium, in coherent populations consisting
of mobile units of two kinds. The work of cohesion of the weakly cohesive b units,
arbitrarily assigned a value of 1, is given by the line Wb. The work of cohesion of the
more strongly cohesive a units is denoted by W.. The diagram is used as follows. For
any set of adhesive relationships, that vertical line is drawn which passes through the
calculated value of We/Wb as read on the abscissa. The work of adhesion of a units to b
units (Web), as read on the ordinate, is then entered upon thrs line. The background
shading at this point indicates the distribution of the a ind b phases for this system at
thermodynamic equilibrium. Exam-ple: If W. = 3, with *b defined as 1, then W.b = 2.1
would yield intermixing; W.b= 1.5 would yield complete coverage of a by b; and
W b= 0.5 would yield incomplete coverage of a by b (see 24). The intersection of
the vertical line with the dotted line (W.)1'' (Wb)11' marks -the value of W.b which
would be generated in the model system devoid of adhesive specificity, as described
in the text. [Modified from Steinberg (30)]

404

(5)

Let us begin by considering the most
extreme possible examples. At the one
extreme, a and b units do not adhere to
one another at all. Clearly, two sepa-
rate, isolated populations will form.
Each will consist at equilibrium of a
sphere containing one of the two types
of units. At the other extreme, a and b
units adhere to one another with a
strength ever so slightly less than that
achieved by the adhesion of a pair of
b units to one another. Were the a-b
adhesions any stronger, they would be
equal in strength to the b-b adhesions
and we would have at equilibrium the
limiting example of case 2: a sphere
within a sphere. Instead, the distribu-
tion of the phases at equilibrium is
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assume a spherical form, in which the
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ever the surface free energy of the sys-
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face area and the free energy per unit
of such area, and the free energy per
unit area, as we saw earlier, is a mea-
sure of the cohesiveness of the units in
the surface. Consequently, minimiza-
tion of the surface free energy is
achieved only when the surface is of
minimal area and contains exclusively
the less cohesive of the two kinds of
units which comprise the population.
Therefore, in the segregation of the a
and b phases, phase b will come to
occupy completely the surface of the
system, which will, as a whole, tend
to assume spherical form. Further-
more, the greatest possible segregation
of the two phases will occur, a condi-
tion which requires that the interfacial
area between the two be minimized.
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condition is met when phase a itself
assumes the form of a sphere totally
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equilibrium is thus established when
the less cohesive units are arranged as
a coherent sphere totally enclosing a
second sphere composed of all of the
more cohesive units. This is our case 2
(see Fig. 2).
Only one other set of possible adhe-
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to be explored. What will be the dis-
position of the phases at thermody-
namic equilibrium if a-b adhesions, in-
stead of being as strong as, or stronger
than, the average of a-a and b-b adhe-
sions (as in our case 1), or weaker
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or stronger than, b-b adhesions (as in
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Fig. 2. Types of phase distribution, at equilibrium, in coherent populations consisting
of mobile units of two kinds. The work of cohesion of the weakly cohesive b units,
arbitrarily assigned a value of 1, is given by the line Wb. The work of cohesion of the
more strongly cohesive a units is denoted by W.. The diagram is used as follows. For
any set of adhesive relationships, that vertical line is drawn which passes through the
calculated value of We/Wb as read on the abscissa. The work of adhesion of a units to b
units (Web), as read on the ordinate, is then entered upon thrs line. The background
shading at this point indicates the distribution of the a ind b phases for this system at
thermodynamic equilibrium. Exam-ple: If W. = 3, with *b defined as 1, then W.b = 2.1
would yield intermixing; W.b= 1.5 would yield complete coverage of a by b; and
W b= 0.5 would yield incomplete coverage of a by b (see 24). The intersection of
the vertical line with the dotted line (W.)1'' (Wb)11' marks -the value of W.b which
would be generated in the model system devoid of adhesive specificity, as described
in the text. [Modified from Steinberg (30)]
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strength ever so slightly less than that
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equal in strength to the b-b adhesions
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gating phases? Since a-b adhesions are
intermediate in strength between a-a
and b-b adhesions, the two kinds of
units adhere relatively strongly, the
whole coherent population tending to
assume a spherical form, in which the
exposed surface area is minimal. How-
ever the surface free energy of the sys-

tem is the product of the exposed sur-
face area and the free energy per unit
of such area, and the free energy per
unit area, as we saw earlier, is a mea-
sure of the cohesiveness of the units in
the surface. Consequently, minimiza-
tion of the surface free energy is
achieved only when the surface is of
minimal area and contains exclusively
the less cohesive of the two kinds of
units which comprise the population.
Therefore, in the segregation of the a
and b phases, phase b will come to
occupy completely the surface of the
system, which will, as a whole, tend
to assume spherical form. Further-
more, the greatest possible segregation
of the two phases will occur, a condi-
tion which requires that the interfacial
area between the two be minimized.
Phase a being totally subsurface, this
condition is met when phase a itself
assumes the form of a sphere totally
enclosed by phase b. Thermodynamic
equilibrium is thus established when
the less cohesive units are arranged as
a coherent sphere totally enclosing a
second sphere composed of all of the
more cohesive units. This is our case 2
(see Fig. 2).
Only one other set of possible adhe-

sive relationships remains, at this point,
to be explored. What will be the dis-
position of the phases at thermody-
namic equilibrium if a-b adhesions, in-
stead of being as strong as, or stronger
than, the average of a-a and b-b adhe-
sions (as in our case 1), or weaker
than this average but yet as strong as,
or stronger than, b-b adhesions (as in
our case 2), are the weakest adhesions
of all? This circumstance is described
by the relationship

W,- Wb > Web

1 2 3
W

RATIO OF W

Fig. 2. Types of phase distribution, at equilibrium, in coherent populations consisting
of mobile units of two kinds. The work of cohesion of the weakly cohesive b units,
arbitrarily assigned a value of 1, is given by the line Wb. The work of cohesion of the
more strongly cohesive a units is denoted by W.. The diagram is used as follows. For
any set of adhesive relationships, that vertical line is drawn which passes through the
calculated value of We/Wb as read on the abscissa. The work of adhesion of a units to b
units (Web), as read on the ordinate, is then entered upon thrs line. The background
shading at this point indicates the distribution of the a ind b phases for this system at
thermodynamic equilibrium. Exam-ple: If W. = 3, with *b defined as 1, then W.b = 2.1
would yield intermixing; W.b= 1.5 would yield complete coverage of a by b; and
W b= 0.5 would yield incomplete coverage of a by b (see 24). The intersection of
the vertical line with the dotted line (W.)1'' (Wb)11' marks -the value of W.b which
would be generated in the model system devoid of adhesive specificity, as described
in the text. [Modified from Steinberg (30)]
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(5)

Let us begin by considering the most
extreme possible examples. At the one
extreme, a and b units do not adhere to
one another at all. Clearly, two sepa-
rate, isolated populations will form.
Each will consist at equilibrium of a
sphere containing one of the two types
of units. At the other extreme, a and b
units adhere to one another with a
strength ever so slightly less than that
achieved by the adhesion of a pair of
b units to one another. Were the a-b
adhesions any stronger, they would be
equal in strength to the b-b adhesions
and we would have at equilibrium the
limiting example of case 2: a sphere
within a sphere. Instead, the distribu-
tion of the phases at equilibrium is
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tions. The segregation patterns ob-
tained do indeed define a hierarchy
such that one tissue is reconstituted
internally in all combinations, another
tissue is reconstituted externally in all
combinations, and each of the remain-
ing tissues falls into a specific inter-
mediate ranking in complete accord-
ance with prediction 5 (31). An ex-
ample of this behavior is illustrated in
Figs. 6, 8, and 9.

In all respects, then, the regroupings
of cells in the populations which we
have studied proceed along satisfyingly
consistent and simple lines. They are
precisely what is to be expected on
thermodynamic grounds in any system
composed of mobile units which are
mutually adhesive, and between which
certain quantitative adhesive relation-
ships exist.

Those of us who have been seeking
an explanation for sorting out and tis-
sue reconstruction by dissociated cells
have almost unanimously considered it
necessary to assume that unlike cells
adhere to one another less tenaciously
than like cells do (expressed by re-
lation 5)-a situation requiring se-
lectivity in the mechanism of adhe-
sion. The thermodynamic analysis of
the situation shows, however, that un-
der the circumstances of relation 5,
while sorting out would be expected to
occur, the reconstructed tissues would,
in addition, be expected to continue
their mutual self-isolation to a point
at which each would come to occupy
a portion of the surface of the aggre-
gate (our case 3). Furthermore, the
analysis shows that the most common
outcome of segregation in a binary sys-
tem-the production of a totally inter-
nal tissue entirely enveloped by another
tissue-fulfills the expectation based
upon a set of adhesive relationships
quite different from that which we have
previously assumed. In this set of rela-
tionships (relation 4), the unlike cells
adhere to one another with a strength
intermediate between the strengths of
cohesion of the two kinds of like cells.
Does logic lead us, then,, to postulate
the existence of selectivity in the adhe-
sion mechanism itself?
The simplest possible assumption

capable of accounting for type-specific
differences in the strengths of adhesions
between cells is the assumption that
adhesive sites of a single kind are scat-
tered more abundantly on the surface
of one type of cell than on the surface
of another. W, the work of adhesion
between two cells, would then be di-
rectly proportional to the number of
2 AUGUST 1963

adhesive sites which are apposed, per
unit of area, at the junction between
the two cells, What would be the ad-
hesive relationships which would derive
from the operation of this simplest of
systems?

If the frequency of adhesive sites
per unit area on the surfaces of cells
a and b is designated fa and fb, respec-
tively, the probability of apposition of
sites in the cell pairs a-a, b-b, and a-b
is given by (fa)2, (fb)2, and (fa) (fb) for
the respective cases. Introducing the
proportionality constant k, we may
write the equations

Wa= k (f,)2 (7)

Wb=k(fb)' (8)

Wab = k (f.) (fb) (9)

Following the convention that W,
Wb, we obtain

fa-fb (10)

Multiplying both sides of relation 10
by the value fa-fb and rearranging, we
obtain

(f2)+ (fb) -- (f )(fb) (11)

Multiplying both sides of relation 10
by the value fb, we obtain

(f. ) (fb)- (f)b (12)

Combining relations 11 and 12, we
get

2(fa) (f.)(fb) fb() (13)

Substituting Eqs. 7-9 in relation 13,
we obtain

Wa+ Wab Wb (14)

Relation 14, representing the adhe-
sive relationships which would be en-
gendered in this simplest of systems,
will be recognized as an expression of
the limits represented by relation 4.
And the conditions expressed by rela-
tion 4 are precisely those which yield,
at thermodynamic equilibrium, our
case 2-the result most comnmonly ob-
tained experimentally, in which one
phase is totally enveloped by the other.
It is not necessary to assume the literal
existence of discrete adhesive sites as
distinguished from nonadhesive sites
among which they are distributed. Re-
lation 14 applies to any case in which
the force between two mutually adhe-
sive (attractive) bodies is proportional
to the product of the individual adhe-

sive (attractive) forces. It may be seen
from Eqs. 7-9 that the values of W.b
generated in this system are given by

W.b =. VW.a V Wb (15)
These values are represented by the
dotted line in Fig. 2.

This analysis shows, then, that (i)
the mutual sorting out of two kinds of
cells to reconstitute tissues, one of
which encloses the other, and (ii) the
spreading of an intact fragment of the
one tissue to envelop an intact frag-
ment of the other are precisely the
phenomena which are to be expected,
in accordance with the principle of
minimization of free energy, in the
total absence of selectivity in the
adhesion mechanism itself. Only quan-
titative differences in adhesiveness are
necessary. The "information" required
in the adhesion mechanism is, in such
cases, restricted to "more" and "less."

This does not mean, of course, that
molecules of different sorts, on the sur-
faces either of cells of a given kind or
of cells of differing kinds, may not in
such cases participate directly in the
mediation of adhesions. It merely
means that whatever the chemical na-
ture of, or diversity among, the adhe-
sives themselves, the quantitative ad-
hesive relationships among the cells
which bear them would be expected to
approximate, within the limits shown
in Fig. 2 (see also 24), the relation-
ships derived from the simple postulates
which have been outlined. In cases in
which, at equilibrium, one tissue covers
the other incompletely or not at all, it
becomes necessary to assume the addi-
tional operation of some other factor
or factors, such as an ordered distribu-
tion of, or qualitative nonidentity
among, adhesive sites.

Morphogenesis and Specificity
Thus we return, at the end, to the

beginning: Where is the common de-
nominator? What has sorting out to do
with normal morphogenesis? Sorting
out, after all, is not known to play a
major role in morphogenesis. Such a
role, however, is played by spreading:
the spreading of one tissue over the
surface of another, or-what is the
equivalent-the penetration of one tis-
sue into a mass of another. Differ-
ences in cellular adhesiveness which
may be built into a system of tissues to
bring about the spreading of one tissue
over another, or the penetration of one
tissue into another, would incidentally
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tions. The segregation patterns ob-
tained do indeed define a hierarchy
such that one tissue is reconstituted
internally in all combinations, another
tissue is reconstituted externally in all
combinations, and each of the remain-
ing tissues falls into a specific inter-
mediate ranking in complete accord-
ance with prediction 5 (31). An ex-
ample of this behavior is illustrated in
Figs. 6, 8, and 9.

In all respects, then, the regroupings
of cells in the populations which we
have studied proceed along satisfyingly
consistent and simple lines. They are
precisely what is to be expected on
thermodynamic grounds in any system
composed of mobile units which are
mutually adhesive, and between which
certain quantitative adhesive relation-
ships exist.

Those of us who have been seeking
an explanation for sorting out and tis-
sue reconstruction by dissociated cells
have almost unanimously considered it
necessary to assume that unlike cells
adhere to one another less tenaciously
than like cells do (expressed by re-
lation 5)-a situation requiring se-
lectivity in the mechanism of adhe-
sion. The thermodynamic analysis of
the situation shows, however, that un-
der the circumstances of relation 5,
while sorting out would be expected to
occur, the reconstructed tissues would,
in addition, be expected to continue
their mutual self-isolation to a point
at which each would come to occupy
a portion of the surface of the aggre-
gate (our case 3). Furthermore, the
analysis shows that the most common
outcome of segregation in a binary sys-
tem-the production of a totally inter-
nal tissue entirely enveloped by another
tissue-fulfills the expectation based
upon a set of adhesive relationships
quite different from that which we have
previously assumed. In this set of rela-
tionships (relation 4), the unlike cells
adhere to one another with a strength
intermediate between the strengths of
cohesion of the two kinds of like cells.
Does logic lead us, then,, to postulate
the existence of selectivity in the adhe-
sion mechanism itself?
The simplest possible assumption

capable of accounting for type-specific
differences in the strengths of adhesions
between cells is the assumption that
adhesive sites of a single kind are scat-
tered more abundantly on the surface
of one type of cell than on the surface
of another. W, the work of adhesion
between two cells, would then be di-
rectly proportional to the number of
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adhesive sites which are apposed, per
unit of area, at the junction between
the two cells, What would be the ad-
hesive relationships which would derive
from the operation of this simplest of
systems?

If the frequency of adhesive sites
per unit area on the surfaces of cells
a and b is designated fa and fb, respec-
tively, the probability of apposition of
sites in the cell pairs a-a, b-b, and a-b
is given by (fa)2, (fb)2, and (fa) (fb) for
the respective cases. Introducing the
proportionality constant k, we may
write the equations

Wa= k (f,)2 (7)

Wb=k(fb)' (8)

Wab = k (f.) (fb) (9)

Following the convention that W,
Wb, we obtain

fa-fb (10)

Multiplying both sides of relation 10
by the value fa-fb and rearranging, we
obtain

(f2)+ (fb) -- (f )(fb) (11)

Multiplying both sides of relation 10
by the value fb, we obtain

(f. ) (fb)- (f)b (12)

Combining relations 11 and 12, we
get

2(fa) (f.)(fb) fb() (13)

Substituting Eqs. 7-9 in relation 13,
we obtain

Wa+ Wab Wb (14)

Relation 14, representing the adhe-
sive relationships which would be en-
gendered in this simplest of systems,
will be recognized as an expression of
the limits represented by relation 4.
And the conditions expressed by rela-
tion 4 are precisely those which yield,
at thermodynamic equilibrium, our
case 2-the result most comnmonly ob-
tained experimentally, in which one
phase is totally enveloped by the other.
It is not necessary to assume the literal
existence of discrete adhesive sites as
distinguished from nonadhesive sites
among which they are distributed. Re-
lation 14 applies to any case in which
the force between two mutually adhe-
sive (attractive) bodies is proportional
to the product of the individual adhe-

sive (attractive) forces. It may be seen
from Eqs. 7-9 that the values of W.b
generated in this system are given by

W.b =. VW.a V Wb (15)
These values are represented by the
dotted line in Fig. 2.

This analysis shows, then, that (i)
the mutual sorting out of two kinds of
cells to reconstitute tissues, one of
which encloses the other, and (ii) the
spreading of an intact fragment of the
one tissue to envelop an intact frag-
ment of the other are precisely the
phenomena which are to be expected,
in accordance with the principle of
minimization of free energy, in the
total absence of selectivity in the
adhesion mechanism itself. Only quan-
titative differences in adhesiveness are
necessary. The "information" required
in the adhesion mechanism is, in such
cases, restricted to "more" and "less."

This does not mean, of course, that
molecules of different sorts, on the sur-
faces either of cells of a given kind or
of cells of differing kinds, may not in
such cases participate directly in the
mediation of adhesions. It merely
means that whatever the chemical na-
ture of, or diversity among, the adhe-
sives themselves, the quantitative ad-
hesive relationships among the cells
which bear them would be expected to
approximate, within the limits shown
in Fig. 2 (see also 24), the relation-
ships derived from the simple postulates
which have been outlined. In cases in
which, at equilibrium, one tissue covers
the other incompletely or not at all, it
becomes necessary to assume the addi-
tional operation of some other factor
or factors, such as an ordered distribu-
tion of, or qualitative nonidentity
among, adhesive sites.

Morphogenesis and Specificity
Thus we return, at the end, to the

beginning: Where is the common de-
nominator? What has sorting out to do
with normal morphogenesis? Sorting
out, after all, is not known to play a
major role in morphogenesis. Such a
role, however, is played by spreading:
the spreading of one tissue over the
surface of another, or-what is the
equivalent-the penetration of one tis-
sue into a mass of another. Differ-
ences in cellular adhesiveness which
may be built into a system of tissues to
bring about the spreading of one tissue
over another, or the penetration of one
tissue into another, would incidentally
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tions. The segregation patterns ob-
tained do indeed define a hierarchy
such that one tissue is reconstituted
internally in all combinations, another
tissue is reconstituted externally in all
combinations, and each of the remain-
ing tissues falls into a specific inter-
mediate ranking in complete accord-
ance with prediction 5 (31). An ex-
ample of this behavior is illustrated in
Figs. 6, 8, and 9.

In all respects, then, the regroupings
of cells in the populations which we
have studied proceed along satisfyingly
consistent and simple lines. They are
precisely what is to be expected on
thermodynamic grounds in any system
composed of mobile units which are
mutually adhesive, and between which
certain quantitative adhesive relation-
ships exist.

Those of us who have been seeking
an explanation for sorting out and tis-
sue reconstruction by dissociated cells
have almost unanimously considered it
necessary to assume that unlike cells
adhere to one another less tenaciously
than like cells do (expressed by re-
lation 5)-a situation requiring se-
lectivity in the mechanism of adhe-
sion. The thermodynamic analysis of
the situation shows, however, that un-
der the circumstances of relation 5,
while sorting out would be expected to
occur, the reconstructed tissues would,
in addition, be expected to continue
their mutual self-isolation to a point
at which each would come to occupy
a portion of the surface of the aggre-
gate (our case 3). Furthermore, the
analysis shows that the most common
outcome of segregation in a binary sys-
tem-the production of a totally inter-
nal tissue entirely enveloped by another
tissue-fulfills the expectation based
upon a set of adhesive relationships
quite different from that which we have
previously assumed. In this set of rela-
tionships (relation 4), the unlike cells
adhere to one another with a strength
intermediate between the strengths of
cohesion of the two kinds of like cells.
Does logic lead us, then,, to postulate
the existence of selectivity in the adhe-
sion mechanism itself?
The simplest possible assumption

capable of accounting for type-specific
differences in the strengths of adhesions
between cells is the assumption that
adhesive sites of a single kind are scat-
tered more abundantly on the surface
of one type of cell than on the surface
of another. W, the work of adhesion
between two cells, would then be di-
rectly proportional to the number of
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adhesive sites which are apposed, per
unit of area, at the junction between
the two cells, What would be the ad-
hesive relationships which would derive
from the operation of this simplest of
systems?

If the frequency of adhesive sites
per unit area on the surfaces of cells
a and b is designated fa and fb, respec-
tively, the probability of apposition of
sites in the cell pairs a-a, b-b, and a-b
is given by (fa)2, (fb)2, and (fa) (fb) for
the respective cases. Introducing the
proportionality constant k, we may
write the equations

Wa= k (f,)2 (7)

Wb=k(fb)' (8)

Wab = k (f.) (fb) (9)

Following the convention that W,
Wb, we obtain

fa-fb (10)

Multiplying both sides of relation 10
by the value fa-fb and rearranging, we
obtain

(f2)+ (fb) -- (f )(fb) (11)

Multiplying both sides of relation 10
by the value fb, we obtain

(f. ) (fb)- (f)b (12)

Combining relations 11 and 12, we
get

2(fa) (f.)(fb) fb() (13)

Substituting Eqs. 7-9 in relation 13,
we obtain

Wa+ Wab Wb (14)

Relation 14, representing the adhe-
sive relationships which would be en-
gendered in this simplest of systems,
will be recognized as an expression of
the limits represented by relation 4.
And the conditions expressed by rela-
tion 4 are precisely those which yield,
at thermodynamic equilibrium, our
case 2-the result most comnmonly ob-
tained experimentally, in which one
phase is totally enveloped by the other.
It is not necessary to assume the literal
existence of discrete adhesive sites as
distinguished from nonadhesive sites
among which they are distributed. Re-
lation 14 applies to any case in which
the force between two mutually adhe-
sive (attractive) bodies is proportional
to the product of the individual adhe-

sive (attractive) forces. It may be seen
from Eqs. 7-9 that the values of W.b
generated in this system are given by

W.b =. VW.a V Wb (15)
These values are represented by the
dotted line in Fig. 2.

This analysis shows, then, that (i)
the mutual sorting out of two kinds of
cells to reconstitute tissues, one of
which encloses the other, and (ii) the
spreading of an intact fragment of the
one tissue to envelop an intact frag-
ment of the other are precisely the
phenomena which are to be expected,
in accordance with the principle of
minimization of free energy, in the
total absence of selectivity in the
adhesion mechanism itself. Only quan-
titative differences in adhesiveness are
necessary. The "information" required
in the adhesion mechanism is, in such
cases, restricted to "more" and "less."

This does not mean, of course, that
molecules of different sorts, on the sur-
faces either of cells of a given kind or
of cells of differing kinds, may not in
such cases participate directly in the
mediation of adhesions. It merely
means that whatever the chemical na-
ture of, or diversity among, the adhe-
sives themselves, the quantitative ad-
hesive relationships among the cells
which bear them would be expected to
approximate, within the limits shown
in Fig. 2 (see also 24), the relation-
ships derived from the simple postulates
which have been outlined. In cases in
which, at equilibrium, one tissue covers
the other incompletely or not at all, it
becomes necessary to assume the addi-
tional operation of some other factor
or factors, such as an ordered distribu-
tion of, or qualitative nonidentity
among, adhesive sites.

Morphogenesis and Specificity
Thus we return, at the end, to the

beginning: Where is the common de-
nominator? What has sorting out to do
with normal morphogenesis? Sorting
out, after all, is not known to play a
major role in morphogenesis. Such a
role, however, is played by spreading:
the spreading of one tissue over the
surface of another, or-what is the
equivalent-the penetration of one tis-
sue into a mass of another. Differ-
ences in cellular adhesiveness which
may be built into a system of tissues to
bring about the spreading of one tissue
over another, or the penetration of one
tissue into another, would incidentally
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tions. The segregation patterns ob-
tained do indeed define a hierarchy
such that one tissue is reconstituted
internally in all combinations, another
tissue is reconstituted externally in all
combinations, and each of the remain-
ing tissues falls into a specific inter-
mediate ranking in complete accord-
ance with prediction 5 (31). An ex-
ample of this behavior is illustrated in
Figs. 6, 8, and 9.

In all respects, then, the regroupings
of cells in the populations which we
have studied proceed along satisfyingly
consistent and simple lines. They are
precisely what is to be expected on
thermodynamic grounds in any system
composed of mobile units which are
mutually adhesive, and between which
certain quantitative adhesive relation-
ships exist.

Those of us who have been seeking
an explanation for sorting out and tis-
sue reconstruction by dissociated cells
have almost unanimously considered it
necessary to assume that unlike cells
adhere to one another less tenaciously
than like cells do (expressed by re-
lation 5)-a situation requiring se-
lectivity in the mechanism of adhe-
sion. The thermodynamic analysis of
the situation shows, however, that un-
der the circumstances of relation 5,
while sorting out would be expected to
occur, the reconstructed tissues would,
in addition, be expected to continue
their mutual self-isolation to a point
at which each would come to occupy
a portion of the surface of the aggre-
gate (our case 3). Furthermore, the
analysis shows that the most common
outcome of segregation in a binary sys-
tem-the production of a totally inter-
nal tissue entirely enveloped by another
tissue-fulfills the expectation based
upon a set of adhesive relationships
quite different from that which we have
previously assumed. In this set of rela-
tionships (relation 4), the unlike cells
adhere to one another with a strength
intermediate between the strengths of
cohesion of the two kinds of like cells.
Does logic lead us, then,, to postulate
the existence of selectivity in the adhe-
sion mechanism itself?
The simplest possible assumption

capable of accounting for type-specific
differences in the strengths of adhesions
between cells is the assumption that
adhesive sites of a single kind are scat-
tered more abundantly on the surface
of one type of cell than on the surface
of another. W, the work of adhesion
between two cells, would then be di-
rectly proportional to the number of
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adhesive sites which are apposed, per
unit of area, at the junction between
the two cells, What would be the ad-
hesive relationships which would derive
from the operation of this simplest of
systems?
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tively, the probability of apposition of
sites in the cell pairs a-a, b-b, and a-b
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write the equations

Wa= k (f,)2 (7)

Wb=k(fb)' (8)
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Following the convention that W,
Wb, we obtain
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Multiplying both sides of relation 10
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Multiplying both sides of relation 10
by the value fb, we obtain
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Combining relations 11 and 12, we
get
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we obtain
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Relation 14, representing the adhe-
sive relationships which would be en-
gendered in this simplest of systems,
will be recognized as an expression of
the limits represented by relation 4.
And the conditions expressed by rela-
tion 4 are precisely those which yield,
at thermodynamic equilibrium, our
case 2-the result most comnmonly ob-
tained experimentally, in which one
phase is totally enveloped by the other.
It is not necessary to assume the literal
existence of discrete adhesive sites as
distinguished from nonadhesive sites
among which they are distributed. Re-
lation 14 applies to any case in which
the force between two mutually adhe-
sive (attractive) bodies is proportional
to the product of the individual adhe-

sive (attractive) forces. It may be seen
from Eqs. 7-9 that the values of W.b
generated in this system are given by

W.b =. VW.a V Wb (15)
These values are represented by the
dotted line in Fig. 2.

This analysis shows, then, that (i)
the mutual sorting out of two kinds of
cells to reconstitute tissues, one of
which encloses the other, and (ii) the
spreading of an intact fragment of the
one tissue to envelop an intact frag-
ment of the other are precisely the
phenomena which are to be expected,
in accordance with the principle of
minimization of free energy, in the
total absence of selectivity in the
adhesion mechanism itself. Only quan-
titative differences in adhesiveness are
necessary. The "information" required
in the adhesion mechanism is, in such
cases, restricted to "more" and "less."

This does not mean, of course, that
molecules of different sorts, on the sur-
faces either of cells of a given kind or
of cells of differing kinds, may not in
such cases participate directly in the
mediation of adhesions. It merely
means that whatever the chemical na-
ture of, or diversity among, the adhe-
sives themselves, the quantitative ad-
hesive relationships among the cells
which bear them would be expected to
approximate, within the limits shown
in Fig. 2 (see also 24), the relation-
ships derived from the simple postulates
which have been outlined. In cases in
which, at equilibrium, one tissue covers
the other incompletely or not at all, it
becomes necessary to assume the addi-
tional operation of some other factor
or factors, such as an ordered distribu-
tion of, or qualitative nonidentity
among, adhesive sites.

Morphogenesis and Specificity
Thus we return, at the end, to the

beginning: Where is the common de-
nominator? What has sorting out to do
with normal morphogenesis? Sorting
out, after all, is not known to play a
major role in morphogenesis. Such a
role, however, is played by spreading:
the spreading of one tissue over the
surface of another, or-what is the
equivalent-the penetration of one tis-
sue into a mass of another. Differ-
ences in cellular adhesiveness which
may be built into a system of tissues to
bring about the spreading of one tissue
over another, or the penetration of one
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Assumptions:  - Unique molecular species involved in adhesion 
              - Different average densities in cells a and b 

>>Accurately predicts envelopment behaviour  

tions. The segregation patterns ob-
tained do indeed define a hierarchy
such that one tissue is reconstituted
internally in all combinations, another
tissue is reconstituted externally in all
combinations, and each of the remain-
ing tissues falls into a specific inter-
mediate ranking in complete accord-
ance with prediction 5 (31). An ex-
ample of this behavior is illustrated in
Figs. 6, 8, and 9.

In all respects, then, the regroupings
of cells in the populations which we
have studied proceed along satisfyingly
consistent and simple lines. They are
precisely what is to be expected on
thermodynamic grounds in any system
composed of mobile units which are
mutually adhesive, and between which
certain quantitative adhesive relation-
ships exist.

Those of us who have been seeking
an explanation for sorting out and tis-
sue reconstruction by dissociated cells
have almost unanimously considered it
necessary to assume that unlike cells
adhere to one another less tenaciously
than like cells do (expressed by re-
lation 5)-a situation requiring se-
lectivity in the mechanism of adhe-
sion. The thermodynamic analysis of
the situation shows, however, that un-
der the circumstances of relation 5,
while sorting out would be expected to
occur, the reconstructed tissues would,
in addition, be expected to continue
their mutual self-isolation to a point
at which each would come to occupy
a portion of the surface of the aggre-
gate (our case 3). Furthermore, the
analysis shows that the most common
outcome of segregation in a binary sys-
tem-the production of a totally inter-
nal tissue entirely enveloped by another
tissue-fulfills the expectation based
upon a set of adhesive relationships
quite different from that which we have
previously assumed. In this set of rela-
tionships (relation 4), the unlike cells
adhere to one another with a strength
intermediate between the strengths of
cohesion of the two kinds of like cells.
Does logic lead us, then,, to postulate
the existence of selectivity in the adhe-
sion mechanism itself?
The simplest possible assumption

capable of accounting for type-specific
differences in the strengths of adhesions
between cells is the assumption that
adhesive sites of a single kind are scat-
tered more abundantly on the surface
of one type of cell than on the surface
of another. W, the work of adhesion
between two cells, would then be di-
rectly proportional to the number of
2 AUGUST 1963

adhesive sites which are apposed, per
unit of area, at the junction between
the two cells, What would be the ad-
hesive relationships which would derive
from the operation of this simplest of
systems?

If the frequency of adhesive sites
per unit area on the surfaces of cells
a and b is designated fa and fb, respec-
tively, the probability of apposition of
sites in the cell pairs a-a, b-b, and a-b
is given by (fa)2, (fb)2, and (fa) (fb) for
the respective cases. Introducing the
proportionality constant k, we may
write the equations

Wa= k (f,)2 (7)

Wb=k(fb)' (8)

Wab = k (f.) (fb) (9)

Following the convention that W,
Wb, we obtain

fa-fb (10)

Multiplying both sides of relation 10
by the value fa-fb and rearranging, we
obtain

(f2)+ (fb) -- (f )(fb) (11)

Multiplying both sides of relation 10
by the value fb, we obtain

(f. ) (fb)- (f)b (12)

Combining relations 11 and 12, we
get

2(fa) (f.)(fb) fb() (13)

Substituting Eqs. 7-9 in relation 13,
we obtain

Wa+ Wab Wb (14)

Relation 14, representing the adhe-
sive relationships which would be en-
gendered in this simplest of systems,
will be recognized as an expression of
the limits represented by relation 4.
And the conditions expressed by rela-
tion 4 are precisely those which yield,
at thermodynamic equilibrium, our
case 2-the result most comnmonly ob-
tained experimentally, in which one
phase is totally enveloped by the other.
It is not necessary to assume the literal
existence of discrete adhesive sites as
distinguished from nonadhesive sites
among which they are distributed. Re-
lation 14 applies to any case in which
the force between two mutually adhe-
sive (attractive) bodies is proportional
to the product of the individual adhe-

sive (attractive) forces. It may be seen
from Eqs. 7-9 that the values of W.b
generated in this system are given by

W.b =. VW.a V Wb (15)
These values are represented by the
dotted line in Fig. 2.

This analysis shows, then, that (i)
the mutual sorting out of two kinds of
cells to reconstitute tissues, one of
which encloses the other, and (ii) the
spreading of an intact fragment of the
one tissue to envelop an intact frag-
ment of the other are precisely the
phenomena which are to be expected,
in accordance with the principle of
minimization of free energy, in the
total absence of selectivity in the
adhesion mechanism itself. Only quan-
titative differences in adhesiveness are
necessary. The "information" required
in the adhesion mechanism is, in such
cases, restricted to "more" and "less."

This does not mean, of course, that
molecules of different sorts, on the sur-
faces either of cells of a given kind or
of cells of differing kinds, may not in
such cases participate directly in the
mediation of adhesions. It merely
means that whatever the chemical na-
ture of, or diversity among, the adhe-
sives themselves, the quantitative ad-
hesive relationships among the cells
which bear them would be expected to
approximate, within the limits shown
in Fig. 2 (see also 24), the relation-
ships derived from the simple postulates
which have been outlined. In cases in
which, at equilibrium, one tissue covers
the other incompletely or not at all, it
becomes necessary to assume the addi-
tional operation of some other factor
or factors, such as an ordered distribu-
tion of, or qualitative nonidentity
among, adhesive sites.

Morphogenesis and Specificity
Thus we return, at the end, to the

beginning: Where is the common de-
nominator? What has sorting out to do
with normal morphogenesis? Sorting
out, after all, is not known to play a
major role in morphogenesis. Such a
role, however, is played by spreading:
the spreading of one tissue over the
surface of another, or-what is the
equivalent-the penetration of one tis-
sue into a mass of another. Differ-
ences in cellular adhesiveness which
may be built into a system of tissues to
bring about the spreading of one tissue
over another, or the penetration of one
tissue into another, would incidentally
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Relations 2 and 3, taken together, de-
termine the complete set of conditions

W.+Wb> W (42a+W> W.b Wb (4)

These conditions can only be met when
W. > Web. What are the consequences
for the mutual disposition of the segre-
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gating phases? Since a-b adhesions are
intermediate in strength between a-a
and b-b adhesions, the two kinds of
units adhere relatively strongly, the
whole coherent population tending to
assume a spherical form, in which the
exposed surface area is minimal. How-
ever the surface free energy of the sys-

tem is the product of the exposed sur-
face area and the free energy per unit
of such area, and the free energy per
unit area, as we saw earlier, is a mea-
sure of the cohesiveness of the units in
the surface. Consequently, minimiza-
tion of the surface free energy is
achieved only when the surface is of
minimal area and contains exclusively
the less cohesive of the two kinds of
units which comprise the population.
Therefore, in the segregation of the a
and b phases, phase b will come to
occupy completely the surface of the
system, which will, as a whole, tend
to assume spherical form. Further-
more, the greatest possible segregation
of the two phases will occur, a condi-
tion which requires that the interfacial
area between the two be minimized.
Phase a being totally subsurface, this
condition is met when phase a itself
assumes the form of a sphere totally
enclosed by phase b. Thermodynamic
equilibrium is thus established when
the less cohesive units are arranged as
a coherent sphere totally enclosing a
second sphere composed of all of the
more cohesive units. This is our case 2
(see Fig. 2).
Only one other set of possible adhe-

sive relationships remains, at this point,
to be explored. What will be the dis-
position of the phases at thermody-
namic equilibrium if a-b adhesions, in-
stead of being as strong as, or stronger
than, the average of a-a and b-b adhe-
sions (as in our case 1), or weaker
than this average but yet as strong as,
or stronger than, b-b adhesions (as in
our case 2), are the weakest adhesions
of all? This circumstance is described
by the relationship

W,- Wb > Web

1 2 3
W

RATIO OF W

Fig. 2. Types of phase distribution, at equilibrium, in coherent populations consisting
of mobile units of two kinds. The work of cohesion of the weakly cohesive b units,
arbitrarily assigned a value of 1, is given by the line Wb. The work of cohesion of the
more strongly cohesive a units is denoted by W.. The diagram is used as follows. For
any set of adhesive relationships, that vertical line is drawn which passes through the
calculated value of We/Wb as read on the abscissa. The work of adhesion of a units to b
units (Web), as read on the ordinate, is then entered upon thrs line. The background
shading at this point indicates the distribution of the a ind b phases for this system at
thermodynamic equilibrium. Exam-ple: If W. = 3, with *b defined as 1, then W.b = 2.1
would yield intermixing; W.b= 1.5 would yield complete coverage of a by b; and
W b= 0.5 would yield incomplete coverage of a by b (see 24). The intersection of
the vertical line with the dotted line (W.)1'' (Wb)11' marks -the value of W.b which
would be generated in the model system devoid of adhesive specificity, as described
in the text. [Modified from Steinberg (30)]
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(5)

Let us begin by considering the most
extreme possible examples. At the one
extreme, a and b units do not adhere to
one another at all. Clearly, two sepa-
rate, isolated populations will form.
Each will consist at equilibrium of a
sphere containing one of the two types
of units. At the other extreme, a and b
units adhere to one another with a
strength ever so slightly less than that
achieved by the adhesion of a pair of
b units to one another. Were the a-b
adhesions any stronger, they would be
equal in strength to the b-b adhesions
and we would have at equilibrium the
limiting example of case 2: a sphere
within a sphere. Instead, the distribu-
tion of the phases at equilibrium is
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tions. The segregation patterns ob-
tained do indeed define a hierarchy
such that one tissue is reconstituted
internally in all combinations, another
tissue is reconstituted externally in all
combinations, and each of the remain-
ing tissues falls into a specific inter-
mediate ranking in complete accord-
ance with prediction 5 (31). An ex-
ample of this behavior is illustrated in
Figs. 6, 8, and 9.

In all respects, then, the regroupings
of cells in the populations which we
have studied proceed along satisfyingly
consistent and simple lines. They are
precisely what is to be expected on
thermodynamic grounds in any system
composed of mobile units which are
mutually adhesive, and between which
certain quantitative adhesive relation-
ships exist.

Those of us who have been seeking
an explanation for sorting out and tis-
sue reconstruction by dissociated cells
have almost unanimously considered it
necessary to assume that unlike cells
adhere to one another less tenaciously
than like cells do (expressed by re-
lation 5)-a situation requiring se-
lectivity in the mechanism of adhe-
sion. The thermodynamic analysis of
the situation shows, however, that un-
der the circumstances of relation 5,
while sorting out would be expected to
occur, the reconstructed tissues would,
in addition, be expected to continue
their mutual self-isolation to a point
at which each would come to occupy
a portion of the surface of the aggre-
gate (our case 3). Furthermore, the
analysis shows that the most common
outcome of segregation in a binary sys-
tem-the production of a totally inter-
nal tissue entirely enveloped by another
tissue-fulfills the expectation based
upon a set of adhesive relationships
quite different from that which we have
previously assumed. In this set of rela-
tionships (relation 4), the unlike cells
adhere to one another with a strength
intermediate between the strengths of
cohesion of the two kinds of like cells.
Does logic lead us, then,, to postulate
the existence of selectivity in the adhe-
sion mechanism itself?
The simplest possible assumption

capable of accounting for type-specific
differences in the strengths of adhesions
between cells is the assumption that
adhesive sites of a single kind are scat-
tered more abundantly on the surface
of one type of cell than on the surface
of another. W, the work of adhesion
between two cells, would then be di-
rectly proportional to the number of
2 AUGUST 1963

adhesive sites which are apposed, per
unit of area, at the junction between
the two cells, What would be the ad-
hesive relationships which would derive
from the operation of this simplest of
systems?

If the frequency of adhesive sites
per unit area on the surfaces of cells
a and b is designated fa and fb, respec-
tively, the probability of apposition of
sites in the cell pairs a-a, b-b, and a-b
is given by (fa)2, (fb)2, and (fa) (fb) for
the respective cases. Introducing the
proportionality constant k, we may
write the equations

Wa= k (f,)2 (7)

Wb=k(fb)' (8)

Wab = k (f.) (fb) (9)

Following the convention that W,
Wb, we obtain

fa-fb (10)

Multiplying both sides of relation 10
by the value fa-fb and rearranging, we
obtain

(f2)+ (fb) -- (f )(fb) (11)

Multiplying both sides of relation 10
by the value fb, we obtain

(f. ) (fb)- (f)b (12)

Combining relations 11 and 12, we
get

2(fa) (f.)(fb) fb() (13)

Substituting Eqs. 7-9 in relation 13,
we obtain

Wa+ Wab Wb (14)

Relation 14, representing the adhe-
sive relationships which would be en-
gendered in this simplest of systems,
will be recognized as an expression of
the limits represented by relation 4.
And the conditions expressed by rela-
tion 4 are precisely those which yield,
at thermodynamic equilibrium, our
case 2-the result most comnmonly ob-
tained experimentally, in which one
phase is totally enveloped by the other.
It is not necessary to assume the literal
existence of discrete adhesive sites as
distinguished from nonadhesive sites
among which they are distributed. Re-
lation 14 applies to any case in which
the force between two mutually adhe-
sive (attractive) bodies is proportional
to the product of the individual adhe-

sive (attractive) forces. It may be seen
from Eqs. 7-9 that the values of W.b
generated in this system are given by

W.b =. VW.a V Wb (15)
These values are represented by the
dotted line in Fig. 2.

This analysis shows, then, that (i)
the mutual sorting out of two kinds of
cells to reconstitute tissues, one of
which encloses the other, and (ii) the
spreading of an intact fragment of the
one tissue to envelop an intact frag-
ment of the other are precisely the
phenomena which are to be expected,
in accordance with the principle of
minimization of free energy, in the
total absence of selectivity in the
adhesion mechanism itself. Only quan-
titative differences in adhesiveness are
necessary. The "information" required
in the adhesion mechanism is, in such
cases, restricted to "more" and "less."

This does not mean, of course, that
molecules of different sorts, on the sur-
faces either of cells of a given kind or
of cells of differing kinds, may not in
such cases participate directly in the
mediation of adhesions. It merely
means that whatever the chemical na-
ture of, or diversity among, the adhe-
sives themselves, the quantitative ad-
hesive relationships among the cells
which bear them would be expected to
approximate, within the limits shown
in Fig. 2 (see also 24), the relation-
ships derived from the simple postulates
which have been outlined. In cases in
which, at equilibrium, one tissue covers
the other incompletely or not at all, it
becomes necessary to assume the addi-
tional operation of some other factor
or factors, such as an ordered distribu-
tion of, or qualitative nonidentity
among, adhesive sites.

Morphogenesis and Specificity
Thus we return, at the end, to the

beginning: Where is the common de-
nominator? What has sorting out to do
with normal morphogenesis? Sorting
out, after all, is not known to play a
major role in morphogenesis. Such a
role, however, is played by spreading:
the spreading of one tissue over the
surface of another, or-what is the
equivalent-the penetration of one tis-
sue into a mass of another. Differ-
ences in cellular adhesiveness which
may be built into a system of tissues to
bring about the spreading of one tissue
over another, or the penetration of one
tissue into another, would incidentally
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(and coincidentally) provide all the
conditions required, in an artificial mix-
ture of cells, for sorting out to occur,
and for its morphological result to
imitate the anatomy normally produced
by mass tissue movements. The foun-
dation for such a thermodynamic anal-
ysis, like much of the empirical ground-
work upon which it rests, was laid by
Holtfreter (32), whose treatment of the
subject has been discussed separately
(33).
Our recognition of the organization

which is everywhere present in the liv-
ing world has played a prominent role
in the development of our biological
concepts. It is not surprising that ap-
parent meaningfulness or complexity
in the design and functioning of organ-
isms should have led us to assign cor-
responding attributes to the mechanisms
governing the functioning and the de-
sign. Yet, as knowledge has grown,
complex explanations have had a way
of succumbing to relatively simpler
ones. Thus, overt vitalism is gone from
the scene. Organic molecules, it later
developed, could be synthesized by the
chemist after all. Proteins were not so
simple as to preclude the possibility of
their functioning as enzymes; nor was
DNA, at a later stage, too simple to
provide the vast stores of "informa-
tion" for which the proteins, now rec-
ognized to be complex, might have
seemed a more fitting receptacle.

While the adaptedness brought about
through evolution appears complex, the

adaptiveness which makes evolution
possible is born of simplicity. The en-
tire genetic code (and more) is ex-
pressible with an alphabet containing
only four elements. It would appear
that a not inconsiderable amount of
the "information" required to produce,
through morphogenetic movement, the
anatomy of a body part may be ex-
pressed in a code whose sole element
is quantity: more versus less. There is,
I think, reason to expect that as more
realms of biological specificity yield to
analysis, their most impressive feature
may be the simplicity of the terms in
which specificity-information, if you
will-can be expressed (34).
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somewhat different anyhow. After that,
I make some observations on revolu-
tions in physics as far as the underlying
mathematics is concerned. And, finally,
I make some remarks on so-called
"foundation crises" in mathematics,
which may be viewed as a kind of rev-
olution, and especially on a major crisis
of this kind which is presumed to have
taken place in the 5th century B.C.
Kuhn, in his investigations into the

nature of revolutions in science, ana-
lyzes both the inward ontological and
epistemological nature of such revo-
lutions and the psychological and be-
haviorist attitudes, resistances, and re-
sponses of practitioners of science, be-
fore, during, and after a revolution.
Kuhn finds that revolutions in science
are mostly internal revolutions, brought
about by some scientists and then
forced by the initiators on the scientific
community at large. There is even an
implied suggestion that, in the begin-
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(and coincidentally) provide all the
conditions required, in an artificial mix-
ture of cells, for sorting out to occur,
and for its morphological result to
imitate the anatomy normally produced
by mass tissue movements. The foun-
dation for such a thermodynamic anal-
ysis, like much of the empirical ground-
work upon which it rests, was laid by
Holtfreter (32), whose treatment of the
subject has been discussed separately
(33).

Our recognition of the organization
which is everywhere present in the liv-
ing world has played a prominent role
in the development of our biological
concepts. It is not surprising that ap-
parent meaningfulness or complexity
in the design and functioning of organ-
isms should have led us to assign cor-
responding attributes to the mechanisms
governing the functioning and the de-
sign. Yet, as knowledge has grown,
complex explanations have had a way
of succumbing to relatively simpler
ones. Thus, overt vitalism is gone from
the scene. Organic molecules, it later
developed, could be synthesized by the
chemist after all. Proteins were not so
simple as to preclude the possibility of
their functioning as enzymes; nor was
DNA, at a later stage, too simple to
provide the vast stores of "informa-
tion" for which the proteins, now rec-
ognized to be complex, might have
seemed a more fitting receptacle.

While the adaptedness brought about
through evolution appears complex, the

adaptiveness which makes evolution
possible is born of simplicity. The en-
tire genetic code (and more) is ex-
pressible with an alphabet containing
only four elements. It would appear
that a not inconsiderable amount of
the "information" required to produce,
through morphogenetic movement, the
anatomy of a body part may be ex-
pressed in a code whose sole element
is quantity: more versus less. There is,
I think, reason to expect that as more
realms of biological specificity yield to
analysis, their most impressive feature
may be the simplicity of the terms in
which specificity-information, if you
will-can be expressed (34).
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physics, as recently blue-printed in a dissent from them, and my approach is
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crombie for his penetrating discussions. The
original work described here has been sup-
ported by grants from the National Science
Foundation.

somewhat different anyhow. After that,
I make some observations on revolu-
tions in physics as far as the underlying
mathematics is concerned. And, finally,
I make some remarks on so-called
"foundation crises" in mathematics,
which may be viewed as a kind of rev-
olution, and especially on a major crisis
of this kind which is presumed to have
taken place in the 5th century B.C.
Kuhn, in his investigations into the

nature of revolutions in science, ana-
lyzes both the inward ontological and
epistemological nature of such revo-
lutions and the psychological and be-
haviorist attitudes, resistances, and re-
sponses of practitioners of science, be-
fore, during, and after a revolution.
Kuhn finds that revolutions in science
are mostly internal revolutions, brought
about by some scientists and then
forced by the initiators on the scientific
community at large. There is even an
implied suggestion that, in the begin-
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Complexity: biological heterogeneity/specificity 
Simplicity:    physical quantitative parameter

Steinberg MS. Science.  141:401-408. 1963



Medicine and Dentistry. He is currently Professor
of Pediatrics and Chairman of the Division of
Genetics Emeritus at the University of Massachu-
setts Medical School at Worcester. Hans Holtfr-
eter died in November, 1992, shortly before his
92nd birthday. Having fled Nazi Germany in 1939,
he lived nearly half his life as a professor at
Rochester University (Fig. 2).
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Evidence supporting the D.A.H.

1. Cell sorting follows a transitive hierarchy:

If A sorts out internal to B, and B sorts out internal to C
then A sorts out internal to C
Steinberg MS. J. Exp. Zool. 173:395-434. 1970

> Follows a quantitative cell parameter

2. Final configuration is independent of initial conditions
Explants engulfment and sorting of dissociated cells converge on same outcome. 
Steinberg MS. J. Exp. Zool. 173:395-434. 1970

3. Resistance to compression (cohesion) scales with sorting behaviour
If Cell aggregate A resists more to centrifugation (i.e. that is more cohesive) 
than B, then A sorts internal to B. 
Phillips & Steinberg P.N.A.S. 64:121. 1969

• But does not prove that surface-tension like property is 
cell-cell adhesion
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Liquid Properties of Embryonic Tissues: Measurement of Interfacial Tensions
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The How of embryonic tissues during morphogenesis has been ascribed to tissue interfacial tensions
arising from cell adhesion. Testing this explanation requires the demonstration that tissue interfacial
tensions are measurable physical quantities. We describe a device that continuously records all parame-
ters necessary to determine the tensions of living tissues at the interface with the surrounding medium.
We monitor the relaxation of an imposed stress in two embryonic tissues, measure their interfacial ten-
sions, and demonstrate that these are consistent with these tissues' mutual spreading behavior.

PACS numbers: 87.45.Bp, 68.10.Cr, 68.10.6w

We explore in this work the similarity between the be-
havior of immiscible liquids and that of embryonic tissues
(reviewed in [1]). A droplet of the oil n-octanol will
spread over the surface of a droplet of water, enveloping
it completely. If the two droplets, instead of being op-
posed, are codispersed, the two kinds of molecules under-
go phase separation, the water molecules forming a dis-
continuous phase of coalescing smaller droplets enveloped
by a continuous phase of oil. In the absence of gravity, a
spherical drop of water enveloped by oil is the minimal
free energy or equilibrium configuration for this combina-
tion of liquids; the same configuration arrived at by
spreading in the former case. Miscibility, immiscibility,
phase separation, mutual spreading of contacting drop-
lets, the process by which these rearrangements progress,
and the configuration finally adopted are all determined
by the interfacial tensions at the boundaries of the con-
tacting phases.
Let o„ot„ando,tt represent, respectively, the surface

tensions of liquid phases a and b in an ambient medium
and the interfacial tension between these two phases.
Phases a and b will be immiscible if o,b & G. If, in addi-
tion, o, & ob, phase b will spread over the surface of
phase a. The above relationship makes it clear that,
among mutually immiscible phases, the tendency of one
to spread upon another must be transitive: That is, if a is
spread upon by b and b is spread upon by c, then a will be
spread upon by c. Moreover, if o, & (o, +oh —orb)/2~ ob, envelopment of a by b will be complete rather than
partial [2].
All of the liquid behaviors described above have been

demonstrated to be displayed by tissues of vertebrate em-
bryos. For example, in tissue culture, a fragment of em-
bryonic epidermis will spread over and envelop a frag-
ment of future embryonic brain tissue. Also, embryonic
epidermal cells and future brain cells, when dissociated
and mixed together, "sort out" from one another [3].
Where the time course of such cell sorting has been ob-
served, it has been seen to progress by a process of coales-
cence [4-6] (note also Figs. 16 and 17 in [3]). The same
con figuration is approached through cell sorting as
through tissue spreading [7,81. When a number of em-
bryonic tissues were paired in a11 possible binary com-

binations, it was found that their mutual envelopment
tendencies form a transitive series [8]. These liquidlike
behaviors are not confined to a few kinds of embryonic
tissues. Rather, they are properties common among em-
bryonic tissues, especially during the earlier stages of de-
velopment, when isolated, irregular tissue fragments
smooth out their irregularities, often rounding up to form
spheroids, a hallmark of the liquid state. Moreover, when
the component tissues or cells of a particular organ or
other body structure are isolated and recombined in vitro,
the organization they tend to adopt is similar to the nor-
mal one [3,9]. The spreading of one tissue over the sur-
face of another is a common means of normal embryonic
morphogenesis [10,11]. We have concluded that the
properties responsible for liquid tissue behavior are uti-
lized by embryos to guide the assembly of their cells and
tissues into anatomically "correct" higher level structures
(see Ref. [1]). For a thorough review of this subject, see
[6].
A liquid can be regarded as a population of mobile,

cohesive subunits. Many behaviors of liquids depend not
at all upon the identities of the subunits (e.g., molecules
vs cells) or the reasons why they are either mobile or
cohesive but only upon their being describable in these
terms. Tissue cells cohere because their surfaces display
molecules specialized for adhesion. They utilize molecu-
lar machinery that enables them to move about [12].
Thus a population of such living cells has certain qualities
of a liquid. Cell aggregates round up to form a sphere or
spread upon a substratum to form a monolayer. The
differential adlresion hypothesis (reviewed in [1,6])
traces the liquidlike rounding, spreading, and segregating
behavior of motile cell populations to interfacial free en-
ergies arising from cellular adhesive interactions. The
anatomical structure approached through such cell rear-
rangements would represent an equilibrium configuration
in which the interfacial free energy of the system is mini-
mized. Important elements of animal form and structure
should therefore be encoded through specification of cells'
adhesive properties, which would in turn generate corre-
sponding tensions at tissue surfaces and interfaces. Both
biological cell sorting and the engulfment of one tissue
mass by another, driven by diAerential adhesion, have re-

2298 003 1-9007/94/7 2 (14)/2298 (4)$06.00
1994 The American Physical Society

Thomas LECUIT   2017-2018

1614

Confirmation of envelopment behavior
To examine the relationship between surface tension and envelopment
behavior, tissues were ranked according to their surface tensions, after
which adjacent tissues in the resulting surface tension hierarchy were
combined in vitro and cultured in the same medium used for aggregate
preparation. The tissue envelopment studies were necessary because
the culture medium used in the present experiments differs from the
media used in our earlier experiments to demonstrate a hierarchy in
chick embryonic tissues’ mutual envelopment tendencies. Prior to
aggregate formation, cells from each tissue were stained with either
PKH26 Red Fluorescent General Cell Linker or PKH2 Green Fluo-
rescent General Cell Linker (Sigma, St. Louis MO) as recommended
by the manufacturer. Cells from each tissue were then either mixed
in equal proportions or, in the case of the heart and liver combination,
aggregates of the two types were prepared and then fused by overnight
culture in a hanging drop. Mixed and fused aggregates were trans-
ferred to 10 ml culture flasks (Bellco Inc., Vineland NJ) and incubated
in a shaker bath at 120 rpm under tissue culture conditions. When
rearrangements appeared to be complete, aggregates were fixed in 2%
paraformaldehyde in phosphate-buffered saline and viewed with a
BioRad MRC600 scanning laser confocal microscope system attached
to a Nikon Optiphot-2 microscope. Optical sections from both green
and red channels were collected and a Silicon Graphix Crimson VGX
workstation equipped with Vital Images Voxel View Ultra imaging
software was used to assign false color to both channels and to merge
the images, revealing the anatomical configurations generated. 

RESULTS

Force/time tracings
Upon application of a compressive force to a cell aggregate, in
all cases a significant fraction of the imposed stress was dissi-
pated very rapidly, followed by a slower approach to an equi-
librium value (Fig. 3). To determine whether the initial, rapid
response to compression is a property of the aggregates or an
artifact produced by the measuring device itself, the latter was
used to apply a similar force to an incompressible glass chip.

The balance’s full reaction appeared instantaneous, the strip
chart recording a ‘square’ response when advancing at the
usual rate of 0.1 cm/minute. The reaction of the cell aggregates
studied here to a very brief compression is that of an elastic
solid, aggregates springing back to their original shapes when
the compression is quickly released (Fig. 4). Although cell
aggregates respond to brief compression as elastic solids, cell
rearrangements occurring during prolonged compression can
relax compression-induced stresses (Phillips et al., 1977;
Phillips and Steinberg, 1978; Phillips and Davis, 1978). This
is demonstrated by the failure of the aggregate in Fig. 5 to
spring back immediately to its pre-compression shape when the
compression is finally released. These results suggest that the
rapid initial relaxation of a compressed cell aggregate is due to
its short-term elastic properties, whereas the longer-term relax-
ation reflects cell rearrangements which continue until the
compressive force acting to increase the aggregate’s surface
area comes into balance with the intercellular adhesive forces
tending to decrease it. In the case of the cell aggregates utilized
for our surface tension measurements, maximal relaxation took
from as little as fifteen minutes (neural retina) to as long as 6
hours (heart ventricle; limb bud mesoderm). When an
aggregate was subjected to a second, greater compression, the
second equilibrium was often reached more quickly than the
first. 

Tissue surface tension as a function of time in
culture
Aggregates of each tissue type were produced in batches and
allowed to round up in shaker flasks from which aggregates

R. A. Foty and others

Fig. 3. Force exerted upon the upper compression plate by an
initially spheroidal liver cell aggregate as a function of time after
application of an initial compressive force. Achievement of shape
equilibrium by a compressed aggregate is denoted by the leveling off
of the force reading and is confirmed by observation of the cessation
of aggregate shape change. Relaxation of a liver aggregate, like that
of all the cell aggregates studied, was bimodal, a significant fraction
of the imposed stress being dissipated within the first few minutes
after compression. 

Fig. 4. A spherical heart aggregate on the lower compression plate at
37°C (A) before compression, (B) after initiation of compression and
(C) released from compression after a few seconds behaves as an
elastic solid, springing back to its original, spherical shape. 
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Fig. 4. A spherical heart aggregate on the lower compression plate at
37°C (A) before compression, (B) after initiation of compression and
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shape equilibrium was denoted by the leveling oA of the
force reading [Fig. 3(a)] and confirmed by observation of
the cessation of aggregate shape change.
Following application of a compressing force, relaxa-

tion was found to be biphasic. A significant fraction of
the induced stress was dissipated within a few minutes in
all cases. Ho~ever, maximal relaxation usually took an
hour or two for liver aggregates [Fig. 3(a)] and about
eight hours for heart aggregates (data not shown). This
is in accord with the earlier characterization of such cell
aggregates, in centrifugation studies, as elasticoviscous
liquids. The rapid, elastic response to the application of a
distorting force was found to be associated with cell de-
formations, these being reversed in the course of the
longer-terra cell rearrangements that accompanied the
approach to shape equilibrium [18,19].
The surface tension of a liquid droplet compressed be-

tween parallel plates to which it does not adhere can be
obtained from the Laplace equation [20]
~(I/R, + I/R, )+P.„,=) . (1)

Here P,„tis the external pressure acting on the droplet's
surface, o is the interfacial tension between the droplet
and the immersion medium, and Ri and R2 are the two
principal radii of curvature of the droplet's surface (Fig.
4). In Eq. (1), )i, is a constant Lagrange multiplier assur-
ing the incompressibility (constant volume) of the aggre-
gate. Equation (1) in general implies a local relationship
at any given point on the boundary of the aggregate and,
as such, represents a complicated partial diA'erential

equation. If, however, the aggregate is spherical prior to
compression, as is approximately the case [see Fig. 2(a)],
it will be axially symmetric after compression (at equilib-
rium). Furthermore, we approximate the side boundaries
of the aggregate by spherical caps. Then, evaluating Eq.
(1) along the upper or lower compression plates (we
neglect gravity), we obtain ).=F/nR3, where the expres-
sion on the right hand side is the external pressure due to
compression, F is the measured weight loss of the UCP in
dynes, and R3 the radius shown in Fig. 4. Once li. is
known, Eq. (1) can be evaluated at point 0 (see Fig. 4)
along the side boundary of the aggregate (where P,„i=0), with the result

o= +F 1
(2)zR3

Videorecorded aggregate profile images, representing
equilibrium shapes, were digitized, converted to eight bit
gray scale files, and transferred to a Mac Centris 650
8/230 computer for analysis. Using NIH Image soft-
ward, circles of adjustable radii were superimposed upon
and matched to the images of the aggregate's sides [Fig.
3(b)]. Very good congruence was obtained. A linear
tracing function was then used to measure Ri, Rz, and
R3. In each case, four a values were calculated, using Rq
taken from the aggregate's left and right sides and R3
taken from its upper and lo~er surfaces. These four
values were then averaged.
The results for three representative liver aggregates

and three representative heart ventricle aggregates are
shown in Table I. The greatest deviation from the mean
value was 10% in the liver group and 4% in the heart
group. An essential requirement for our analysis is that
these interfacial tensions be area invariant, characteristic
of liquid rather than of solid bodies. This means that dis-
tinct sets of the quantities F, Ri, R2, and R3 measured on
the same aggregate at diA'erent degrees of compression
should yield the same value of e. We verified this by sub-
jecting the same aggregate to two successive compres-
sions, the second greater than the first [Figs. 3(a) and
3(b)]. As shown in Table I, the values thus obtained are
consistent with the requirement for area invariance. The
results, 8.3 dyn/cm for heart ventricle and 4.3 dyn/cm for
liver, confirm the qualitative relationship oq, ,„t& ~~;„,ob-

1001im Force Force
0

R3

FIG. 3. (a) Force exerted by initially spherical chick liver
aggregate l (see Table 1) upon the upper compression plate
(load) as a function of time. After relaxation was complete, the
compressing plates were separated and the equilibrium force
determined. A second, greater compression was then initiated
and the process was repeated. (b) Profile shapes of chick liver
aggregate l, traced using N IH Image are shown before
compression was initiated and immediately preceding termina-
tion of each compression.

2300

I IG. 4. A liquid droplet compressed between parallel plates
to which it does not adhere, at shape equilibrium. Ri and R2
are the two primary radii of curvature, respectively, in the plane
of and normal to the droplet's axis of symmetry. R3 is the ra-
dius of the droplet's circular area of contact with either com-
pression plate.
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shape equilibrium was denoted by the leveling oA of the
force reading [Fig. 3(a)] and confirmed by observation of
the cessation of aggregate shape change.
Following application of a compressing force, relaxa-

tion was found to be biphasic. A significant fraction of
the induced stress was dissipated within a few minutes in
all cases. Ho~ever, maximal relaxation usually took an
hour or two for liver aggregates [Fig. 3(a)] and about
eight hours for heart aggregates (data not shown). This
is in accord with the earlier characterization of such cell
aggregates, in centrifugation studies, as elasticoviscous
liquids. The rapid, elastic response to the application of a
distorting force was found to be associated with cell de-
formations, these being reversed in the course of the
longer-terra cell rearrangements that accompanied the
approach to shape equilibrium [18,19].
The surface tension of a liquid droplet compressed be-

tween parallel plates to which it does not adhere can be
obtained from the Laplace equation [20]
~(I/R, + I/R, )+P.„,=) . (1)

Here P,„tis the external pressure acting on the droplet's
surface, o is the interfacial tension between the droplet
and the immersion medium, and Ri and R2 are the two
principal radii of curvature of the droplet's surface (Fig.
4). In Eq. (1), )i, is a constant Lagrange multiplier assur-
ing the incompressibility (constant volume) of the aggre-
gate. Equation (1) in general implies a local relationship
at any given point on the boundary of the aggregate and,
as such, represents a complicated partial diA'erential

equation. If, however, the aggregate is spherical prior to
compression, as is approximately the case [see Fig. 2(a)],
it will be axially symmetric after compression (at equilib-
rium). Furthermore, we approximate the side boundaries
of the aggregate by spherical caps. Then, evaluating Eq.
(1) along the upper or lower compression plates (we
neglect gravity), we obtain ).=F/nR3, where the expres-
sion on the right hand side is the external pressure due to
compression, F is the measured weight loss of the UCP in

dynes, and R3 the radius shown in Fig. 4. Once li. is
known, Eq. (1) can be evaluated at point 0 (see Fig. 4)
along the side boundary of the aggregate (where P,„i
=0), with the result

o= +F 1 (2)
zR3

Videorecorded aggregate profile images, representing
equilibrium shapes, were digitized, converted to eight bit
gray scale files, and transferred to a Mac Centris 650
8/230 computer for analysis. Using NIH Image soft-
ward, circles of adjustable radii were superimposed upon
and matched to the images of the aggregate's sides [Fig.
3(b)]. Very good congruence was obtained. A linear
tracing function was then used to measure Ri, Rz, and
R3. In each case, four a values were calculated, using Rq
taken from the aggregate's left and right sides and R3
taken from its upper and lo~er surfaces. These four
values were then averaged.
The results for three representative liver aggregates

and three representative heart ventricle aggregates are
shown in Table I. The greatest deviation from the mean
value was 10% in the liver group and 4% in the heart
group. An essential requirement for our analysis is that
these interfacial tensions be area invariant, characteristic
of liquid rather than of solid bodies. This means that dis-
tinct sets of the quantities F, Ri, R2, and R3 measured on
the same aggregate at diA'erent degrees of compression
should yield the same value of e. We verified this by sub-
jecting the same aggregate to two successive compres-
sions, the second greater than the first [Figs. 3(a) and
3(b)]. As shown in Table I, the values thus obtained are
consistent with the requirement for area invariance. The
results, 8.3 dyn/cm for heart ventricle and 4.3 dyn/cm for
liver, confirm the qualitative relationship oq, ,„t& ~~;„,ob-

1001im Force Force 0
R3

FIG. 3. (a) Force exerted by initially spherical chick liver
aggregate l (see Table 1) upon the upper compression plate
(load) as a function of time. After relaxation was complete, the
compressing plates were separated and the equilibrium force
determined. A second, greater compression was then initiated
and the process was repeated. (b) Profile shapes of chick liver
aggregate l, traced using N IH Image are shown before
compression was initiated and immediately preceding termina-
tion of each compression.
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I IG. 4. A liquid droplet compressed between parallel plates
to which it does not adhere, at shape equilibrium. Ri and R2
are the two primary radii of curvature, respectively, in the plane
of and normal to the droplet's axis of symmetry. R3 is the ra-
dius of the droplet's circular area of contact with either com-
pression plate.

Measurement of surface tension from F and 
geometry (R1, R2, R3) of explant at equilibrium
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The How of embryonic tissues during morphogenesis has been ascribed to tissue interfacial tensions
arising from cell adhesion. Testing this explanation requires the demonstration that tissue interfacial
tensions are measurable physical quantities. We describe a device that continuously records all parame-
ters necessary to determine the tensions of living tissues at the interface with the surrounding medium.
We monitor the relaxation of an imposed stress in two embryonic tissues, measure their interfacial ten-
sions, and demonstrate that these are consistent with these tissues' mutual spreading behavior.

PACS numbers: 87.45.Bp, 68.10.Cr, 68.10.6w

We explore in this work the similarity between the be-
havior of immiscible liquids and that of embryonic tissues
(reviewed in [1]). A droplet of the oil n-octanol will
spread over the surface of a droplet of water, enveloping
it completely. If the two droplets, instead of being op-
posed, are codispersed, the two kinds of molecules under-
go phase separation, the water molecules forming a dis-
continuous phase of coalescing smaller droplets enveloped
by a continuous phase of oil. In the absence of gravity, a
spherical drop of water enveloped by oil is the minimal
free energy or equilibrium configuration for this combina-
tion of liquids; the same configuration arrived at by
spreading in the former case. Miscibility, immiscibility,
phase separation, mutual spreading of contacting drop-
lets, the process by which these rearrangements progress,
and the configuration finally adopted are all determined
by the interfacial tensions at the boundaries of the con-
tacting phases.
Let o„ot„ando,tt represent, respectively, the surface

tensions of liquid phases a and b in an ambient medium
and the interfacial tension between these two phases.
Phases a and b will be immiscible if o,b & G. If, in addi-
tion, o, & ob, phase b will spread over the surface of
phase a. The above relationship makes it clear that,
among mutually immiscible phases, the tendency of one
to spread upon another must be transitive: That is, if a is
spread upon by b and b is spread upon by c, then a will be
spread upon by c. Moreover, if o, & (o, +oh —orb)/2~ ob, envelopment of a by b will be complete rather than
partial [2].
All of the liquid behaviors described above have been

demonstrated to be displayed by tissues of vertebrate em-
bryos. For example, in tissue culture, a fragment of em-
bryonic epidermis will spread over and envelop a frag-
ment of future embryonic brain tissue. Also, embryonic
epidermal cells and future brain cells, when dissociated
and mixed together, "sort out" from one another [3].
Where the time course of such cell sorting has been ob-
served, it has been seen to progress by a process of coales-
cence [4-6] (note also Figs. 16 and 17 in [3]). The same
con figuration is approached through cell sorting as
through tissue spreading [7,81. When a number of em-
bryonic tissues were paired in a11 possible binary com-

binations, it was found that their mutual envelopment
tendencies form a transitive series [8]. These liquidlike
behaviors are not confined to a few kinds of embryonic
tissues. Rather, they are properties common among em-
bryonic tissues, especially during the earlier stages of de-
velopment, when isolated, irregular tissue fragments
smooth out their irregularities, often rounding up to form
spheroids, a hallmark of the liquid state. Moreover, when
the component tissues or cells of a particular organ or
other body structure are isolated and recombined in vitro,
the organization they tend to adopt is similar to the nor-
mal one [3,9]. The spreading of one tissue over the sur-
face of another is a common means of normal embryonic
morphogenesis [10,11]. We have concluded that the
properties responsible for liquid tissue behavior are uti-
lized by embryos to guide the assembly of their cells and
tissues into anatomically "correct" higher level structures
(see Ref. [1]). For a thorough review of this subject, see
[6].
A liquid can be regarded as a population of mobile,

cohesive subunits. Many behaviors of liquids depend not
at all upon the identities of the subunits (e.g., molecules
vs cells) or the reasons why they are either mobile or
cohesive but only upon their being describable in these
terms. Tissue cells cohere because their surfaces display
molecules specialized for adhesion. They utilize molecu-
lar machinery that enables them to move about [12].
Thus a population of such living cells has certain qualities
of a liquid. Cell aggregates round up to form a sphere or
spread upon a substratum to form a monolayer. The
differential adlresion hypothesis (reviewed in [1,6])
traces the liquidlike rounding, spreading, and segregating
behavior of motile cell populations to interfacial free en-
ergies arising from cellular adhesive interactions. The
anatomical structure approached through such cell rear-
rangements would represent an equilibrium configuration
in which the interfacial free energy of the system is mini-
mized. Important elements of animal form and structure
should therefore be encoded through specification of cells'
adhesive properties, which would in turn generate corre-
sponding tensions at tissue surfaces and interfaces. Both
biological cell sorting and the engulfment of one tissue
mass by another, driven by diAerential adhesion, have re-
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which, in turn, is enveloped by liver which, in turn, is
enveloped by neural retina. Thus, just as is the case with
ordinary immiscible liquids, in each instance it is the body of
lower surface tension (cohesiveness) which spreads over the
surface of its partner. 

DISCUSSION

Cell aggregate surface tensions and
tissue cohesiveness
The DAH attributes liquid like behavior of
cell aggregates to tissue surface and interfa-
cial tensions postulated to arise from the
cohesive and adhesive interactions of their
component cells. Cell aggregate liquidity
arises when an aggregate’s component cells,
while cohering, are not bound in fixed
positions either to each other or to any rigid
matrix but rather are free to slip past each
other. In the absence of an externally applied
force, such an aggregate, if composed of
similar cells with adhesion molecules
uniformly distributed around their surfaces,
will round up in the manner of a liquid
droplet to minimize its surface free energy
and therefore its free surface area. 

If a sustained external force is applied to
such an aggregate, its cells are initially
stretched (Phillips et al., 1977). It seems
likely that the rapid aggregate relaxation
immediately following compression (see Fig.
3) reflects this cell stretching and associated
deformations of whatever extracellular
matrix might be present. However, the indi-
vidual cells slowly rearrange and round up
toward their original, unflattened shapes even
as the aggregate as a whole continues to
flatten in response to the applied force
(Phillips et al., 1977; Phillips and Steinberg,
1978; Phillips and Davis, 1978). These cell
rearrangements are probably reflected in the
second, slower phase of aggregate relaxation.
The greater the cohesiveness of the cells
within such a spherical aggregate, the more
energy is required to force them apart to
create a unit amount of new aggregate surface
area. This is measurable as the aggregate’s
surface tension, which is independent of the
aggregate’s size. It is measured under an
applied force at shape equilibrium, when the
interior of the liquid aggregate has relaxed
and the applied force tending to flatten the
aggregate is precisely balanced by the
cohesive forces tending to make it round up.
The surface tension is therefore a pure, ther-
modynamic quantity numerically equal to the
aggregate’s specific (per unit area) surface
free energy. It is a direct measurement of the
intensity of cohesion among the aggregate’s
component cells (Foty and Steinberg, 1995;

Foty et al., 1996) but it does not distinguish whether this
cohesion occurs directly between apposed cell surfaces or is
mediated through matrix components. 

Successive compressions to assess aggregate
liquidity
Not all cell aggregates remain liquid indefinitely. In time, their
cells can become fixed in position. Such aggregates cannot
display cell sorting or tissue spreading behavior nor do they

Fig. 8. The five embryonic chick tissues investigated are shown on the left in the order
of their decreasing surface tensions. On the right are shown configurations generated,
through cell sorting or aggregate fusion, when adjacent tissues in the surface tension
hierarchy are combined and allowed to rearrange in vitro. Images are 60 µm optical
sections through the resulting, fixed structures. Cells from the two tissue sources were
stained with contrasting fluorescent markers (see Materials and Methods), here assigned
false colors representing the five tissues. Limb bud mesoderm (green) is enveloped by
pigmented retina (red), which in turn is enveloped by heart ventricle (yellow), which in
turn is enveloped by liver (blue) which in turn is enveloped by neural retina (orange). In
each case, the less cohesive tissue envelops the more cohesive one. The black areas
within the aggregates contain cells whose fluorescent signal fell below background in
the course of image optimization for contrast, brightness and color saturation.
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INTRODUCTION

The spreading of one cell population over the surface of
another is a common means of embryonic morphogenesis. The
causal analysis of tissue spreading movements has been
greatly advanced by the finding that such movements are
commonly spontaneously initiated when two different
embryonic tissue types are brought into mutual contact. This
takes place whether or not those tissues actually encounter one
another in the course of normal development. In each case it
is a specific one of the two tissues that spreads over the surface
of the other (Trinkaus and Groves, 1955; Steinberg, 1962c,
1963a,b, 1970). 

An important insight into the cause of this preferential
spreading was provided by the discovery that the very same
final tissue configuration could be arrived at by an entirely
different pathway: the sorting-out of the two tissues’ cells after
they have been randomly intermixed (Steinberg, 1962c, 1963a,
1970). This finding, together with others relating to the process
and geometry of cell sorting (Steinberg, 1962a,b), produced the
realization that all of these cell rearrangements closely imitate
the behavior of immiscible liquids. The latter are well known
to sort out when codispersed and to spread, one over the
surface of another, when apposed, to adopt a specific configu-
ration. Indeed, the commonly observed rounding-up of

irregular fragments of embryonic tissues into a spheroidal
shape is itself a manifestation of liquid behavior.

The determinants of the above behavior in liquids are their
surface and interfacial tensions, which are global reflections of
the intensities of cohesion and adhesion between their component
subunits (Rowlinson and Widom, 1989). Two liquids are immis-
cible when the tension at their common interface has a positive
value, in which case the liquid of lower surface tension will
spread to a specific degree over its partner. This means that if one
has a series of mutually immiscible liquids and combines them
in pairs, their mutual spreading behavior reveals a transitive rela-
tionship; a hierarchy of mutual spreading preferences. If liquid a
is spread upon by liquid b, and b is spread upon by c, then a will
be spread upon by c if those two liquids are mutually adhesive.
While it is not easy to find among ordinary liquids a large number
all of which are mutually immiscible, this is readily accomplished
with vertebrate embryonic tissues. The prediction of transitivity
in embryonic tissues’ mutual spreading preferences was made the
basis of a test of the ‘differential adhesion hypothesis’ (DAH;
Steinberg, 1963a,b, 1970), attributing the liquidlike behavior of
cell populations to tissue surface tensions postulated to arise from
the adhesive and cohesive interactions of their component cells.
Perfect transitivity was demonstrated in the mutual spreading
behavior of six chick embryonic tissues (Steinberg, 1963b, 1970). 

While the behavior of mutually confronted embryonic
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During embryonic development, certain tissues stream to
their destinations by liquidlike spreading movements.
According to the ‘differential adhesion hypothesis’, these
movements are guided by cell-adhesion-generated tissue
surface tensions (σs), operating in the same manner as
surface tensions do in the mutual spreading behavior of
immiscible liquids, among which the liquid of lower surface
tension is always the one that spreads over its partner. In
order to conduct a direct physical test of the ‘differential
adhesion hypothesis’, we have measured the σs of aggre-
gates of five chick embryonic tissues, using a parallel plate
compression apparatus specifically designed for this
purpose, and compared the measured values with these
tissues’ mutual spreading behaviors. We show that aggre-

gates of each of these tissues behave for a time as elastico-
viscous liquids with characteristic surface tension values.
Chick embryonic limb bud mesoderm (σ = 20.1 dyne/cm)
is enveloped by pigmented epithelium (σ = 12.6 dyne/cm)
which, in turn, is enveloped by heart (σ = 8.5 dyne/cm)
which, in turn, is enveloped by liver (σ = 4.6 dyne/cm)
which, in turn, is enveloped by neural retina (σ = 1.6
dyne/cm). Thus, as predicted, the tissues’ surface tension
values fall in the precise sequence required to account for
their mutual envelopment behavior. 

Key words: surface tension, tissue spreading, cell sorting, cell
adhesion, morphogenesis, morphogenetic movement, tissue
affinities, self-assembly
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same aggregate at different degrees of compression should
yield the same value of σ. When groups of aggregates were
cultured long enough for their apparent surface tensions,
measured in a first compression, to have begun their secondary
increase and these aggregates were subjected to a second,
greater compression, the σ values were found to increase as a
function of compressive force, rather than remaining constant.
Thus these aggregates displayed a property of elastic solid
bodies. Similar behavior was observed with a polyacrylamide
sphere, a lesser followed by a greater compression yielding
apparent surface tension values of 11.4 and 17.0 dyne/cm,
respectively. In contrast, cell aggregates cultured long enough
to have entered the surface tension plateau but not long enough
to have left it yielded σ values that were independent of the
force applied to measure them. Fisher’s F test (Zar, 1974)
confirmed for each such tissue that surface tensions measured
in the first compression did not differ significantly from those
measured in the second compression (Table 1). In five cases a
third, still greater compression was accomplished. The surface
tensions measured here were also similar, although there were
insufficient data for statistical evaluation. Thus, the σ values
obtained for aggregates during their period of surface tension
stability over time meet the requirement for area-invariance.
They are true, liquid surface tensions. 

Tissue surface tension as a function of aggregate
volume
The surface tension of a true liquid body is independent of its
volume. To determine whether the cell aggregates whose
surface tensions we have measured possess this property of
liquids, aggregates of various sizes were prepared from each
of the tissues utilized here and their surface tensions were
determined. Aggregate surface tension was found in each case
to be independent of aggregate volume, the surface tension of
liver aggregates, for example, remaining constant over a 9-fold
range of volumes (Fig. 7). 

Tissue surface tensions predict mutual envelopment
behavior
Table 2 shows the mean surface tension values calculated for
aggregates of each of the five tissues examined during their
period of surface tension stability. Altogether, 62 aggregates
were subjected to a total of 98 compressions. Limb bud
mesoderm is the most cohesive of these tissues, with a surface
tension averaging 20.1 dyne/cm (the equivalent of erg/cm2).
Next most cohesive is pigmented epithelium, with an average
surface tension of 12.6 dyne/cm. Heart ventricle and liver
aggregate surface tensions averaged 8.5 and 4.6 dyne/cm,
respectively. The least cohesive among these aggregates were
those of neural retina, with surface tensions averaging 1.6
dyne/cm. A one-factor analysis of variance (ANOVA) and
multiple comparisons tests (Fishers PLSD and Scheffé’s F test;
Table 3) confirmed statistically significant differences between
the mean surface tension values of all of these tissues. 

To examine the relationship between tissue surface tensions
and envelopment behavior, binary combinations of cells from
adjacent tissues in the surface tension hierarchy were then
produced, either by cell mixing or by aggregate fusions. As
shown in Fig. 8, limb bud mesoderm is enveloped by
pigmented epithelium which, in turn, is enveloped by heart

R. A. Foty and others

Table 1.  Statistical comparison of surface tensions measured in two successive compressions
σ compression 1 σ compression 2

(dyne/cm) (dyne/cm)
Tissue n mean ± s.d. mean ± s.d. F calc. F0.05

Limb bud mesoderm 5 19.96±1.56 19.26±2.45 2.47 6.52
Pigmented epithelium 6 11.67±1.92 12.97±2.40 1.56 5.33
Heart 4 9.03±0.78 8.98±0.57 1.87 8.79
Liver 7 4.47±0.34 4.43±0.44 1.67 4.63
Neural retina 9 1.61±0.59 1.70±0.52 1.29 3.91

Of the 62 aggregates whose surface tension measurements are shown in Table 2, 31 were subjected to two successive compressions. For each aggregate type,
the mean surface tension values measured in the first compression are here compared with the mean values measured in the second compression. Fisher’s F test
was applied to evaluate the statistical significance of the differences between these two sets of means.  Since F calc is in each case smaller than F0.05, we must
accept the null hypothesis that the mean surface tension values measured in the two sets of compressions are equal.
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Fig. 7. Aggregate surface tensions are independent of their volume
(d limb bud, h pigmented retina, s heart, n liver, j neural
retina.).

Table 2.  Aggregate surface tension values for five
embryonic tissues 

Number of Number of σ ± s.e.m.
Tissue aggregates compressions (dyne/cm)

Limb bud mesoderm 12 17 20.1±0.5
Pigmented epithelium 13 21 12.6±0.4
Heart 12 16 8.5±0.2
Liver 14 22 4.6±0.1
Neural retina 11 22 1.6±0.1

Surface tension predicts sorting behaviour 
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Is cell sorting caused by differences in the work of adhesion? 

• Differences between cell aggregates and liquids:

1. Cells are « active particles ».  Aggregates are thermodynamically open systems,
The final configuration need not reflect minimisation of adhesive free energy. 

2.  Adhesion is much more than « close range attraction ». The forces that attract cells
   are not necessarily the same as those that hold cells together. 

Adhesion does not simply arise from H-bonds, van der Waals forces, electrostatic
interactions etc.

3. The work of adhesion need not be the same as the work of de-adhesion.

If there is a maturation of adhesion after cells are brought into contact (i.e. due to cells being active systems) 
the breakage of adhesive bonds is not the simple reverse of their formation.
(see Townes and Holtfreter 1955)

4. Adhesion molecules are not distributed uniformly and are mobile units.

Surface and adhesion are not linearly scaling with one another. 

A.K. Harris, J. Theor. Biol. (1976) 61:267
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1. Affinity and Adhesion: a specificity problem

2. Adhesion: a thermodynamic model

3. The molecular framework of adhesion 

6. Adhesion and dissipation 

Adhesion in multicellular organisms

4. Evolutionary origin of adhesion mechanisms

5. Adhesion as an active mechanism
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FIG. 4. Age dependence of cell binding to fibers coated with
anti-F2. (a) Binding of retinal and brain cells to fibers as a func-
tion of embryonic age. The vertical axis (FBC/cm) indicates the
number of cells bound along one edge of a one cm fiber segment.
(b) Increase in the number of cells obtained by dissociation of reti-
nal or brain tissue as a function of embryonic age.

ability of cells to bind to nylon fibers coated with anti-F2
also depended upon the age of the embryo, and different
profiles were obtained for retinal and brain cells (Fig. 4a).
Cells from both tissues of a 4-day embryo bound poorly to
the fibers. The binding of brain cells increased to a maxi-
mum by 6 4dys and then decreased. Retinal cells did not
bind until 5-6 days, reached maximal binding at 8-9 days,
and then decreased in their binding to low levels by the 13th
day. Binding of brain and retinal cells was inhibited 80-90%
by preincubation of the anti-F2 fiber with F2 (20.ug/ml). In
contrast to these results, binding of brain and retinal cells to
fibers coated with the lectin concanavalin A or antibodies
prepared against chick liver mlls that also bind to neural
cells did not vary more than about 30% as a function of em-
bryonic age. As with cell-cell binding, cells that were not al-
lowed to recover from trypsinization did not bind to anti-F2
fibers. Maximum levels of binding were obtained after a re-
covery period of only 2-4 hr, in contrast to the cell-cell
binding, which required 6-12 hr.

In Fig. 4 is also shown a graph of the numbers of cells in a
retina or brain as a function of embryonic age. Although
these numbers may reflect a complex pattern of cell divi-
sion, death, and migration, it is striking that, for both tissues,
the rate of increase in cell number was temporally related to
the ability of their cells to bind to other cells or to anti-F2 fi-
bers.

DISCUSSION
These studies of F1 and F2 and related proteins on brain
and retinal cell surfaces can be interpreted in terms of the
model shown in Fig. 5. This discussion, therefore, empha-
sizes the bases and the consequences of this model.
The data on initial binding events among individual brain

and retinal cells suggest that the molecular mechanism of
cell adhesion is the same in these two tissues. Brain and reti-
nal cells can bind to each other as well as to themselves, and
in all cases this binding can be inhibited by anti-F2. The dif-
ferent temporal patterns displayed in the cell-cell binding

L. F2
dimer

Cell-cell binding
FIG. 5. Proposed schematic model for the formation of cell-

cell bonds by a cell adhesion molecule (CAM). Both the activation
of CAM from proCAM and the production of soluble fragments
F1, F2, and F3 from proCAM are shown. The F3 component has
not been isolated and may be further degraded. Of the three possi-
ble mechanisms for CAM-mediated eell-cell binding, only the
symmetrical CAM-CAM bond is shown. A description of these
mechanisms as well as the assignment of cleavages and molecular
weights is contained in the text. The dashed arrow indicates the
blockage of cell-cell binding by reaction of anti-F2 with CAM.

experiments, therefore, appear to be under control of factors
other than simply the display of aggregation-promoting
molecules unique to each tissue (17).

In view of the specific inhibition of cell-cell binding by
antibodies to F2, we suggest that structures on a cell surface
molecule possessing antigenic determinants in common with
F2 participate in the binding rNotion. This conclusion is
further supported by the temporal correlation between the
ability of a cell to bind to a fiber coated with anti-F2 and its
ability to bind to another cell.
The problem is therefore to relate the antigenic determi-

nants on F2 to a cell surface molecule. In the model it is pro-
posed that these determinants are present on a cell adhesion
molecule (CAM), which contains F2 as an integral portion of
its single polypeptide chain. CAM, which is found on cells in
tissue or cultured in suspension, is generated by proteolytic
cleavage of a precursor molecule, proCAM, which is found
on the surface of retinal cells grown in monolayers. The
model, therefore, depicts proCAM as having at least two re-
gions that are sensitive to proteolytic cleavage. One of these
cleavage sites, called B in Fig. 5, involves the release of frag-
ment F1 into culture medium. The other, called the A site,
would account for two cleavages; (1) The formation of the
F2 subunit from F1, and (2) The conversion of proCAM into
CAM. In solution, the A site cleavage releases the F2 subunit
that subsequently forms a dimer. The same cleavage of pro-
CAM would produce the cell surface molecule CAM, which
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ABSTRACT In order to analyze the molecular mecha-
nisms of cell adhesion during development, proteins on the
surface of chick embryonic neural cells were compared with
proteins released after placing these cells in culture. One of
the components released into culture, F1 (molecular weight,
M, 140,000), was derived by proteolytic cleavage of a cell sur-
face precursor with a molecular weight of at least 240,000.
Another proteinj F2, recovered from culture as a dimer (Mr
110,000), appeared to be a product of limited proteolytic
cleavage of Fl. Cells in retina tissue possessed a surface pro-
tein of Mr 150,000 that also appeared to be derived by limit-
ed proteolytic cleavage of the cell surface precursor. Anti-
bodies to F2 interacted with determinants on the cell surface
protein of Mr 150,000, and specifically prevented homolo-
gous and heterologous binding among dissociated retinal and
brain cells. In contrast, antibodies to F1 failed to prevent
cell-cell adhesion and did not crossreact with F2. These data
suggest that the cell surface protein of Mr 150,000 generated
by limited proteolysis is involved in adhesion of both retinal
and brain cells.

Cell-cell binding of both retinal and brain cells varied as a
function of developmental age and brain cells acquired their
binding properties at an earlier time than retinal cells. Simi-
lar results were obtained in experiments on the binding of
retinal and brain cells of different ages to nylon fibers coated
with antibodies to F2. The results of the molecular and cellu-
lar experiments are incorporated in a model for cell adhesion
invoking both proteolytic activation and modulation of cell
surface ligands.
Cell adhesion has attracted the attention of biologists in a va-
riety of fields because it reflects some of the most funda-
mental aspects of metazoan physiology. Several attempts
have been made to analyze cell adhesion, but as yet its phys-
ical basis remains unknown. The main conclusion that can
be drawn from these studies (1-5) is that adhesion is a com-
plex phenomenon that in some way includes molecular liga-
tion of cell surfaces. In view of this complexity, an experi-
mental approach requires an analysis of (a) the structure of
molecules expressed at and released from the cell surface;
(b) the specific interactions among these molecules; (c) the
relationship of the properties of these molecules to cell-cell
binding in kinetically defined assays; and (d) the relation-
ship of this binding to tissue formation.

In this paper, we describe the application of this approach
to the study of adhesion among dissociated retinal and brain
cells from chick embryos. These studies suggest that proteo-
lytic alteration of a major cell surface protein results in the
appearance of determinants required for the initial forma-
tion of bonds between both retinal and brain cells. A model
of the activation and ligation steps has been formulated and

the overall control of adhesion during the development of
these two tissues is discussed in terms of this model.

MATERIALS AND METHODS
Preparation of Tissues and Cells. Neural retina and

brain tissues from white leghorn chick embryos were treated
with 0.5% trypsin (1-250, Nutritional Biochemicals Corp.) in
phosphate-buffered saline pH 7.3, for 20 min at 370, washed
three times, resuspended in medium (Dulbecco's Modified
Eagle Medium, Grand Island Biological Co., containing glu-
tamine, penicillin, streptomycin, and 20,g/ml of DNase I),
and then dispersed into single cells by pipetting. The disso-
ciated cells were allowed to recover for 12-24 hr at 37° ei-
ther in suspension cultures without serum, calcium or mag-
nesium, or as monolayers in medium with 5% fetal calf
serum. With suspension cultures the protease inhibitor
Trasylol (20 units/ml, Calbiochem) was added. Suspension
cultures yielded mostly single cells with a viability of 80-
90%.

Isolation of Proteins F1 and F2 from Retina. Retinas
from 10-day embryos were cultured either as intact tissue in
medium with Trasylol, or as cell monolayers in medium
with 5% serum. Supernatants from cultures of intact tissue
(TCS) were collected after 24 hr and centrifuged to remove
debris. Cells in monolayer cultures were washed and incu-
bated for 24-48 hr in medium without serum but with
Trasylol, after which the monolayer culture supernatant
(MCS) was collected and centrifuged.

After a 30-fold concentration by ultrafiltration through
Amicon PM-10 membranes, MCS and TCS from 400 retinas
were passed through DE-52 DEAE-cellulose (Whatman)
columns in 0.01 M Tris-HCl-0.4 M KCl, pH 7.2, to remove
nucleic acids, and fractionated on a 0.5 X 10 cm column of
DE-52 in 0.01 M Tris, pH 7.2, with a linear gradient from
0.01 to 0.4 M KCl. Fractions containing the F1 or F2 pro-
teins (see Fig. 1) were identified by analytical polyacrylam-
ide gel electrophoresis, pooled, and further separated by
preparative gel electrophoresis on 1 cm X 10 cm cylindrical
gels of 6.5% acrylamide in Tris-glycine buffer (6). F1 and
F2 were located by scanning the gels at 280 nm with a Gil-
ford spectrophotometer and eluted from the appropriate gel
slice by electrophoresis (7). The yield of F1 from MCS was
about 250 Mg. The yield of F2 from TCS varied from 50 to
150,gg.

Preparation of Antibodies. Rabbits were immunized at
monthly intervals with 100 ,4g of purified F1 or F2 in
Freund's adjuvant. The immunoglobulin fraction from the
antisera was used in all experiments. To detect F1 or F2 on
the cell surface membrane, cells were incubated with anti-
body labeled with fluorescein (8) or 125I (9) (50-1000lg/ml,
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Abbreviations: CAM, cell adhesion molecule; MCS, monolayer cul-
ture supernatant; TCS, tissue culture supernatant; Mr, molecular
weight.

Proc. Nat. Acad. Sci. USA
Vol. 73, No. 2, pp. 577-581, February 1976
Cell Biology

Mechanisms of adhesion among cells from neural tissues of the chick
embryo

(cell-cell binding/brain and retinal cells/cell surface proteins/proteolytic activation)

URS RUTISHAUSER, JEAN-PAUL THIERY, ROBERT BRACKENBURY, BEN-AMI SELA, AND
GERALD M. EDELMAN
The Rockefeller University, New York, N.Y. 10021

Contributed by Gerald M. Edelman, December 9,1975

ABSTRACT In order to analyze the molecular mecha-
nisms of cell adhesion during development, proteins on the
surface of chick embryonic neural cells were compared with
proteins released after placing these cells in culture. One of
the components released into culture, F1 (molecular weight,
M, 140,000), was derived by proteolytic cleavage of a cell sur-
face precursor with a molecular weight of at least 240,000.
Another proteinj F2, recovered from culture as a dimer (Mr
110,000), appeared to be a product of limited proteolytic
cleavage of Fl. Cells in retina tissue possessed a surface pro-
tein of Mr 150,000 that also appeared to be derived by limit-
ed proteolytic cleavage of the cell surface precursor. Anti-
bodies to F2 interacted with determinants on the cell surface
protein of Mr 150,000, and specifically prevented homolo-
gous and heterologous binding among dissociated retinal and
brain cells. In contrast, antibodies to F1 failed to prevent
cell-cell adhesion and did not crossreact with F2. These data
suggest that the cell surface protein of Mr 150,000 generated
by limited proteolysis is involved in adhesion of both retinal
and brain cells.

Cell-cell binding of both retinal and brain cells varied as a
function of developmental age and brain cells acquired their
binding properties at an earlier time than retinal cells. Simi-
lar results were obtained in experiments on the binding of
retinal and brain cells of different ages to nylon fibers coated
with antibodies to F2. The results of the molecular and cellu-
lar experiments are incorporated in a model for cell adhesion
invoking both proteolytic activation and modulation of cell
surface ligands.
Cell adhesion has attracted the attention of biologists in a va-
riety of fields because it reflects some of the most funda-
mental aspects of metazoan physiology. Several attempts
have been made to analyze cell adhesion, but as yet its phys-
ical basis remains unknown. The main conclusion that can
be drawn from these studies (1-5) is that adhesion is a com-
plex phenomenon that in some way includes molecular liga-
tion of cell surfaces. In view of this complexity, an experi-
mental approach requires an analysis of (a) the structure of
molecules expressed at and released from the cell surface;
(b) the specific interactions among these molecules; (c) the
relationship of the properties of these molecules to cell-cell
binding in kinetically defined assays; and (d) the relation-
ship of this binding to tissue formation.

In this paper, we describe the application of this approach
to the study of adhesion among dissociated retinal and brain
cells from chick embryos. These studies suggest that proteo-
lytic alteration of a major cell surface protein results in the
appearance of determinants required for the initial forma-
tion of bonds between both retinal and brain cells. A model
of the activation and ligation steps has been formulated and

the overall control of adhesion during the development of
these two tissues is discussed in terms of this model.

MATERIALS AND METHODS
Preparation of Tissues and Cells. Neural retina and

brain tissues from white leghorn chick embryos were treated
with 0.5% trypsin (1-250, Nutritional Biochemicals Corp.) in
phosphate-buffered saline pH 7.3, for 20 min at 370, washed
three times, resuspended in medium (Dulbecco's Modified
Eagle Medium, Grand Island Biological Co., containing glu-
tamine, penicillin, streptomycin, and 20,g/ml of DNase I),
and then dispersed into single cells by pipetting. The disso-
ciated cells were allowed to recover for 12-24 hr at 37° ei-
ther in suspension cultures without serum, calcium or mag-
nesium, or as monolayers in medium with 5% fetal calf
serum. With suspension cultures the protease inhibitor
Trasylol (20 units/ml, Calbiochem) was added. Suspension
cultures yielded mostly single cells with a viability of 80-
90%.

Isolation of Proteins F1 and F2 from Retina. Retinas
from 10-day embryos were cultured either as intact tissue in
medium with Trasylol, or as cell monolayers in medium
with 5% serum. Supernatants from cultures of intact tissue
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bated for 24-48 hr in medium without serum but with
Trasylol, after which the monolayer culture supernatant
(MCS) was collected and centrifuged.

After a 30-fold concentration by ultrafiltration through
Amicon PM-10 membranes, MCS and TCS from 400 retinas
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F2 were located by scanning the gels at 280 nm with a Gil-
ford spectrophotometer and eluted from the appropriate gel
slice by electrophoresis (7). The yield of F1 from MCS was
about 250 Mg. The yield of F2 from TCS varied from 50 to
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The Discovery of Cell-Cell Adhesion Molecules 

Hypothesised Cell Adhesion Molecule  (CAM)
CAM-CAM interaction mediates adhesion
Proteolytic cleavages of CAM and Antibody against F2 blocks cell adhesion



TABLE I 
Binding among chick neural retinal cells of different ages 

See Ref. 6 for details of the cell-cell binding assay. The standard 
deviation in trinlicate assavs is shown. 

Age of embryo Aggregation sssay Cell-cell binding assay 
days A% cells/mm’ 

8 52 + 2 450 k 51 
10 40 I 2 363 of: 42 
12 22 2 1 179 r 25 
14 14 ‘- 1 105 t- 15 

Adhesion among Neural Cells. I 

BOC 
6837 

Yl- 
IO 20 30 40 50 

Minutes 

FIG. 2. Aggregation of retinal cells from lo-day-old chick embryos 
detected as the rate of decrease in total particle number. O-O, 
in the presence of 1 mg of Fab’ from unimmunized rabbits; O-0, 
A-A, and A-A, in the presence of 1 mg of Fab’ from three 
different rabbits immunized with retinal cells from lo-day-old chick 
embryos. The arrow indicates the time at which the rate of aggre- 
gation was routinely measured in assays. 

FIG. 1. Aggregation of retinal cells from lo-day-old chick em- 
bryos. Q, cells prior to aggregation; b, aggregates produced after 
incubation for 30 min at 37”; c, aggregation for 30 min at 37” in the 
presence of anti-R10 Fab’. 

0 6 12 18 24 
property of retinal cells and not just a specialized feature of a Hours of culture 
minor subpopulation of cells. FIG. 3. Aggregation of trypsinized retinal cells whose cell surface 

Although cells that had been cultured after trypsinization proteins have reappeared during culture in suspension. Per cent 
aggregated rapidly, freshly trypsinized cells did not bind to aggregation (solid lines) and the relative amount of total radioiodi- 
each other (Fig. 3). It is likely that this lack of adhesiveness nated cell surface protein (dashed lines) is indicated as a function of 

reflects the removal by trypsinization of proteins essential for 
culture time in two experiments (open and closed circles). The 
amount of protein removed by trypsinization, and the rates of 

cell-cell binding. When these cells were cultured in suspen- increase in adhesiveness and surface protein varied with different 
sion, their surface proteins were gradually regenerated and cell preparations. 
their adhesiveness increased, reaching a plateau after about 
12 h (Fig. 3). We therefore carried out all experiments with inhibited the aggregation of the retinal cells (Figs. lc and 2). 
cells that were cultured in suspension for 18 to 24 h. Considerable variation in the amount of inhibition was ob- 

Inhibition of Aggregation by Anti-R10 Fab’ Fragments- served with antibodies from different rabbits subjected to the 
Immunoglobulin produced in rabbits against retinal cells from same injection schedule (Fig. 2). 
lo-day-old chick embryos (anti-RlO) was found to agglutinate As shown in Fig. 4, aggregation was inversely proportional 
retinal cells in suspension. Monovalent Fab’ fragments pre- to the logarithm of the Fab’ concentration. This relationship 
pared from the antibodies did not agglutinate, but instead is consistent with a mechanism in which the inhibition bv 
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An immunologically based method for the quantitative 
assay of molecules involved in cell adhesion is described. 
Three observations served as a basis for this assay: (a) cells 
obtained by trypsinization of retinal tissue aggregated 
rapidly, provided they had been allowed to recover in culture 
from the dissociation process; (b) treatment of chick retinal 
cells with Fab’ fragments from rabbit antibodies against 
these cells prevented their aggregation; and (c) incubation 
of these antibody fragments with antigens released by 
retinal cells in culture neutralized their ability to inhibit 
aggregation. The amount of neutralizing antigen was deter- 
mined by measuring the rates of cell aggregation in the 
presence and absence of antibody and antigen using a 
particle counter. Although adhesion was inhibited by anti- 
retinal cell antibodies, it was not affected by lectins or 
anti-carbohydrate antibodies that also were bound to the 
cell surface. Together, the results suggest that the inhibi- 
tion involved blockade or inactivation of particular cell 
surface molecules and that the retinal cell antigens capable 
of neutralizing the antibodies represented these molecules 
or their fragments. In the accompanying paper, we describe 
the use of this assay for the purification from culture 
supernatants of a cell surface molecule involved in cell to 
cell adhesion. 

Cell-cell recognition and adhesion appear to be important 
processes in tissue formation, and a variety of intercellular 
junctions have been described by morphological methods. 
Nevertheless, there are few developmental events in which 
the role played by these interactions has been defined pre- 
cisely. The major difficulty has been that interactions among 
cells in tissues are complex, so that identification of the 
molecules involved and analysis of their functions requires 
the development of in vitro systems that are comparatively 

* This work was supported by United States Public Health Service 
Grants HD-09635, AI-11378, and AM-04256. The costs of publication 
of this article were defrayed in part by the payment of page charges. 
This article must therefore be hereby marked “aduertisement” in 
accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 

$ Postdoctoral Fellow of the Jane Coffin Childs Memorial Fund 
for Medical Research. 

0 Postdoctoral Fellow of the Fogarty International Center of the 
National Institutes of Health. 

simple, yet retain relevance to normal embryogenesis. 
A frequently used approach has been to study the aggrega- 

tion of cells obtained from embryonic tissues. Adhesion among 
these cells has been assessed by a variety of techniques: 
measurement of the size of aggregates formed over relatively 
long time periods (1); determination of the initial rate of 
aggregation in rotary cultures using a particle counter (2, 3); 
and monitoring the binding of radioactive or fluorescent cells 
to cell aggregates (4) or monolayers (5-7). Using these assays, 
variations in binding among cells from different tissues have 
been observed (1, 4, 6-101, and several models have been 
proposed to account for the results (1, 6, 9, 11-13). To test 
these models, several workers have attempted to identify 
molecules involved in adhesion (6, 9, 14-17). Because of 
differences in the methods used, however, the results obtained 
have been difficult to compare, and little consensus has 
emerged concerning the mechanism or specificity of cell adhe- 
sion. 

We have also examined the aggregation of cells from disso- 
ciated embryonic tissues and describe here an immunochemi- 
cal approach to the identification of molecules involved in cell 
adhesion. First, cells dissociated by trypsinization (18) are 
cultured in suspension to regenerate surface proteins removed 
or damaged during the dissociation process. The adhesiveness 
of these cells is then measured in terms of their initial rate of 
binding (2). Substances involved in adhesion are obtained 
from cultures (19) of retinal tissue and detected by an assay 
based on the specific neutralization of antibodies that inhibit 
initial formation of cell-cell bonds. 

This paper describes the general procedures used to prepare 
the cells, antibodies, and antigens required for analysis of 
cell adhesion in neural tissues, as well as the rationale behind 
the methods for quantitative detection of molecules involved 
in cell adhesion. The accompanying paper (20) describes the 
use of these techniques to purify and characterize such a 
molecule from retinal cells, to prepare specific antibodies to 
it, and to demonstrate its presence on the cell surface. 

MATERIALS AND METHODS 

Preparation of Cells- Neural retinal tissue was dissected from 
white- Leghorn chick embryos obtained from eggs that had been 
incubated at 37” for 10 days (or for other time periods where 
specified). To dissociate the tissue, 20 retinas dissected from embry- 
onic eyes were first incubated on a rotary shaker (70 rpm) with 5 ml 
of 0.5% (w/v) crude trypsin (l-250, Nutritional Biochemicals Corp.) 

6835 
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Nevertheless, there are few developmental events in which 
the role played by these interactions has been defined pre- 
cisely. The major difficulty has been that interactions among 
cells in tissues are complex, so that identification of the 
molecules involved and analysis of their functions requires 
the development of in vitro systems that are comparatively 

* This work was supported by United States Public Health Service 
Grants HD-09635, AI-11378, and AM-04256. The costs of publication 
of this article were defrayed in part by the payment of page charges. 
This article must therefore be hereby marked “aduertisement” in 
accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 

$ Postdoctoral Fellow of the Jane Coffin Childs Memorial Fund 
for Medical Research. 

0 Postdoctoral Fellow of the Fogarty International Center of the 
National Institutes of Health. 

simple, yet retain relevance to normal embryogenesis. 
A frequently used approach has been to study the aggrega- 

tion of cells obtained from embryonic tissues. Adhesion among 
these cells has been assessed by a variety of techniques: 
measurement of the size of aggregates formed over relatively 
long time periods (1); determination of the initial rate of 
aggregation in rotary cultures using a particle counter (2, 3); 
and monitoring the binding of radioactive or fluorescent cells 
to cell aggregates (4) or monolayers (5-7). Using these assays, 
variations in binding among cells from different tissues have 
been observed (1, 4, 6-101, and several models have been 
proposed to account for the results (1, 6, 9, 11-13). To test 
these models, several workers have attempted to identify 
molecules involved in adhesion (6, 9, 14-17). Because of 
differences in the methods used, however, the results obtained 
have been difficult to compare, and little consensus has 
emerged concerning the mechanism or specificity of cell adhe- 
sion. 

We have also examined the aggregation of cells from disso- 
ciated embryonic tissues and describe here an immunochemi- 
cal approach to the identification of molecules involved in cell 
adhesion. First, cells dissociated by trypsinization (18) are 
cultured in suspension to regenerate surface proteins removed 
or damaged during the dissociation process. The adhesiveness 
of these cells is then measured in terms of their initial rate of 
binding (2). Substances involved in adhesion are obtained 
from cultures (19) of retinal tissue and detected by an assay 
based on the specific neutralization of antibodies that inhibit 
initial formation of cell-cell bonds. 

This paper describes the general procedures used to prepare 
the cells, antibodies, and antigens required for analysis of 
cell adhesion in neural tissues, as well as the rationale behind 
the methods for quantitative detection of molecules involved 
in cell adhesion. The accompanying paper (20) describes the 
use of these techniques to purify and characterize such a 
molecule from retinal cells, to prepare specific antibodies to 
it, and to demonstrate its presence on the cell surface. 

MATERIALS AND METHODS 

Preparation of Cells- Neural retinal tissue was dissected from 
white- Leghorn chick embryos obtained from eggs that had been 
incubated at 37” for 10 days (or for other time periods where 
specified). To dissociate the tissue, 20 retinas dissected from embry- 
onic eyes were first incubated on a rotary shaker (70 rpm) with 5 ml 
of 0.5% (w/v) crude trypsin (l-250, Nutritional Biochemicals Corp.) 
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An immunologically based method for the quantitative 
assay of molecules involved in cell adhesion is described. 
Three observations served as a basis for this assay: (a) cells 
obtained by trypsinization of retinal tissue aggregated 
rapidly, provided they had been allowed to recover in culture 
from the dissociation process; (b) treatment of chick retinal 
cells with Fab’ fragments from rabbit antibodies against 
these cells prevented their aggregation; and (c) incubation 
of these antibody fragments with antigens released by 
retinal cells in culture neutralized their ability to inhibit 
aggregation. The amount of neutralizing antigen was deter- 
mined by measuring the rates of cell aggregation in the 
presence and absence of antibody and antigen using a 
particle counter. Although adhesion was inhibited by anti- 
retinal cell antibodies, it was not affected by lectins or 
anti-carbohydrate antibodies that also were bound to the 
cell surface. Together, the results suggest that the inhibi- 
tion involved blockade or inactivation of particular cell 
surface molecules and that the retinal cell antigens capable 
of neutralizing the antibodies represented these molecules 
or their fragments. In the accompanying paper, we describe 
the use of this assay for the purification from culture 
supernatants of a cell surface molecule involved in cell to 
cell adhesion. 

Cell-cell recognition and adhesion appear to be important 
processes in tissue formation, and a variety of intercellular 
junctions have been described by morphological methods. 
Nevertheless, there are few developmental events in which 
the role played by these interactions has been defined pre- 
cisely. The major difficulty has been that interactions among 
cells in tissues are complex, so that identification of the 
molecules involved and analysis of their functions requires 
the development of in vitro systems that are comparatively 
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simple, yet retain relevance to normal embryogenesis. 
A frequently used approach has been to study the aggrega- 

tion of cells obtained from embryonic tissues. Adhesion among 
these cells has been assessed by a variety of techniques: 
measurement of the size of aggregates formed over relatively 
long time periods (1); determination of the initial rate of 
aggregation in rotary cultures using a particle counter (2, 3); 
and monitoring the binding of radioactive or fluorescent cells 
to cell aggregates (4) or monolayers (5-7). Using these assays, 
variations in binding among cells from different tissues have 
been observed (1, 4, 6-101, and several models have been 
proposed to account for the results (1, 6, 9, 11-13). To test 
these models, several workers have attempted to identify 
molecules involved in adhesion (6, 9, 14-17). Because of 
differences in the methods used, however, the results obtained 
have been difficult to compare, and little consensus has 
emerged concerning the mechanism or specificity of cell adhe- 
sion. 

We have also examined the aggregation of cells from disso- 
ciated embryonic tissues and describe here an immunochemi- 
cal approach to the identification of molecules involved in cell 
adhesion. First, cells dissociated by trypsinization (18) are 
cultured in suspension to regenerate surface proteins removed 
or damaged during the dissociation process. The adhesiveness 
of these cells is then measured in terms of their initial rate of 
binding (2). Substances involved in adhesion are obtained 
from cultures (19) of retinal tissue and detected by an assay 
based on the specific neutralization of antibodies that inhibit 
initial formation of cell-cell bonds. 

This paper describes the general procedures used to prepare 
the cells, antibodies, and antigens required for analysis of 
cell adhesion in neural tissues, as well as the rationale behind 
the methods for quantitative detection of molecules involved 
in cell adhesion. The accompanying paper (20) describes the 
use of these techniques to purify and characterize such a 
molecule from retinal cells, to prepare specific antibodies to 
it, and to demonstrate its presence on the cell surface. 

MATERIALS AND METHODS 

Preparation of Cells- Neural retinal tissue was dissected from 
white- Leghorn chick embryos obtained from eggs that had been 
incubated at 37” for 10 days (or for other time periods where 
specified). To dissociate the tissue, 20 retinas dissected from embry- 
onic eyes were first incubated on a rotary shaker (70 rpm) with 5 ml 
of 0.5% (w/v) crude trypsin (l-250, Nutritional Biochemicals Corp.) 
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TABLE I 
Binding among chick neural retinal cells of different ages 

See Ref. 6 for details of the cell-cell binding assay. The standard 
deviation in trinlicate assavs is shown. 

Age of embryo Aggregation sssay Cell-cell binding assay 
days A% cells/mm’ 

8 52 + 2 450 k 51 
10 40 I 2 363 of: 42 
12 22 2 1 179 r 25 
14 14 ‘- 1 105 t- 15 

Adhesion among Neural Cells. I 

BOC 
6837 

Yl- 
IO 20 30 40 50 

Minutes 

FIG. 2. Aggregation of retinal cells from lo-day-old chick embryos 
detected as the rate of decrease in total particle number. O-O, 
in the presence of 1 mg of Fab’ from unimmunized rabbits; O-0, 
A-A, and A-A, in the presence of 1 mg of Fab’ from three 
different rabbits immunized with retinal cells from lo-day-old chick 
embryos. The arrow indicates the time at which the rate of aggre- 
gation was routinely measured in assays. 

FIG. 1. Aggregation of retinal cells from lo-day-old chick em- 
bryos. Q, cells prior to aggregation; b, aggregates produced after 
incubation for 30 min at 37”; c, aggregation for 30 min at 37” in the 
presence of anti-R10 Fab’. 

0 6 12 18 24 
property of retinal cells and not just a specialized feature of a Hours of culture 
minor subpopulation of cells. FIG. 3. Aggregation of trypsinized retinal cells whose cell surface 

Although cells that had been cultured after trypsinization proteins have reappeared during culture in suspension. Per cent 
aggregated rapidly, freshly trypsinized cells did not bind to aggregation (solid lines) and the relative amount of total radioiodi- 
each other (Fig. 3). It is likely that this lack of adhesiveness nated cell surface protein (dashed lines) is indicated as a function of 

reflects the removal by trypsinization of proteins essential for 
culture time in two experiments (open and closed circles). The 
amount of protein removed by trypsinization, and the rates of 

cell-cell binding. When these cells were cultured in suspen- increase in adhesiveness and surface protein varied with different 
sion, their surface proteins were gradually regenerated and cell preparations. 
their adhesiveness increased, reaching a plateau after about 
12 h (Fig. 3). We therefore carried out all experiments with inhibited the aggregation of the retinal cells (Figs. lc and 2). 
cells that were cultured in suspension for 18 to 24 h. Considerable variation in the amount of inhibition was ob- 

Inhibition of Aggregation by Anti-R10 Fab’ Fragments- served with antibodies from different rabbits subjected to the 
Immunoglobulin produced in rabbits against retinal cells from same injection schedule (Fig. 2). 
lo-day-old chick embryos (anti-RlO) was found to agglutinate As shown in Fig. 4, aggregation was inversely proportional 
retinal cells in suspension. Monovalent Fab’ fragments pre- to the logarithm of the Fab’ concentration. This relationship 
pared from the antibodies did not agglutinate, but instead is consistent with a mechanism in which the inhibition bv 

 by guest on A
ugust 31, 2017

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

Thomas LECUIT   2017-2018

The Discovery of Cell-Cell Adhesion Molecules 

t=0

t=30 min

t=30 min
+ anti-R10 Fab fragment

Trypsinised cells re-aggregate
Fab (antigen binding) fragment against these cells prevents 
re-aggregation
Cells release proteins that block Fab fragment activity
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From The Rockefeller University, New York, New York 10021 

The aggregation of cells from dissociated neural retinas 
of chick embryos can be inhibited by antibodies prepared 
against whole retinal cells. In order to identify the antigens 
involved, substances released by retinal tissues in culture 
were tested for their ability to neutralize specifically the 
inhibition by antibody of cell adhesion. Using this assay, 
three active polypeptides from the culture supernatant were 
purified 500.fold by gel filtration and polyacrylamide gel 
electrophoresis. Rabbit antibodies prepared against these 
purified supernatant activities inhibited cell adhesion and 
reacted only with the three polypeptides. 

Immunoprecipitation by the specific antibodies of 3H- 
labeled proteins from a detergent extract of embryonic 
retinal cell membranes yielded a polypeptide having a M, of 
140,000 in sodium dodecyl sulfate. This precipitation was 
inhibited in the presence of the three culture supernatant 
poiypeptides that had activity, suggesting that they con- 
tained antigenic determinants in common with the 140,000 
M, surface component. They therefore represent all or parts 
of this cell surface molecule that were released into solution 
during tissue culture. The data are consistent with the 
hypothesis that the 140,000 M, polypeptide is intimately 
involved in initial adhesion among neural cells. 

The formation of contacts among cells is a basic feature in 
the development of metazoan organisms. The molecular basis 
of cell to cell adhesion remains almost completely unknown, 
however, largely because techniques for the detection, isola- 
tion, and analysis of molecules from the cell surface have 
only recently been developed. A major difficulty has been the 
identification of substances that are directly involved in the 
formation of cell-cell bonds, namely cell surface ligands and 
other molecules associated with the control of adhesiveness. 
A main requirement for resolving this difficulty is to devise 
an assay for cell adhesion molecules so that they can be 
purified and characterized. 

* This work was supported by United States Public Health Service 
Grants HD-09635, AI-11378, and AM-04256. The costs of publication 
of this article were defrayed in part by the payment of page charges. 
This article must therefore be hereby marked “aduertisemenY in 
accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 

$ Postdoctoral Fellow of the Fogarty International Center of the 
National Institutes of Health. 

§ Postdoctoral Fellow of the Jane Coffin Childs Memorial Fund 
for Medical Research. 

In the accompanying paper, we have described the develop- 
ment and use of a specific immunological assay for molecules 
involved in cell adhesion (1). This procedure is based on the 
inhibition of adhesion by antibodies prepared against whole 
cells, and the identification of antigens recognized by these 
antibodies. In the present report, we describe the use of this 
assay to purify from culture supernatants of chick embryo 
retinal tissue a molecule that is associated with neural retinal 
cell adhesion. This molecule has been characterized in terms 
of its antigenic determinants and its molecular weight. Im- 
munization of rabbits with the purified molecule has yielded 
a specific antiserum that inhibits cell adhesion. Immunopre- 
cipitation and surface mapping with the specific antibodies 
have allowed detection of this molecule on the surface of 
neural retinal cells. 

MATERIALS AND METHODS 

Many of the procedures, reagents, and assays used in the experi- 
ments are described in the preceding paper (1). These include: (a) 
dissociation of retinal tissue by trypsinization and recovery of these 
cells in suspension culture; (b) preparation of antibodies against 
retinal cells and preparation of monovalent Fab’ fragments; (c) 
isolation of retinal cell antigens from cultures of retinal tissue; and 
(d) an immunological assay for cell adhesion molecules based on 
their ability to neutralize Fab’ fragments that inhibit the aggre- 
gation of retinal cells. One unit of this activity was defined as the 
amount of material that would produce a 25% decrease in the 
inhibition of adhesion caused by 1 mg of Fab’ fragment. 

Fractionation of Tissue Culture Supernatants - The tissue culture 
supernatant from 400 lo-day-old retinas was concentrated to 10 ml 
by ultrafiltration at 4” through Amicon PM-10 membranes. To 
remove DNA, the TCS’ was made 0.4 M in KC1 and passed through 
a column (1 x 10 cm) of DEAE-cellulose (DE52, Whatman) equili- 
brated with 0.4 M KCl, 0.01 M Tris, pH 7.2. The eluate was 
concentrated by ultrafiltration to 1 ml and fractionated by gel 
filtration at 4” on a column (1 x 50 cm) of agarose A-0.5m (Bio- 
Rad) equilibrated in salt/P, buffer, pH 7.4. The A-0.5m fractions (1 
ml each) were assayed for neutralizing activity, protein concentra- 
tion by absorbance at 280 nm, and the presence of lz51-labeled rabbit 
immunoglobulin G, which served as an internal standard for esti- 
mation of molecular weights. To estimate molecular weights in 
salt/P, buffer (21, the elution volume of the activity was compared 
on the same column to that of thyroglobulin (M, = 670,000), ferritin 
(M, = 425,000), glutamic acid dehydrogenase (M, = 320,000), rabbit 
immunoglobulin G (M, = 150,000), and bovine serum albumin (M, 
= 68,000). 

1 The abbreviations used are: TCS, tissue culture supernatant; 
anti-RlO, rabbit antibodies against retinal cells of lo-day-old chick 
embryos; salt/P, buffer, pH 7.4: 8 g of NaCl, 0.2 g of KCl, 0.2 g of 
KH,PO,, 0.15 g of Na,HPO,/liter; SDS, sodium dodecyl sulfate; 
CAM, cell adhesion molecule. 
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0.1% SDS, was polymerized with 0.1% TEMED and 
0.16 % riboflavin. The electrode buffer contained 6 g of 
Tris, 28.8 g of glycine and 1 g of SDS in 1,000 ml. Cells 
were dissolved in 0.125 M Tris-HC1 (pH 6.8), 2% 
SDS, 10% glycerol, 2 mM phenylmethylsulfonylfluor- 
ide, and 0,001% bromphenol blue (sample buffer). 
After addition of 5-10% 2-mercaptoethanol, the sam- 
ples were incubated in boiling water for 2 rain. Electro- 
phoresis was carried out at 11 mA until the brom- 
phenol blue marker reached a distance of 13 cm from 
the top of the separation gel. The gels were stained with 
0.25% Coomassie Blue in 25% 2-propanol and 10% 
acetic acid. After destaining with 5% ethanol and 10% 
acetic acid, gels were dried under vacuum and autora- 
diographed with X-ray film (RP/R54 Eastman Kodak 
Co., Rochester, N.Y.). 

Other Reagents 
Other reagents used were obtained from the follow- 

ing sources: cycloheximide, dithiothreitol, /3-galacto- 
sidase, catalase, and ovalbumin from Sigma Chemical, 
colcemid from GIBCO, tetracaine from Schwarz/Mann 
Div., Becton, Dickson & Co. (Orangeburg, N.Y.), 
cytochalasin B from Imperial Chemical Industries Ltd. 
(Cheshire, England), and neuraminidase from Calbio- 
chem. A23187 was a gift from Eli Lilly and Co. (India- 
napolis, Indiana). Myosin was extracted from mouse leg 
by the method of Perry (21). 

R E S U L T S  

Aggregation of Cells after Different 
Treatments for Dissociation 

The reaggregative properties of cells disso- 
ciated with 1 mM E D T A ,  0 .01% trypsin + 0.1 
mM CaCI2, or 0 .01% trypsin + 1 mM E D T A  

were compared.  Cells dissociated with 1 mM 
E D T A  (E-cells) aggregated rapidly (Fig. l a ) .  
This aggregation was enhanced by the addition of 
1 mM Ca "+, but occurred even in the absence of 
divalent cations. Cells dissociated with 0 .01% 
trypsin + 0.1 mM Ca .'§ (TC-cells) did not aggre- 
gate in the absence of divalent cations, but rap- 
idly aggregated in the presence of Ca .-'§ (Fig. 
l b ) .  Cells dissociated with 0 .01% trypsin + 1 
mM E D T A  completely lost their aggregability 
and exhibited no Ca ̀ -'+ effect (Fig. l c ) .  

The effect of various concentrat ions (0 .01-10 
mM) of Ca ̀ -'+ and Mg 2+ on the aggregation of 
these three types of cells was studied. For  E- and 
TC-cells,  Ca .'+ was maximally effective at 1 mM. 
TE-cells did not aggregate at any concentrat ion 
of Ca z+. Mg 2+ enhanced the aggregation of all 
three cell types, but to a much lesser degree than 
did Ca ~+ for E- or  TC-cells,  suggesting different 
specificities for the two ions. 

E-cells were treated with 0 .01% trypsin (with 
or without Ca z+) to determine whether  such cells 
had an identical aggregation pathway to TC-cells. 
E-cells treated with trypsin + Ca .-'+ retained their 
ability to aggregate in the presence of Ca 2+, but 
lost the ability to aggregate in the absence of 
Ca ~'+ (Table I). This property is exactly the same 
as that of TC-cells.  E-cells treated with trypsin 
without Ca .'+ completely lost their aggregabil- 
ity, exactly like TE-cells.  These results show that 
E-cells possess the same Ca2+-dependent adhe- 
sive property found in TC-cells. 

The effect of temperature  on the aggregation 
of E- and TC-cells was studied (Fig. 2). E-cells 
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FIGURE 1 Aggregation of cells dissociated with 1 mM EDTA (a), 0.01% trypsin + 0.01 mM Ca z§ (b), 
and 0.01% trypsin + 1 mM EDTA (c). Medium for aggregation contains 1 mM Ca 2§ (tb----Q), or no 
divalent cation (0--(3). 
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Fmu~E 4 Photomicrographs of cell aggregates. E-cells in 1 mM Ca ~+ (a), in no divalent cations (b), and 
in 1 mM Mg 2+ (d); TC-cells in 1 mM Ca 2+ (c). Cells were incubated for 60 rain at 37~ x 360. 

Aggregates of E-cells in Ca2+-free medium 
showed a different morphology. Individual cells 
within an aggregate remained round like unag- 
gregated cells (Fig. 4b ) .  Mg 2+ had no effect on 
the morphology of E-cell aggregates (Fig. 4d  ). 

Correlations o f  Cell Adhesiveness 
to Cell Surface Proteins 

To further characterize the cell surface compo- 
nents associated with the cell adhesion properties 
observed above, the lactoperoxidase-catalyzed 
iodination of intact cells (12, 22, 23) was exam- 
ined, and the iodinatable protein species were 
compared among E-, TC-, and TE-cells by SDS- 

polyacrylamide gel electrophoresis. Those cells 
freshly prepared were iodinated in HCMF at 
5~ Fig. 5 (a, b, and c) shows autoradiographs 
of the SDS gel electrophoresis patterns obtained 
from the whole cell proteins extracted from iodi- 
hated E-, TC-, and TE-cells. A number of radio- 
active bands appeared in all three types of cells. 
Several bands, particularly two components 
whose molecular weight (mol wt) is approxi- 
mately 60,000, were, however, apparently more 
intensely labeled in E-cells than in trypsinized 
cells. When the radioactive bands of TC- (Fig. 
5 b ) and TE-cells (Fig. 5 c)  were compared, one 
clear difference was observed. A radioactive pro- 
tein with a molecular weight of approximately 
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FUNCTIONAL CORRELATION BETWEEN CELL ADHESIVE 

PROPERTIES AND SOME CELL SURFACE PROTEINS 

MASATOSHI TAKEICHI 

From the Department of Embryology, Carnegie Institution of Washington, Baltimore, Maryland 
21210. Dr. Takeichi's present address is the Department of Biophysics, Faculty of Science, University 
of Kyoto, Kyoto 606, Japan. 

ABSTRACT 

The adhesive properties of Chinese hamster V79 cells were analyzed and charac- 
terized by various cell dissociation treatments.  The comparisons of aggregatability 
among cells dissociated with E D T A ,  trypsin + Ca z+, and trypsin + E D T A ,  
revealed that these cells have two adhesion mechanisms, a Ca2+-independent and 
a Ca2+-dependent one. The former did not depend on temperature,  whereas the 
latter occurred only at physiological temperatures.  Both mechanisms were trypsin 
sensitive, but the Ca2+-dependent one was protected by Ca ~+ against trypsiniza- 
tion. 

In morphological studies, the Ca2+-independent adhesion appeared to be a 
simple agglutination or flocculation of cells, whereas the Ca2+-dependent adhesion 
seemed to be more physiological, being accompanied by cell deformation resulting 
in the increase of contact area between adjacent cells. 

Lactoperoxidase-catalyzed iodination of cell surface proteins revealed that sev- 
eral proteins are more intensely labeled in cells with Ca2+-independent adhesive- 
ness than in cells without that property. It was also found that a cell surface 
protein with a molecular weight of approximately 150,000 is present only in cells 
with Ca2§ adhesiveness. The iodination and trypsinization of this 
protein were protected by Ca z+, suggesting its reactivity to Ca 2+. Possible mecha- 
nisms for each adhesion property are discussed, taking into account the correla- 
tion of these proteins with cell adhesiveness. 

KEY WORDS cell adhesion  9 cell surface 
proteins  9 Ca 2+ Chinese hamster cells 
lactoperoxidase-catalyzed iodination 

Cellular adhesiveness is one of the fundamental 
properties of cells constituting tissues in multicel- 
lular organisms. Basic studies on cell adhesion will 
provide important information for understanding 
control mechanisms in cell behavior and morpho- 
genesis. Although there have been many studies 
of the adhesive properties of cells, the reports 
from different laboratories are often conflicting. 

For example, temperature independence of cell 
aggregation was found by several workers (3, 
16), whereas other authors obtained the opposite 
results (7, 17, 18, 28, 31,34). Divalent cation de- 
pendence of cell adhesion has often been reported 
(1, 2, 11, 29, 31, 34), whereas recent studies 
revealed that some cell types do not require diva- 
lent cations for aggregation under some conditions 
(4, 8, 32). Such apparently conflicting results 
could be due to a difference in adhesive properties 
among different cell types and/or to the existence 
of multiple cell adhesion mechanisms which could 
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FIG. 1. Two-cell embryos with (C and D) and without (A and B)
zona pellucida were grown in Whitten's medium (A and C) and
Whitten's medium with rabbit anti-F9 Fab, 1/20 (B and D).
(X400.)

in a permanent resynthesis of the antigen and explain the ab-
sence of effect of the serum on development. For this reason
Fab fragments prepared from rabbit anti-F9 IgG were then
used.

These rabbit anti-F9 Fab fragments were added to cultures
of embryos. This treatment did not prevent cleavage from
proceeding. However, after 48 hr, when the untreated embryos
had formed compact morulae without clearly visible cellular
borders, the treated embryos had a very different, grape-like
structure, with well-individualized cells (Fig. 1). After 66 hr,
the majority of untreated embryos had reached the blastocyst
stage, while the Fab-treated embryos maintained their grape-
like structure without forming blastocysts (Table 2, lines 4 and
5). Cells of the embryos began to vacuolize, and lysed after 1
or 2 more days in culture. Similar results were observed when
the zona pellucida was not removed (Fig. 1) and when the
Fab-containing medium was not renewed every day. As a
control, the rabbit anti-F9 Fab was absorbed on F9 cells and
this preparation was added to the culture. In this case no effect
was observed (Table 2, line 12). In contrast, Fab first absorbed
on F9 and then eluted by the acid technique retained the
blocking activity.

Rabbit Fab Fragments Directed against Other Surface
Antigens of the Morula Do Not Alter Blastocyst Formation.
As controls, Fab fragments were prepared from unabsorbed
rabbit sera directed against mouse lymphocytes, brain, and
embryonic liver. By indirect immunofluorescence, these Fab
preparations (3.4 mg of protein per ml) labeled the surface of
morulae at dilutions of 1/160, 1/160, and 1/320, respectively
(Table 1). When added to cultures of embryos, none of these
preparations prevented blastocyst formation up to a dilution
of 1/10 (Table 2, lines 6 and 11). At a 1/10 dilution, the anti-
lymphocyte preparation exhibited some toxicity.

Similarly, Suc-Con A, which in indirect immunofluorescence
tests heavily labeled embryos (5 jig/ml), had no effect on
blastocyst formation up to 50 ,g/ml (Table 2, line 13).

Other evidence for the specificity of the anti-F9 blocking
effect comes from competition experiments in which embryos
were incubated in the presence of both anti-F9 Fab (110 jg/ml)

and an excess (765 gg/ml) of anti-F9 or embryonic liver IgG
or of Suc-Con A (20 Ag/ml). Only in the presence of anti-F9 IgG
was the blocking effect of Fab suppressed: out of 29 embryos,
24 gave rise to blastocysts and only 2 to grape-like structures.
In contrast in the presence of anti-liver IgG or Suc-Con A, 28
out of 28 and 30 out of 30 embryos, respectively, produced
grape-like structures.
The Block Due to Anti-F9 Fab Can Be Reversed. Although

the number of cell divisions occurring after the addition of
rabbit anti-F9 Fab fragments was not accurately determined,
it is clear that the embryos do cleave in their presence. By direct
observation, one could estimate that most grape-like structures
contained from 20 to 40 cells after 50 hr in culture.

Anti-F9 Fab fragments appear to act by loosening cellular
interactions, thereby preventing blastocyst formation. If this
is the case, this effect might be reversed by removal of the Fab.
Embryos were therefore grown in the presence of rabbit anti-F9
Fab (1/20) until formation of grape-like structures. These
structures were then washed, put back in culture without Fab,
and assayed in two ways.

(a) In Witro. After washing, a large fraction of the grape-like
structures produced blastocysts. In one experiment, for instance,
41 embryos (2-cell) were grown in the presence of rabbit anti-
F9 Fab (1/20). After 53 hr, 27 embryos had 30 cells or more.
Of these, 5 were washed and put in culture without Fab; 17
were treated with Pronase, then washed and put in culture
without Fab. After 14 hr, the former 5 had produced 5 blasto-
cysts; of the latter 17, 12 had produced blastocysts, the other 5
died.

(b) In vivo. After washing, short incubation in vitro without
Fab, and reimplantation in pseudopregnant females, a signif-
icant fraction of the grape-like structures gave rise to newborns.
In one experiment, for instance, out of 57 embryos (2-cell)
grown for 50 hr in the presence of rabbit anti-F9 Fab, 41 pro-
duced grape-like structures with 30 cells or more. These 41
embryos were washed and put in -culture without Fab. After
4 hr, they were reimplanted into four foster mothers. Of these
mothers, three (33 embryos implanted) produced a progeny
of 16 mice, a figure similar to that found with normal em-
bryos.

Effect of Rabbit Anti-F9 Fab during Preimplantation
Development. To determine how long during development
the embryos remain sensitive to the anti-F9 Fab effect, embryos
were flushed at 55, 61, and 66 hr after fertilization, put in cul-
ture with rabbit anti-F9 Fab (1/20), and examined for the
production of blastocysts versus grape-like structures (Table
3). All the 55-hr embryos (8-12 cells) and the great majority of
61-hr ones (compact morulae) were still sensitive. Among the
66-hr embryos two classes can be distinguished: (a) The youn-
ger, which have no sign of blastocoel; (b) the older, which begin
to form a blastocoel. The two groups were separated and treated
independently. The percentages of embryos still sensitive to Fab
were, respectively, 39 and 9%. It is clear, therefore, that already
compact morulae are still sensitive to the Fab effect, the sen-
sitivity disappearing only around the onset of blastocoel for-
mation.

DISCUSSION
These results show that rabbit anti-F9 Fab fragments specifi-
cally and reversibly block the compaction of morulae and the
formation of blastocysts. Although compaction is programmed
to begin around the 8-cell stage, it can be reversibly altered up
to the onset of blastocoel formation. Only then does some event
occur that prevents the Fab effect. It is not clear whether or not
this event corresponds to the establishment of a barrier to the
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ABSTRACT Addition of Fab fragments from rabbit anti-
serum to surface antigen F9 to 2-cell stage mouse embryos in
culture does not alter cleavage; however, the addition prevents
the formation of compact morulae and blastocysts. A similar
effect is observed when Fab fragments are added to already
compact 8-cell stage or even older morulae, but disappears at
the beginning of blastocoel formation. This effect is reversible:
uncompact 30-cell embryos washed free of Fab become compact
in a few hours, produce blastocysts, and upon reimplantation
into pseudopregnant mothers can produce mice. Development
is not altered by divalent anti-F9 antibodies, by Fab fragments
from sera directed against other embryo surface antigens, or by
succinyl concanavalin A.
There are reasons to assume that the cell surface plays an im-
portant role in the development of the embryo (1). We have
investigated this point by examining the effect of several an-
tisera reacting with surface structures of embryonic cells on the
in vitro development of the mouse preimplantation embryo
(2). Among these sera, one which proved effective in blocking
morula compaction and blastocyst formation without inhibiting
cleavage was directed against the nullipotent, embryonal car-
cinoma (EC) line F9. This line carries the "F9 antigen," which
has been shown to be expressed on EC cells, germ line cells, and
preimplantation embryos (3, 4).

MATERIALS AND METHODS
Mice. The following stocks were used: 129/Sv, an inbred

subline of the original 129 strain; C57BI/6 X CBA, an F1 hybrid
of C57BI/6 and CBA. All mice were produced at the Institut
Pasteur.

Cells. Two cultured cell lines were used: F9-41, a nullipotent
EC cell (5); PYS-2, a parietal yolk sac cell (6) devoid of F9 an-
tigen.
Mouse Anti-F9 Serum was produced in syngeneic male

129/Sv mice by hyperimmunization with irradiated F9-41 cells
(3). Before use anti-F9 serum was absorbed with PYS-2 cells
(vol/vol, serum dilution 1:5 in Hank's medium containing 4%
-heat-inactivated, gamma globulin-free, fetal calf serum, 1 hr
at 40). The absorbed serum retained most of the original activity
against F9 cells.

Rabbit Anti-F9 Serum. Rabbits were immunized with 5 X
107 F9-41 cells in complete Freund's adjuvant. After 1 month
the animals received four booster injections at 2-week intervals
with 5 X 107 cells each. Serum was collected and heat inacti-
vated 1 week after the last injection. The cytotoxic titer of the
unabsorbed serum against F9-41 cells was 1/6000. Rabbit
anti-F9 was massively absorbed against lymphocytes (twice,
vol/vol, serum dilution 1:5, 45 min at 40) and PYS-2 cells (twice,
vol/vol, serum dilution 1:10, 45 min at 40) until there was no

activity left against lymphocytes and PYS-2. The cytotoxic titer
on F9-41 cells was then 1/160 to 1/320.

Rabbit Anti-Embryonic Liver Cells Serum. Rabbits were
immunized by the same procedure as above with isolated liver
cells of 14-day-old 129/Sv fetuses. By indirect fluorescence the
unabsorbed antiserum labeled 8-cell embryos at dilutions up
to 1/320-1/640. The cytotoxic titer on F9 cells was 1/680.
Rabbit Anti-Mouse Brain Serum was a gift from M. Stan-

islavsky. Rabbits were immunized with mouse brain homoge-
nate. In the fluorescence test, -the unabsorbed antiserum labeled
8-cell embryos at dilutions up to 1/160-1/320. The cytotoxic
titer on F9 cells was 1/800.

Anti-Ig Sera. Rabbit anti-mouse IgG serum labeled with
fluorescein (FITC-RaMIg) was a product of Institut Pasteur
Production, as well as a sheep anti-rabbit IgG serum conjugated
with fluorescein (FITC-SaRIg). Before use, both sera were re-
peatedly and massively absorbed with F9-41 and PYS-2 cells.
The absorbed conjugates were sampled and stored frozen at
-80° . They were used at a 1/25 dilution.
IgG and Fab Preparation. The immunoglobulin (IgG)

fraction of an unabsorbed rabbit anti-F9 serum was isolated by
precipitation with 40% saturated ammonium sulfate, pH 7.0,
followed by a chromatography on Whatman DEAE-cellulose
(DE52) according to Levy and Sober (7). For Fab preparation,
the method of Porter (8) was used. IgG (100 mg) was digested
with 1 mg of papain (Worthington). Undigested IgG was sep-
arated by Sephadex G-100 chromatography. Crystallized Fc
fragments were removed by high-speed centrifugation. The
Fab preparation (3.4 mg of protein per ml) was characterized
by immunoelectrophoresis and a fluorescence test on F9-41
cells. Final absorptions with lymphocytes and PYS-2 cells were
done as described previously. Fab fragments of rabbit sera
against mouse embryonic liver cells and against mouse brain
homogenate were isolated similarly. Both preparations were
adjusted to 3.4 mg of protein per ml.
Rabbit Anti-Lymphocyte Serum. Nonspecific anti-mouse

activity of the unabsorbed rabbit anti-F9 serum or its Fab
preparation was recovered by an absorption acid-elution
technique as described by Colombani et al. (9), using mouse
lymphocytes as an immunoadsorbent. A pure lymphocyte
preparation (109 cells) was incubated with 100 ,il of an Fab
solution at 3.4 mg/ml diluted 1:5 in Hanks' salt solution with
immunoprecipitin-tested fetal-calf serum (IPT) for 10 min at
370 and 30 min at 4° . After three washings with phosphate-
buffered saline/IPT at 40, 0.1 M HCO was added to the cell
pellet to lower the pH to 2.3 (140 ,ul). After 10 min at 40, the
cells were removed by centrifugation (10 min, 500 rpm) and
the eluate was neutralized with 0.04 M NaOH (120 tl) at 4° .
The solution was cleared of salt precipitation and particles by

Abbreviations: EC, embryonal carcinoma; IgG, immunoglobulin G;
Fab, monovalent antibody binding fragment of IgG; Suc-Con A, suc-

! cinyl concanavalin A; IPT, immunoprecipitin-tested fetal calf
serum.
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Discovery of Fab fragment against F9 EC line 
that blocks compaction.



Embryo Compaction Glycoprotein 
931 

Discussion 

A perturbating effect triggered by polyspecific anti- 
cell or anti-membrane antibodies on cell-cell interac- 
tions and normal morphogenesis has been demon- 
strated in several developmental systems (Beug et al., 
1970; McClay, Chambers and Warren, 1977; Brack- 
enbury et al., 1977, Bozzaro and Gerish, 1978; Uru- 
shihara, Ozaki and Takeichi, 1979; Noll et al., 1979). 
In some cases, molecules could be purified which 
inhibited the action of the antibodies and thus proba- 
bly represent the soluble counterpart of the antibody 
targets. Such is the CAM of Thiery et al. (1977), a 
protein (or glycoprotein?) involved in the adhesion of 
various chick neural cells. In a similar fashion, two 
developmentally regulated molecules, CsA (Huesgen 
and Gerish, 1975; Muller and Gerish, 1978) and 
gpl50 (Geltosky et al., 19791, have been character- 

Figure 4. Compaction of Preimplantation Em- 
bryos in the Presence of Fab and gp84 
8-cell precompaction embryos (72 hr post-hu- 
man chorionic gonadotrophin (HCG)] were cul- 
tured in Whitten’s medium containing (A) no 
addition: (6) FQ tumor-derived Fab target in- 
hibitory material (gp84) dialyzed against Whit- 
ten’s medium; (C) rabbit anti-F9 Fab; (D and 
E) both anti-F9 Fab and gp84. Pictures were 
taken 96 hr (A, B. C. D) or 111 hr (E) post- 
HCG; at 111 hr post-HCG the following struc- 
tures were formed: (A) 19 blastocysts (17 of 
which expanded as in E). 1 degenerated blas- 
tocyst; (B) 24 blastocysts (21 expanded), 1 
degenerated; 0 20 grape-like structures with 
at least 40 cells per embryo: (D) 21 blastocysts 
(19 expanded). 1 degenerated. 

ized in the course of studies on D. discoideum aggre- 
gation. 

We have purified from EC cells a glycoprotein, 
gp84, that fulfills all the properties expected from the 
Fab target during decompaction of embryos and EC 
cells (for the sake of simplicity we shall call “Fab 
target” both the molecule actually seen at the cell 
surface and its soluble form). Further evidence that 
gp84 is a Fab target comes from the fact that a rabbit 
immunized with gp84 develops an antibody, the Fab 
of which are active in the decompaction assay (F. 
Hyafil, unpublished results). We cannot be certain that 
gp84 is the only Fab target on EC cells, but since it 
can account for most of the Fab inhibitory activity, it 
is probably a major one. 

The number of gp84 molecules per EC cell was 
calculated from the quantity of gp84 obtained after 
purification (1 g of solid tumor -2 x 10’ cells -1 pg 
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Summary 

Fab fragments of rabbit anti-embryonal carcinoma 
cells IgG dramatically perturb cell-cell interactions 
between embryonal carcinoma cells and between 
early mouse embryo blastomeres. These antibodies 
prevent compaction of preimplantation embryos (or 
trigger their decompaction) and have similar effects 
on embryonal carcinoma cells. They probably act 
through the masking of specific molecules (Fab 
targets) involved in the mechanisms of recognition 
between cells during compaction. Fab target mole- 
cules have been extracted from embryonal carci- 
noma cell membranes and purified using their prop 
erty to inhibit the effects mediated by anti-em- 
bryonal carcinoma Fab. The solubilization of the 
Fab targets could be achieved using both detergent 
extraction and trypsin treatment of membranes. In 
the latter case, a glycoprotein of S4,DCKl daltons 
could be purified which has all the properties ex- 
pected from the Fab target and accounts for most 
of the Fab-inhibiting activity of embryonal carci- 
noma cell membranes. 

Introduction 

Compaction is a programmed major morphological 
event occurring at the 8-cell stage in the mouse em- 
bryo. It involves maximization of cell-cell contacts and 
is followed by the polarization of the blastomeres and 
the appearance of specialized junctions between them 
(Ducibella, 1977; Johnson, Handyside and Braude, 
1977). Compaction is a prerequisite for the proper 
morphogenetic formation of the blastocyst. It is still 
uncertain whether it is also necessary for the blasto- 
meres to differentiate into inner cell mass and tro- 
phectoderm, the two already determined cell types 
present in the blastocyst (for discussion see Johnson, 
Pratt and Handyside, 1980). 

Embryonal carcinoma (EC) cells provide a conven- 
ient model system for the study of some of the mech- 
anisms of early embryogenesis (Graham, 1977). In 
particular, it has been shown that Fab fragments of 
rabbit anti-EC IgG (Kemler et al., 1977) or the anti- 
serum itself (Johnson et al., 1979) can reversibly 
trigger the decompaction, or prevent the compaction, 
of mouse embryos. The antiserum has a similar effect 
on EC cells, inducing the rounding up of the cells and 

destroying cell-to-cell communications (Nicolas, 
1979; Dunia et al., 1979). The fact that these effects 
are mediated by the recognition of specific targets at 
the cell surface is suggested by the capacity of only 
some cell types (EC or early differentiated derivatives) 
to absorb out the effects of the Fab (Nicolas, Kemler 
and Jacob, 1980). These absorbing cell lines presum- 
ably possess cell surface structures cross-reactive 
with, or identical to, the targets recognized by the 
Fab. 

This study deals with the purification of the target 
molecules recognized by the Fab in the process of 
decompaction, using the unique property of these 
molecules to inhibit the decompaction effects medi- 
ated by the Fab on embryos and the PCC4 Aza Rl 
EC cell line. The target molecules can be extracted 
from EC membranes by both detergents and trypsin 
digestion and are resistant to further proteolysis by 
trypsin. The fragment of the Fab target obtained by 
trypsin digestion consists of an 84,000 dalton glyco- 
protein. This study thus identifies and characterizes a 
cell surface molecule involved in cell-cell recognition 
in early embryogenesis. 

Results 

Solubilization of the Fab-Inhibiting Activity 
One day after plating, PCC4 Aza Rl EC cells form 
clumps with only a few single cells (Figure 1 A). Addi- 
tion of Fab fragments prepared from rabbits immu- 
nized with the F9 EC cell line induces the dissociation 
of the clumps and the rounding up of cells so that 
individual cell boundaries become clearly visible (“de- 
compaction;” Figure 1B). Our working hypothesis is 
that this decompaction effect occurs through the 
masking of specific target molecules involved in cell- 
cell adhesion between EC cells. These targets can be 
assayed by their capacity to absorb or inhibit the 
decompaction effect of the Fab on PCC4 Aza Rl . 

Membranes from PCC4 Aza Rl EC cells prepared 
by hypotonic lysis and centrifugation can absorb the 
decompaction effect of the Fab (not shown). If the 
membranes are pretreated with rabbit anti-F9 IgG, 
they no longer absorb the decompaction effect. Fur- 
ther separation of the Fab target molecules from the 
other membrane components requires their solubili- 
zation, a process often achieved by extraction of the 
membranes with nonionic detergents or bile salts. The 
membrane solubilization procedure was designed to 
satisfy two apparently contradictory requirements. 
First, a large quantity of detergent is required to 
solubilize the membrane: 10 pg of Fab in a total 
volume of 50 ~1 trigger complete decompaction (see 
Figure 1); 1 O6 cells or the equivalent amount of mem- 
branes are needed to absorb out the activity of 10 pg 
of Fab (1 unit of inhibition). About 0.5 mg of detergent 
is thus needed to completely solubilize this amount of 
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Summary 

Fab fragments of rabbit anti-embryonal carcinoma 
cells IgG dramatically perturb cell-cell interactions 
between embryonal carcinoma cells and between 
early mouse embryo blastomeres. These antibodies 
prevent compaction of preimplantation embryos (or 
trigger their decompaction) and have similar effects 
on embryonal carcinoma cells. They probably act 
through the masking of specific molecules (Fab 
targets) involved in the mechanisms of recognition 
between cells during compaction. Fab target mole- 
cules have been extracted from embryonal carci- 
noma cell membranes and purified using their prop 
erty to inhibit the effects mediated by anti-em- 
bryonal carcinoma Fab. The solubilization of the 
Fab targets could be achieved using both detergent 
extraction and trypsin treatment of membranes. In 
the latter case, a glycoprotein of S4,DCKl daltons 
could be purified which has all the properties ex- 
pected from the Fab target and accounts for most 
of the Fab-inhibiting activity of embryonal carci- 
noma cell membranes. 

Introduction 

Compaction is a programmed major morphological 
event occurring at the 8-cell stage in the mouse em- 
bryo. It involves maximization of cell-cell contacts and 
is followed by the polarization of the blastomeres and 
the appearance of specialized junctions between them 
(Ducibella, 1977; Johnson, Handyside and Braude, 
1977). Compaction is a prerequisite for the proper 
morphogenetic formation of the blastocyst. It is still 
uncertain whether it is also necessary for the blasto- 
meres to differentiate into inner cell mass and tro- 
phectoderm, the two already determined cell types 
present in the blastocyst (for discussion see Johnson, 
Pratt and Handyside, 1980). 

Embryonal carcinoma (EC) cells provide a conven- 
ient model system for the study of some of the mech- 
anisms of early embryogenesis (Graham, 1977). In 
particular, it has been shown that Fab fragments of 
rabbit anti-EC IgG (Kemler et al., 1977) or the anti- 
serum itself (Johnson et al., 1979) can reversibly 
trigger the decompaction, or prevent the compaction, 
of mouse embryos. The antiserum has a similar effect 
on EC cells, inducing the rounding up of the cells and 

destroying cell-to-cell communications (Nicolas, 
1979; Dunia et al., 1979). The fact that these effects 
are mediated by the recognition of specific targets at 
the cell surface is suggested by the capacity of only 
some cell types (EC or early differentiated derivatives) 
to absorb out the effects of the Fab (Nicolas, Kemler 
and Jacob, 1980). These absorbing cell lines presum- 
ably possess cell surface structures cross-reactive 
with, or identical to, the targets recognized by the 
Fab. 

This study deals with the purification of the target 
molecules recognized by the Fab in the process of 
decompaction, using the unique property of these 
molecules to inhibit the decompaction effects medi- 
ated by the Fab on embryos and the PCC4 Aza Rl 
EC cell line. The target molecules can be extracted 
from EC membranes by both detergents and trypsin 
digestion and are resistant to further proteolysis by 
trypsin. The fragment of the Fab target obtained by 
trypsin digestion consists of an 84,000 dalton glyco- 
protein. This study thus identifies and characterizes a 
cell surface molecule involved in cell-cell recognition 
in early embryogenesis. 

Results 

Solubilization of the Fab-Inhibiting Activity 
One day after plating, PCC4 Aza Rl EC cells form 
clumps with only a few single cells (Figure 1 A). Addi- 
tion of Fab fragments prepared from rabbits immu- 
nized with the F9 EC cell line induces the dissociation 
of the clumps and the rounding up of cells so that 
individual cell boundaries become clearly visible (“de- 
compaction;” Figure 1B). Our working hypothesis is 
that this decompaction effect occurs through the 
masking of specific target molecules involved in cell- 
cell adhesion between EC cells. These targets can be 
assayed by their capacity to absorb or inhibit the 
decompaction effect of the Fab on PCC4 Aza Rl . 

Membranes from PCC4 Aza Rl EC cells prepared 
by hypotonic lysis and centrifugation can absorb the 
decompaction effect of the Fab (not shown). If the 
membranes are pretreated with rabbit anti-F9 IgG, 
they no longer absorb the decompaction effect. Fur- 
ther separation of the Fab target molecules from the 
other membrane components requires their solubili- 
zation, a process often achieved by extraction of the 
membranes with nonionic detergents or bile salts. The 
membrane solubilization procedure was designed to 
satisfy two apparently contradictory requirements. 
First, a large quantity of detergent is required to 
solubilize the membrane: 10 pg of Fab in a total 
volume of 50 ~1 trigger complete decompaction (see 
Figure 1); 1 O6 cells or the equivalent amount of mem- 
branes are needed to absorb out the activity of 10 pg 
of Fab (1 unit of inhibition). About 0.5 mg of detergent 
is thus needed to completely solubilize this amount of 
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Identification of gp84, a surface glycoprotein that 
antagonizes the decompaction effect of a Fab fragment 
of anti-EC IgG. 

control +gp84

+Rabbit anti F9 Fab +Rabbit anti F9 Fab + gp84
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Figure 7. Analogs and Antagonists of Ca ‘+ for the Compaction of EC Cells 

PCC4 Aza cells were first incubated for 15 min with rare-earth medium containing no Car& (A-C) or 1 mM CaC12 (D-F). The decompaction assay 
was then performed in REM containing: no addition (A), 5 mM MnC12 (B). 10 mM SrC12 (0. 1 mM CaC12 (D), 1 mM CaC12 and 0.12 mM LaC13 (E) 
or 10 mM CaC12 and 0.12 mM LaC13 (F). 

studies are needed to give a detailed account of the 
conformational equilibria and their relation to Ca*+ 
binding. Unfortunately, equilibrium dialysis measure- 
ment of Ca” binding demands much larger amounts 
of UMt than are available. For the sake of simplicity, 
without going into the details of possible intermediate 
states, we shall call the resistant conformation a con- 
formation both resistant to trypsin and recognized by 
DE1 , and the sensitive conformation a conformation 

sensitive to trypsin and not recognized by the mono- 
clonal antibody. 

The blocking of decompacting antibodies both by 
UMt and by DE1 suggests that uvomorulin plays an 
important role in compaction. However, we do not 
have any hints as to its actual function, nor do we 
know the mechanisms by which cells recognize each 
other (homotropic or heterotropic interactions, etc.) 
and subsequently flatten. The presence of uvomorulin 
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Summary 

Compaction, a process of cell-cell adhesion be- 
tween mouse blastomeres or between embryonal 
carcinoma (EC) cells requires calcium ions. A de- 
compaction effect similar to that observed in the 
absence of Caa+ is triggered by Fab fragments of 
rabbit anti-EC IgG. This effect occurs through the 
recognition of a specific cell-surface glycoprotein 
named uvomorulin. An 84,000 dalton fragment of 
uvomorulin (UMt) has been previously extracted by 
trypsin from EC cell membranes and purified. We 
present evidence that the effects of Ca2+ on com- 
paction are transmitted through conformational 
changes in uvomorulin. First, Ca2+ protects UMt 
from further proteolysis by trypsin. Mn2+ and Sr2’ 
have similar effects, whereas this protection is re- 
versed by La3+. Second, UMt can bind the mono- 
clonal antibody DE1 only in the presence of Ca2+ 
(half-binding at 10e5 M Ca2’). This antigenic expo- 
sure also takes place in the presence of Mn2+ or 
Sr2+ and is reversed by La3+. Third, metal ions 
(Ca2+, Mn2+, Sr2+) that promote trypsin resistance 
and recognition by DE1 are found to trigger the 
compaction of morulae and EC cells. Metal ions 
(La3’) that reduce trypsin resistance and affinity for 
DE1 result in decompaction. 

Introduction 

Specific cell-cell interactions are thought to be re- 
sponsible for proper morphogenesis during embryo- 
genesis and adult life (Moscona, 1980). It is even 
possible that some stem cells might be committed 
according to the interactions in which they are impli- 
cated. In particular, such a type of determination has 
been proposed to explain blastocyst formation (Tar- 
kowski and Wroblewska, 1967). 

It is generally agreed that these interactions are 
governed by adhesion mechanisms located at and 
outside plasma membranes (Curtis, 1978; Frazier and 
Glaser, 1979). Even though some components of 
these adhesion systems have been biochemically 
characterized (reviewed by Curtis [1978] and Harrison 
and Chesterton [1980]), little is known about the mo- 
lecular mechanisms underlying these processes. For 
example, it has long been recognized that in many 
instances adhesion depends on the presence of cal- 
cium ions. Although chelating agents have been rou- 

tinely used to dissociate tissues or cell lines, no sub- 
stantiated explanation for their action has been put 
forward. Only in the case of sponges is Ca*+ known 
to promote a link between cell-bound aggregation 
factor molecules (Jumblatt et al., 1980). 

Compaction of morulae is the earliest calcium-de- 
pendent (Ducibella and Anderson, 1975) adhesion 
process during embryogenesis. An immunological 
study of compaction was undertaken that used a 
polyspecific antibody that interfered with normal inter- 
actions and led to decompaction of morulae into 
grape-like structures (Kemler et al., 1977; Johnson et 
al., 1979) an effect similar to that observed in Ca*+- 
depleted media. Embryonal carcinoma (EC) cells 
turned out to behave as a useful material both for 
routine compaction assays and as a source of mole- 
cules implicated in compaction (Nicolas et al., 1981). 
A glycoprotein of 84,000 daltons (gp84) was purified 
from EC cells; it represented a trypsin-solubilized frag- 
ment of a functional target molecule for the decom- 
patting antibodies (Hyafil et al., 1980). We shall use 
uvomorulin to designate both the native and soluble 
forms of this glycoprotein, which participates in the 
transition between grape-like (Latin uva) and mul- 
berry-like (Latin morum, whence morula) structures of 
cleavage-stage embryos. The major tryptic fragment 
of uvomorulin, gp84, we shall term UMt. 

The experiments presented were prompted by the 
unexpected finding that Ca’+ promotes the resistance 
of UMt to further proteolysis by trypsin. Ca*+ also 
triggers the recognition of UMt by a monoclonal anti- 
body. These effects are accounted for by the exist- 
ence of a Ca*+-dependent equilibrium between two 
conformations of UMt. A conformational transition in 
a glycoprotein such as uvomorulin may provide an 
explanation of the requirement for Ca2+ in compac- 
tion. Indeed, other metal ions that have an effect on 
UMt conformation (analogs and antagonists of Ca*‘) 
have a parallel effect on compaction. 

Results 

Calcium Confers Trypsin Resistance to UMt 
Purification of UMt from EC cells calls for trypsin 
digestion of a microsomal fraction (Hyafil et al., 1980). 
UMt was the major glycoprotein obtained when trypsin 
digestion was followed by affinity chromatography on 
insolubilized concanavalin A (ConA) (Figure 1 lane A). 
We were led to consider a possible effect of the 
conditions of digestion on the outcome of the extrac- 
tion: UMt was recovered when membranes were di- 
gested in culture medium (Figure 1 lane A), whereas 
none was obtained in simple buffers (Figure 1 lane B). 
The addition of Ca’+ (Figure 1 lanes D-F), but not of 
Mg2+ (Figure 1 lane C), to the buffers led to the 
recovery of UMt in the supernatant after digestion. 
Following a first digestion without Ca*+, a second 
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Summary 

Compaction, a process of cell-cell adhesion be- 
tween mouse blastomeres or between embryonal 
carcinoma (EC) cells requires calcium ions. A de- 
compaction effect similar to that observed in the 
absence of Caa+ is triggered by Fab fragments of 
rabbit anti-EC IgG. This effect occurs through the 
recognition of a specific cell-surface glycoprotein 
named uvomorulin. An 84,000 dalton fragment of 
uvomorulin (UMt) has been previously extracted by 
trypsin from EC cell membranes and purified. We 
present evidence that the effects of Ca2+ on com- 
paction are transmitted through conformational 
changes in uvomorulin. First, Ca2+ protects UMt 
from further proteolysis by trypsin. Mn2+ and Sr2’ 
have similar effects, whereas this protection is re- 
versed by La3+. Second, UMt can bind the mono- 
clonal antibody DE1 only in the presence of Ca2+ 
(half-binding at 10e5 M Ca2’). This antigenic expo- 
sure also takes place in the presence of Mn2+ or 
Sr2+ and is reversed by La3+. Third, metal ions 
(Ca2+, Mn2+, Sr2+) that promote trypsin resistance 
and recognition by DE1 are found to trigger the 
compaction of morulae and EC cells. Metal ions 
(La3’) that reduce trypsin resistance and affinity for 
DE1 result in decompaction. 

Introduction 

Specific cell-cell interactions are thought to be re- 
sponsible for proper morphogenesis during embryo- 
genesis and adult life (Moscona, 1980). It is even 
possible that some stem cells might be committed 
according to the interactions in which they are impli- 
cated. In particular, such a type of determination has 
been proposed to explain blastocyst formation (Tar- 
kowski and Wroblewska, 1967). 

It is generally agreed that these interactions are 
governed by adhesion mechanisms located at and 
outside plasma membranes (Curtis, 1978; Frazier and 
Glaser, 1979). Even though some components of 
these adhesion systems have been biochemically 
characterized (reviewed by Curtis [1978] and Harrison 
and Chesterton [1980]), little is known about the mo- 
lecular mechanisms underlying these processes. For 
example, it has long been recognized that in many 
instances adhesion depends on the presence of cal- 
cium ions. Although chelating agents have been rou- 

tinely used to dissociate tissues or cell lines, no sub- 
stantiated explanation for their action has been put 
forward. Only in the case of sponges is Ca*+ known 
to promote a link between cell-bound aggregation 
factor molecules (Jumblatt et al., 1980). 

Compaction of morulae is the earliest calcium-de- 
pendent (Ducibella and Anderson, 1975) adhesion 
process during embryogenesis. An immunological 
study of compaction was undertaken that used a 
polyspecific antibody that interfered with normal inter- 
actions and led to decompaction of morulae into 
grape-like structures (Kemler et al., 1977; Johnson et 
al., 1979) an effect similar to that observed in Ca*+- 
depleted media. Embryonal carcinoma (EC) cells 
turned out to behave as a useful material both for 
routine compaction assays and as a source of mole- 
cules implicated in compaction (Nicolas et al., 1981). 
A glycoprotein of 84,000 daltons (gp84) was purified 
from EC cells; it represented a trypsin-solubilized frag- 
ment of a functional target molecule for the decom- 
patting antibodies (Hyafil et al., 1980). We shall use 
uvomorulin to designate both the native and soluble 
forms of this glycoprotein, which participates in the 
transition between grape-like (Latin uva) and mul- 
berry-like (Latin morum, whence morula) structures of 
cleavage-stage embryos. The major tryptic fragment 
of uvomorulin, gp84, we shall term UMt. 

The experiments presented were prompted by the 
unexpected finding that Ca’+ promotes the resistance 
of UMt to further proteolysis by trypsin. Ca*+ also 
triggers the recognition of UMt by a monoclonal anti- 
body. These effects are accounted for by the exist- 
ence of a Ca*+-dependent equilibrium between two 
conformations of UMt. A conformational transition in 
a glycoprotein such as uvomorulin may provide an 
explanation of the requirement for Ca2+ in compac- 
tion. Indeed, other metal ions that have an effect on 
UMt conformation (analogs and antagonists of Ca*‘) 
have a parallel effect on compaction. 

Results 

Calcium Confers Trypsin Resistance to UMt 
Purification of UMt from EC cells calls for trypsin 
digestion of a microsomal fraction (Hyafil et al., 1980). 
UMt was the major glycoprotein obtained when trypsin 
digestion was followed by affinity chromatography on 
insolubilized concanavalin A (ConA) (Figure 1 lane A). 
We were led to consider a possible effect of the 
conditions of digestion on the outcome of the extrac- 
tion: UMt was recovered when membranes were di- 
gested in culture medium (Figure 1 lane A), whereas 
none was obtained in simple buffers (Figure 1 lane B). 
The addition of Ca’+ (Figure 1 lanes D-F), but not of 
Mg2+ (Figure 1 lane C), to the buffers led to the 
recovery of UMt in the supernatant after digestion. 
Following a first digestion without Ca*+, a second 
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1981: Naming of Uvomorulin (UM). 

        Purification of anti-UM antibody. 

        Effect of Ca2+ on compaction interpreted as change in Uvomorulin conformation. 

+CaCl2 +no calcium

Decompaction induced by anti-EC IgG that recognises a specific cell surface glyvoprotein called uvomorulin.  
Ca2+ induces conformational change of Uvomorulin. 

>Evidence: Ca2+ protects effect of trypsinization on Uvomorulin
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Fig. 1. Effect of monoclonal antibody DECMA-1 on cell-cell interaction. 8-cell embryos in Whitten's medium (A) or with the addition of 50 itg/ml
DECMA-1 (B), see Materials and methods. Recompacted embryos form blastocysts with trophectoderm and inner cell mass cells (C). Indirect
immunofluorescence staining of inner cell mass with monoclonal antibody ECMA-3 (D). MDCK cells (E-H) incubated with 100 sg/ml of DECMA-l for
5 h (F and H), or with control antibodies (E and G). Phase contrast (E and F) and scanning electron microscopy (G and H). Bar represents: 50 jim.
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Cell adhesive domain of uvomorulin

Fig. 2. Immunoblot and immunoprecipitation analysis with DECMA-l and
rabbit anti-uvomorulin on cell lysates of EC and MDCK cells. Lanes 1-3
represent immunoblots of cell lysates of PCC4azal (1), MDCK (2) and F9
(3) cells using 1251-labelled DECMA-1 (sp. act. 25 FCi/tg). Note that the
102-kd molecule is absent in MDCK cells. Immunoprecipitations (4-7)
were carried out with cell lysates of [35S]methionine-labelled PCC4azal
(4,5,7) and MDCK cells (6) using rabbit anti-UM (4); rabbit non-immune
(7) and DECMA-1 (5 and 6).

(Figure 2, lane 4) or monoclonal antibody DE-1 (Peyrieras et
al., 1983). The highest mol. wt. protein precipitated by
DECMA-1 from cell lysates of MDCK cells migrated faster with
an apparent mol. wt. of 115 kd (Figure 2, lane 6). This difference
is not due to a different content of N-linked sugar moieties, as
monitored by immunoprecipitations of EC and MDCK cells after
tunicamycin treatment (1 itg/ml, 20 h). DECMA-1 recognized
molecules of I 13 kd instead of 120 kd from EC cells and 108
kd instead of 115 kd from MDCK cells (data not shown).
The 102-kd molecule is easily detectable in immunoprecipita-

tion experiments but not in immunoblots (Figure 2, lane 2). This
is due to SDS-sensitivity of antibody binding to the 102-kd
molecule (Vestweber and Kemler, in preparation).
Indirect immunofluorescence tests. DECMA-1 labelled more
strongly the cell-adjacent membrane than the peripheral part of
the cell membrane of aggregated PCC4azal cells following for-
maldehyde fixation (Figure 3A). However, a uniform ring of
labelling was observed if tests were carried out with unfixed cells
in suspension. With MDCK cells the antibody failed to stain the
apical cell surface of unfixed or formaldehyde-fixed confluent
monolayers (Figure 3D). However, if MDCK cells were treated
with % Triton X-100 after formaldehyde fixation, strong mem-
brane labelling occurred even in areas of confluency (Figure 3C).
Radioactive assays. Competitive binding studies with 125I-labelled
and unlabelled DECMA-1 suggest that F9 and MDCK cells both
express -2 x 104 DECMA-1 binding sites per cell (data not
shown).
Characterization of the DECMA-J target on mouse uvomorulin
The DECMA-1 target on UMt was characterized using the af-
finity column-purified 84-kd molecule labelled with 1251 and
digested with different proteases (see Materials and methods).
Each digested sample was imunoprecipitated with rabbit anti-
uvomorulin serum or DECMA-l (Figure 4). From each enzyme
digest, rabbit anti-uvomorulin serum precipitated discrete pro-
teolytic fragments, while DECMA-1 precipitated only undigested
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Fig. 3. Indirect immunofluorescence tests with DECMA-1 on PCC4azal
(A,B) and MDCK (C,D) cells grown on cover slips and fixed with 4%
formaldehyde. DECMA-1 reacted with the cell surface of PCC4azal cells
(A) where labelling seemed to be concentrated on the membrane part of
adjacent cells; control (B). No staining was observed with DECMA-1 on
formaldehyde-fixed MDCK cells (D) but when cells were subsequently
treated with 1 % Triton-X 100 a positive membrane staining with DECMA-1

was noted (C). Bar represents 50 Am.

material with one exception: after chymotrypsin (50 Agng/ml) treat-
ment in the presence of Ca2+, DECMA-1 precipitated a
protease-resistant fragment of 26 kd (Figure 4, lane 1). When
Ca2 + was omitted, but added for immunoprecipitations,
DECMA-1 no longer reacted with any proteolytic fragment
(Figure 4, lane 3). This was not due to complete proteolytic frag-
mentation by chymotrypsin since rabbit anti-uvomorulin serum
still precipitated discrete proteolytic fragments under these con-
ditions (Figure 4, lane 4). Separation of chymotrypsin/Ca2+
digests on two-dimensional gels revealed the same isoelectric
point of pH 4.5 for the 26-kd fragment as for UMt (data not
shown). The 26-kd fragment is apparently free of methionine.
When chymotrypsin/Ca2+ digests of [35S]methionine and 125I_
labelled cells were subjected to immunoprecipitations with
DECMA-1, the 26-kd fragment was only seen from digests of
iodinated cells (data not shown).
The targets ofthree functional' monoclonal antibodies are also
localized on the 26-kd fragment of dog uvomorulin
Two monoclonal antibodies, anti-Arc-I and rrl have been
described with similar effects to DECMA-1 on MDCK mono-
layers. While anti-Arc-1 was selected for its ability to disrupt
MDCK monolayers (Imhof et al., 1983), the rrl antibody selec-
tively blocked the reformation of the occluding barrier of the junc-
tional complexes in MDCK monolayers (Gumbiner and Simons,
1985). With rabbit anti-uvomorulin antibodies and DECMA-1
it was shown that both anti-Arc-1 and rrl recognize the canine
uvomorulin (Behrens et al., 1985; Gumbiner and Simons, 1985).
Thus, three monoclonal antibodies directed against uvomorulin
are available that disturb the cell-cell contacts of MDCK cells.
We attempted to localize the anti-Arc-I and rrl targets on
uvomorulin as described above for DECMA- 1. Since anti-Arc-I
and rrl are mouse antibodies and do not react with mouse
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(4,5,7) and MDCK cells (6) using rabbit anti-UM (4); rabbit non-immune
(7) and DECMA-1 (5 and 6).
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an apparent mol. wt. of 115 kd (Figure 2, lane 6). This difference
is not due to a different content of N-linked sugar moieties, as
monitored by immunoprecipitations of EC and MDCK cells after
tunicamycin treatment (1 itg/ml, 20 h). DECMA-1 recognized
molecules of I 13 kd instead of 120 kd from EC cells and 108
kd instead of 115 kd from MDCK cells (data not shown).
The 102-kd molecule is easily detectable in immunoprecipita-

tion experiments but not in immunoblots (Figure 2, lane 2). This
is due to SDS-sensitivity of antibody binding to the 102-kd
molecule (Vestweber and Kemler, in preparation).
Indirect immunofluorescence tests. DECMA-1 labelled more
strongly the cell-adjacent membrane than the peripheral part of
the cell membrane of aggregated PCC4azal cells following for-
maldehyde fixation (Figure 3A). However, a uniform ring of
labelling was observed if tests were carried out with unfixed cells
in suspension. With MDCK cells the antibody failed to stain the
apical cell surface of unfixed or formaldehyde-fixed confluent
monolayers (Figure 3D). However, if MDCK cells were treated
with % Triton X-100 after formaldehyde fixation, strong mem-
brane labelling occurred even in areas of confluency (Figure 3C).
Radioactive assays. Competitive binding studies with 125I-labelled
and unlabelled DECMA-1 suggest that F9 and MDCK cells both
express -2 x 104 DECMA-1 binding sites per cell (data not
shown).
Characterization of the DECMA-J target on mouse uvomorulin
The DECMA-1 target on UMt was characterized using the af-
finity column-purified 84-kd molecule labelled with 1251 and
digested with different proteases (see Materials and methods).
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teolytic fragments, while DECMA-1 precipitated only undigested
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Fig. 3. Indirect immunofluorescence tests with DECMA-1 on PCC4azal
(A,B) and MDCK (C,D) cells grown on cover slips and fixed with 4%
formaldehyde. DECMA-1 reacted with the cell surface of PCC4azal cells
(A) where labelling seemed to be concentrated on the membrane part of
adjacent cells; control (B). No staining was observed with DECMA-1 on
formaldehyde-fixed MDCK cells (D) but when cells were subsequently
treated with 1 % Triton-X 100 a positive membrane staining with DECMA-1

was noted (C). Bar represents 50 Am.

material with one exception: after chymotrypsin (50 Agng/ml) treat-
ment in the presence of Ca2+, DECMA-1 precipitated a
protease-resistant fragment of 26 kd (Figure 4, lane 1). When
Ca2 + was omitted, but added for immunoprecipitations,
DECMA-1 no longer reacted with any proteolytic fragment
(Figure 4, lane 3). This was not due to complete proteolytic frag-
mentation by chymotrypsin since rabbit anti-uvomorulin serum
still precipitated discrete proteolytic fragments under these con-
ditions (Figure 4, lane 4). Separation of chymotrypsin/Ca2+
digests on two-dimensional gels revealed the same isoelectric
point of pH 4.5 for the 26-kd fragment as for UMt (data not
shown). The 26-kd fragment is apparently free of methionine.
When chymotrypsin/Ca2+ digests of [35S]methionine and 125I_
labelled cells were subjected to immunoprecipitations with
DECMA-1, the 26-kd fragment was only seen from digests of
iodinated cells (data not shown).
The targets ofthree functional' monoclonal antibodies are also
localized on the 26-kd fragment of dog uvomorulin
Two monoclonal antibodies, anti-Arc-I and rrl have been
described with similar effects to DECMA-1 on MDCK mono-
layers. While anti-Arc-1 was selected for its ability to disrupt
MDCK monolayers (Imhof et al., 1983), the rrl antibody selec-
tively blocked the reformation of the occluding barrier of the junc-
tional complexes in MDCK monolayers (Gumbiner and Simons,
1985). With rabbit anti-uvomorulin antibodies and DECMA-1
it was shown that both anti-Arc-1 and rrl recognize the canine
uvomorulin (Behrens et al., 1985; Gumbiner and Simons, 1985).
Thus, three monoclonal antibodies directed against uvomorulin
are available that disturb the cell-cell contacts of MDCK cells.
We attempted to localize the anti-Arc-I and rrl targets on
uvomorulin as described above for DECMA- 1. Since anti-Arc-I
and rrl are mouse antibodies and do not react with mouse
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Communicated by K.Simons
A rat monoclonal antibody (DECMA-1) selected against the
murine cell adhesion molecule uvomorulin blocks both the
aggregation of mouse embryonal carcinoma cells and the com-
paction of pre-implantation embryos. However, decompacted
embryos eventually become recompacted in the presence of
DECMA-1 and form blastocysts composed of both trophecto-
derm and inner cell mass. DECMA-1 also disrupts confluent
monolayers of Madin-Darby canine kidney (MIDCK) epithelial
cells. DECMA-1 recognizes uvomorulin in extracts from
mouse and dog tissues. Protease digestion of mouse and dog
uvomorulin generated core fragments including one of 26 kd
which reacted with DECMA-1. The same 26-kd fragment is
recognized by anti-uvomorulin monoclonal antibodies which
have been obtained from other laboratories and which dis-
sociate MDCK cell monolayers and block the formation of
the epithelial occluding bamer. This 26-kd fragment therefore
seems to be involved in the adhesive function of uvomorulin.
Key words: uvomorulin/cell adhesion/mouse embryo/MDCK
cells

Introduction
Our group is interested in the structure and function of the cell
adhesion molecule (CAM) uvomorulin, which is involved in the
Ca2 +-dependent compaction process of mouse morulae and the
aggregation of embryonal carcinoma (EC) cells (Kemler et al.,
1977; Hyafil et al., 1980). At later stages of embryonal develop-
ment and in adult tissues, uvomorulin is exclusively expressed
on epithelial cells, independent of their germ layer origin; on
adult intestinal epithelial cells it is almost exclusively localized
in the intermediate junctions (Boller et al., 1985).
Uvomorulin is a 120-kd cell surface glycoprotein (gpl120).

Trypsin digestion in the presence of Ca2 + releases an 84-kd frag-
ment (UMt) (Hyafil et al., 1980). Anti-gp 120 and anti-gp84 anti-
sera react with a set of proteins with mol. wts. of 120, 102 and
92 kd (Peyrieras et al., 1983; Vestweber and Kemler, 1984).
The structure of uvomorulin and its tissue appearance are similar
to chicken L-CAM (Gallin et al., 1983) and human cell-CAM
120/80 (Damsky et al., 1983). Another CAM, cadherin, appeared
to be identical to uvomorulin (Yoshida-Noro et al., 1984).
The adhesive function of CAMs have often been defined

through polyclonal antibodies which disturb cell-cell contacts in
a cell aggregation assay. Antibodies may act directly at a cell-
adhesion site on CAMs, or indirectly via, for example, steric
hindrance or induced conformational changes. The search for
the functional cell adhesive site on CAMs is facilitated by the
use of monoclonal antibodies reacting with just one epitope. Here
we define more precisely a functional cell-adhesive site of
uvomorulin with monoclonal antibodies directed against protease-

resistant uvomorulin fragments. We show that the epitopes of
three anti-uvomorulin monoclonal antibodies, each able to disturb
cell-cell contact, are localized on a 26-kd fragment suggesting
very strongly that this domain is involved in the mechanism of
cell-cell adhesion.

Results
A monoclonal antibody against uvomorulin decompacts mouse
pre-implantation embryos and disrupts MDCK cells
Rat monoclonal antibodies were first selected in an enzyme-linked
immunoassay (ELISA) test against partially purified UMt follow-
ed by immunoprecipitation tests against iodinated UMt. Positive
culture supernatants were tested for their ability to block aggrega-
tion of PCC4azal cells. One hybridoma, DECMA-l (decom-
pacting monoclonal antibody), blocked the compaction of pre-
implantation embryos (Figure 1, compare A and B). This an-
tibody, an IgG1, was effective at 50-200 ptg/ml when added
to developing 8-cell embryos and had no visible effect on cell
division. A control monoclonal antibody (ECMA-7; Kemler,
1980), which also reacts with the cell surface of pre-implantation
embryos, had no effect on compaction. In the presence of
DECMA-1, decompacted embryos recompacted after -24 h and
formed blastocysts even if the antibody solution was renewed
(Figure IC). Of 74 DECMA-l-treated embryos, 70 formed
blastocysts which were composed of both trophectoderm and in-
ner cell mass, as judged by light microscopy or monitoring with
monoclonal antibody ECMA-3 (Kemler et al., 1979). This an-
tibody reacts on attached blastocysts specifically with the inner
cell mass and is negative on trophectodermal cells (Figure ID).
Thus DECMA-1 acts differently to rabbit anti-uvomorulin Fab
where no recompaction occurs in the presence of antibodies. An
effect on cell aggregation was also observed when DECMA-1
was added to PCC4azal cells both in tissue culture and in a
Ca2+-dependent cell aggregation assay (data not shown).

Since rabbit anti-uvomorulin antibodies react with adult
epithelial cells, even from heterologous species (Boller et al.,
1985; Vestweber et al., 1985), the functional effect of DECMA-1
on an established epithelial cell line was investigated. MDCK
cells were cultured to confluency where the cells form a tight
layer with poorly distinguishable cell boundaries (Figure lE and
G). The MDCK cells are polarized and form junctional com-
plexes (Cereijido et al., 1980). When DECMA-1 (20-500
tg/ml) or DECMA-l Fab fragments (20-300 Ag/ml) were added
to these cells for 3-5 h they detached from each other and cell
boundaries became easily recognizable (Figure 1, F and H). This
effect started at the periphery of the confluent cell layer and pro-
gressed inwards. Cell-substratum interactions appeared not to be
affected.
DECMA-J binding studies
Immunoprecipitation and immunoblot experiments. In immuno-
precipitation experiments on cell lysates from EC cells,
DECMA-1 recognized the same set of uvomorulin proteins
(Figure 2, lane 5) of 120, 102 and 92 kd as rabbit anti-UM sera
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Figure 8. Two models for the role 
of uvomorulin in the formation of 
the epithelial junctional complex. 
(A, hierarchical model) The ad- 
hesive function of uvomorulin 
functions primarily in the early 
recognition events between epi- 
thelial cells during morphogene- 
sis. In this model uvomorulin- 
dependent adhesion is both a 
precedent to and a prerequisite 
for the assembly of the special- 
ized junctions of epithelial tissues 
(11, 36). (B, parallel model) Uvo- 
morulin is an adhesive intercellu- 
lar component of the ZA of the 

junctional complex. In this model all of the junctions between epithelial cells participate in the overall adhesion and recognition between 
epithelial cells, and adhesion molecules are the same as intercellular adhesive proteins of junctions before their localization into morphologi- 
cally discemable structures. In this version, the ZA is proposed to facilitate the formation and localization of the ZO independent of the 
formation of desmosomes. 

adhesion, epithelialization, and the normal morphogenesis 
of kidney tubules in vitro (38). Despite the fact that antibod- 
ies to L-CAM altered the patterning of dermal condensations 
in feather germs undergoing induction in the chick embryo, 
they did not directly affect dermal cell adhesion (15). Thus 
functional recovery from an antibody block seems to be typi- 
cal of uvomorulin-mediated adhesion. 

Many investigators have shown that specific perturbation 
of uvomorulin with antibodies causes cells in culture to dis- 
sociate (2, 3, 9, 30, 40). These findings could have important 
implications for the regulation of the epithelial junctional 
complex in vivo. They suggest that cellular regulation of 
uvomorulin function alone would be sufficient to control the 
state of the entire junctional complex. However, experiments 
have generally failed to demonstrate the dissociation of cells 
from intact, differentiated epithelial tissues with antibodies 
to uvomorulin or L-CAM (15, 38). 4 Perhaps once the cells 
become firmly held together by other junctions, uvomorulin 
has a less important role in maintaining intercellular adhesion. 

We re-examined this problem with the MDCK cultured 
cell line under a state that approached a more differentiated 
epithelial tissue. When grown under optimal conditions for 
the establishment of a highly polarized epithelial cell mono- 
layer with well-formed junctional complexes, the strain I 
MDCK cells were very refractory to dissociation by various 
antibodies to uvomorulin. Using a very sensitive electrical 
measurement we could not detect extensive dissociation of 
confluent MDCK cells grown on filters with several different 
antibodies and Fab fragments that we know block junction 
formation. Even if the decrease in resistance caused by treat- 
ment with a-umt IgG at 6 h was due to cell dissociation, it 
was only transient and occurred in at most 13 % of the cells. 
Our difficulty in causing extensive cell dissociation in com- 
parison to previous reports is probably not attributable to 
differences in the anti-uvomorulin antibodies used. Our anti- 
bodies were of very high titer and showed potent blocking 
activities in other assays, including a resistance recovery as- 
say (21), the Ca:+-switch assay in the present work, and in 
4. One possible exception in an analogous but not identical system is the 
dramatic dissociation of somites excised from chick embryos by antibodies 
to the related neural Ca2+-dependent adhesion molecule, N-cadherin (10). 

the dissociation of subconfluent MDCK cells (Gumbiner, 
Vestweber, and Behrens, unpublished observations). Rather, 
the conditions of cell growth into a well-formed model epi- 
thelium is probably responsible for the different results. 

Behrens et al. reported that strain II MDCK cells grown 
on filters could be dissociated by arc-l, a monoclonal anti- 
body to canine uvomorulin (2). Their findings are not di- 
rectly comparable to ours, however, because the cells were 
grown only overnight, just to confluence, and a quantitative 
assay to estimate the extent of the effect was not used. In- 
terestingly, they reported that dissociability was prevented by 
treating the cells with colchicine or drugs that raise the levels 
of intracellular cAMP. This suggests that dissociability by 
antibodies to uvomorulin is influenced by the health or meta- 
bolic state of the cells. It is possible, therefore, that cells in 
demanding metabolic conditions, such as rapidly growing 
tumor cells or cells undergoing developmental alterations, 
may be more dependent on an uvomorulin-dependent adhe- 
sion mechanism. 

Although we found that several antibody reagents could 
bind to uvomorulin at the lateral cell surfaces without caus- 
ing a decrease in transepithelial resistance, it is still possible 
that uvomorulin does normally control the state of the junc- 
tional complex in differentiated epithelia. Under these condi- 
tions uvomorulin could exist in a form of adhesive contact 
(perhaps the ZA) that is not easily modulated by the binding 
of an antibody. Also, the nature of antibody binding to 
uvomorulin on the cell surface might influence the cellular 
response. For example, only the polyclonal a-umt IgGs 
caused a transient loss in transepithelial resistance. This 
seems surprising, since the IgGs were less effective than the 
Fab fragments in the Ca2+-switch assay and also have the 
potential to cross-link cells together. Perhaps the bivalent 
polyclonal antibody induced uvomorulin internalization (con- 
sistent with the data in Fig. 5, E and G), and thereby modu- 
lates its function. The transient loss of transepithelial resis- 
tance caused by the a-umt IgG either could be due to the 
physical dissociation of a small proportion of the cells, or 
could indicate that uvomorulin regulates in a more subtle 
way the state of the junctional complex. Alternatively, cross- 
linking a cell surface glycoprotein like uvomorulin could 
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Abstract. The role of the epithelial adhesion molecule 
uvomorulin in the formation of the epithelial junc- 
tional complex in the Madin-Darby canine kidney 
(MDCK) cell line was investigated. Experiments were 
carried out to determine whether specific inhibition of 
uvomorulin function would interfere selectively with 
the formation, stability, or function of the apical zon- 
ula adherens (ZA) and zonula occludens (ZO), or 
whether it would interfere with all forms of intercellu- 
lar contact including the desmosomes. The effects of 
blocking antibodies and Fab fragments to uvomorulin 
on the formation of the junctional complex was exam- 
ined with a Ca 2+ switch assay for de novo junction as- 
sembly. The formation of the ZO, the ZA, and the 
desmosomes was assayed by fluorescence staining with 
an antibody to the tight junction-specific protein ZO-1, 
with rhodamine-phalloidin for ZA-associated actin fila- 
ments, and with an anti-desmoplakin antibody, respec- 

tively. Under different conditions and times of anti- 
body treatment the extent of inhibition of the forma- 
tion of each of the junctional elements was very 
similar. The ability of the cells to eventually overcome 
the inhibitory effect of the antibodies and form junc- 
tions correlated with the reappearance of uvomorulin 
at the regions of cell-cell contact. Therefore uvomoru- 
lin seems to mediate an early adhesion event between 
epithelial cells that is a prerequisite for the assembly 
of all elements of the junctional complex. In contrast, 
the transepithelial electrical resistance of confluent, 
well-established monolayers of MDCK cells grown on 
filters was not greatly affected by treatment with the 
various antibodies or Fab fragments. A small transient 
decrease in resistance observed with the polyclonal 
ct-uvomorulin IgG may be due to a more subtle modu- 
lation of the junctional complex. 

T HE cell surface glycoprotein uvomorulin plays an im- 
portant role in the formation of cell-cell contacts in 
epithelial tissues (2, 21, 24). Uvomorulin is also known 

as E-cadherin (36, 40), and is very likely the same molecule 
as L-CAM (3, 11, 16) and cell-CAM 120/80 (9) in other spe- 
cies. It mediates the Ca2+-dependent process of compaction 
in the early mouse embryo (9, 24, 40) and the Ca2+-depe n- 
dent aggregation of isolated epithelial cells (3, 30, 40). 

Epithelial cells are also connected together by the epithe- 
lial junctional complex, which consists of the zonula oc- 
cludens (ZO) 1 o¢ tight junction, the zonula adherens (ZA) 
or intermediate junction 2, and the desmosomes (12). The 
formation and stability of these three elements of the junc- 
tional complex are also dependent on extracellular Ca 2+ (17, 
19, 20, 22, 28, 31, 39). 

The relationship between cell adhesion and cell junction 
formation has not been clearly elucidated. One prominent 

1. Abbreviations used in this paper: Umt, an 80-kD ectoplasmic domain of 
uvomorulin; ZA, zonula adherens; ZO, zonula occludens. 

2. The ZA has also been called the "belt desmosome" but this term is not 
used here so as to avoid confusion with true desmosomes, which are bio- 
chemically distinct entities. 

hypothesis in the literature is that cell adhesion is an early 
recognition event between cells that is a prerequisite to the 
formation of specialized intercellular junctions (11, 36). Yet, 
desmosomes and the ZA probably also play important roles 
in intercellular adhesion (25, 39). In fact, the distinction be- 
tween cell adhesion molecules and intercellular junctional 
molecules has become blurred recently. In many epithelial 
cell types uvomorulin has been found to be highly concen- 
trated in the ZA (2, 4, 38). Also, Gumbiner and Simons (21) 
found that uvomorulin was critically involved in the rapid 
resealing of tight junctions between confluent Madin-Darby 
canine kidney (MDCK) cells. From these findings they pro- 
posed the alternative hypothesis that uvomorulin as the adhe- 
sive component of the ZA, functioned primarily in epithelia 
to help form the occluding barrier and to establish cell sur- 
face polarity by facilitating the assembly and localization of 
the ZA, and in turn the formation of the ZO (22), 

The current study was undertaken to test experimentally 
this latter hypothesis. We asked whether the inhibition of 
uvomorulin function in MDCK cells would interfere selec- 
tively with the formation, stability, or function of the ZA and 
the ZO without affecting the establishment or stability ofdes- 
mosomes, or would it interfere with all forms of cell contact. 
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desmosomes and the ZA probably also play important roles 
in intercellular adhesion (25, 39). In fact, the distinction be- 
tween cell adhesion molecules and intercellular junctional 
molecules has become blurred recently. In many epithelial 
cell types uvomorulin has been found to be highly concen- 
trated in the ZA (2, 4, 38). Also, Gumbiner and Simons (21) 
found that uvomorulin was critically involved in the rapid 
resealing of tight junctions between confluent Madin-Darby 
canine kidney (MDCK) cells. From these findings they pro- 
posed the alternative hypothesis that uvomorulin as the adhe- 
sive component of the ZA, functioned primarily in epithelia 
to help form the occluding barrier and to establish cell sur- 
face polarity by facilitating the assembly and localization of 
the ZA, and in turn the formation of the ZO (22), 

The current study was undertaken to test experimentally 
this latter hypothesis. We asked whether the inhibition of 
uvomorulin function in MDCK cells would interfere selec- 
tively with the formation, stability, or function of the ZA and 
the ZO without affecting the establishment or stability ofdes- 
mosomes, or would it interfere with all forms of cell contact. 
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Figure 4. Selective Aggregation of P- and E-Cadherin Transfectants 
PL6P and EL51 cells were dissociated completely into single cells by TE-treatment, mixed in a I:1 ratio, and allowed to aggregate for 45 min. To 
distinguish between the two cell lines, EL61 cells were labeled with CFSE prior to aggregation. A control sample was prepared by mixing labeled 
and unlabeled EL61 cells. After fixation with glutaraldehyde, an aiiquot of the cell suspension was transferred onto a microscope slide and examined 
using a Zeiss fluorescence microscope with filter system No. 10 for CFSE labeling (A and C) and No. 15 for autofluorescence produced by glutaralde- 
hyde fixation (B and D). (A and B) An experimental combination; (C and D) a control combination. Photographs in each combination represent the 
same field. Magnification = 65x. 
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Figure 5. Quantitative Analysis of the Segregation of P-and E-Cadher- 
in Transfectants 

ELPl cells into a tissue reconstitution system of em- 
bryonic lung ceils. The mouse embryonic lung is com- 
posed of epithelial cells expressing E-cadherin and mes- 
enchymal cells that lack this cadherin but probably have 
some other cadherin subclass. When lung cells were dis- 
persed by a trypsin-collagenase treatment and allowed to 
reaggregate, they formed aggregates with a structure 
similar to the original tissue in which epithelial and mes- 
enchymal cells are distributed in separate compartments. 

To the lung cell suspension a relatively small number of 
ELPl or control L cells prelabeled with CFSE were added 
and incubated for 24 hr. As shown in Figure 8A, L cells 
were incorporated in lung-cell aggregates and were de- 
tected predominantly within the mesenchymal region; 

EL61 cells labeled with CFSE were mixed with unlabeled PL62 or 
EL61 cells in a 1:l ratio and were allowed to aggregate for 45 min as 
described in Figure 4. Aggregates that were composed of 20 to 70 cells 
were randomly selected, and the percentage of labeled cells in each 
aggregate was determined for 67 aggregates in the experimental com- 
bination and 60 aggregates in the control combination. Cells with 
asterisks were stained with CFSE. 
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Figure 6. Segregation Pattern of P- and E-Cadherin Transfectants after Prolonged Culture 

PLl32 and ELbl were dissociated by TE-treatment, mixed in a 1:l ratio, and cultured for 24 hr. The resultant aggregates were sectioned, and the 
distribution of PLb2 and ELPl cells were visualized by double staining for P-cadherin (A) and E-cadherin (B), respectively. Double staining was per- 
formed using monoclonal antibody PCD-1 and a rabbit anti-E-cadherin, which were detected with rhodamine- and FITC-labeled second antibodies, 
respectively. Note that the two cell lines are clearly segregated, showing a complementary distribution pattern. Magnification = 65x. 

only 5% of the L cells in aggregates were found to be as- 
sociated with the lung epithelia. The lung epithelial and 
mesenchymal cells. sometimes formed separate aggre- 
gates. In this case, L cells were incorporated only into the 
mesenchymal aggregates. When ELPl cells were used, 
they were also incorporated into lung cell aggregates and 
were detected as small clusters. In these aggregates, 53% 
of the total ELI31 cell clusters were in contact with the lung 
epithelial cells (Figure 88). Therefore by expressing E-cad- 
herin, the L cells’ original preference for the mesenchyme 
was changed to the lung epithelia. 

Discussion 

The existence of specific cell adhesion molecules with 
distinct tissue distributions has often been postulated to 
explain the selective adhesion of cells that occurs in vivo 
or in vitro (see Curtis, 1987, for review). Although many 
classes of cell-to-cell adhesion molecules have been iden- 
tified, no direct evidence has been presented that any of 
these molecules plays a role in selective cell adhesion. 
We here demonstrated that two members of the cadherin 
gene family, which show different tissue distributions, 
have distinct cell-binding specificities. 

As shown in the present and previous studies, L cells 
transfected with cDNAs encoding a single class of cadhe- 
rin polypeptide acquire a strong cadherin-mediated ag- 
gregating activity (Nagafuchi et al., 1987; Edelman et al., 
1987; Hatta et al.,1988). This activity was proportional to 
the amount of cadherin expressed. These observations 
suggest that the cadherin-mediated adhesion mechanism 
requires only one class of polypeptide in L cells. This al- 
lows us to propose a molecular model for cadherin- 
mediated cell adhesion; that is, cadherins interact with 
each other in a homophilic manner to bind cells. This idea 
is supported by two lines of evidence. First, parent L cells 

do not adhere to the cadherin transfectants. Second, the 
transfectants expressing P-cadherin segregate from those 
expressing E-cadherin. If cadherins reacted in a hetero- 
philic manner with some ligands that could be present on 
L cells, nonselective adhesion should occur between 
those cell lines, but it did not take place. Therefore, we as- 
sume that the selective adhesion of transfectants with 
P- and E-cadherin observed in the present study is due to 
the preferential interaction between the identical cadherin 
molecules. 

P- and E-cadherin have similar primary structures, and 
58% of their amino acids are identical (Nose et al., 1987). 
At the moment, there is little information about their cell- 
binding domains or the molecular structure responsible 
for their specificity. Comparisons of the amino acid se- 
quence in the extracellular region of cadherins among the 
different subclasses revealed no large domains that were 
particularly conserved or that diverged. Rather, conserved 
and nonconserved amino acids are scattered throughout 
the molecules. In any case, the differences in the amino 
acid sequences between E- and P-cadherin must cause 
their conformational differences, and this may confer the 
binding specificities on these molecules. 

N-cadherin, whose tissue distribution is distinct from 
that of P-or E-cadherin, must also have a unique specific- 
ity, since its amino acid sequence is different from that of 
other cadherins (Hatta et al., 1988). Although L cell lines 
transfected with N-cadherin cDNA are available (Hatta et 
al., 1988), we did not use them in the present study. These 
lines originated from chickens, and we wanted to avoid 
possible detection of species differences. To determine 
the specificity of N-cadherin, or other unidentified cadhe- 
rin subclasses, the use of the same animal species should 
be an important consideration in future projects. 

How strict are the subclass specificities of cadherins in 
mediating specific cell-cell connections? Volk et al. (1987) 

E-cadherin cells
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Summary 

Cadherins are cell-surface glycoproteins responsible 
for Ca2+-dependent cell-to-cell adhesion. E- or P-cad- 
herin was transfected into L cells, which normally 
have little cadherin activity, and cellular aggregation 
of the resulting transfectants was observed to be a 
function of the cadherin molecule expressed. Trans- 
fected cells preferentially adhered to cells expressing 
the same cadherin subclass. Furthermore, in recon- 
stituted embryonic lung tissue, E-cadherin-express- 
ing L cells were associated with epithelial tubules 
expressing E-cadherin, while untransfected L cells as- 
sociated with mesenchymal cells. These results pro- 
vide the first direct evidence that the differential ex- 
pression of cadherins can play a role in cell sorting in 
heterogeneous cell populations. 

Introduction 

Different types of animal cells sort themselves from each 
other when artificially mixed (e.g., Townes and Holtfreter, 
1955; Moscona and Moscona, 1952; Steinberg, 1963). 
This selectivity in adhesion of cells is believed to play a 
fundamental role in organizing tissues that comprise mul- 
tiple cell types. While many hypotheses have been pro- 
posed to explain the mechanism of cell sorting (see Cur- 
tis, 1967, for review), its molecular basis is largely not 
understood. 

Cadherins are cell-surface glycoproteins responsible 
for the Ca*+-dependent cell-to-cell adhesion mecha- 
nisms. They are divided into subclasses such as E-cad- 
herin, P-cadherin, N-cadherin and L-CAM (see Takeichi, 
1966, for review). E-cadherin is identical with uvomorulin 
(Ringwald et al., 1987), and N-cadherin is presumably 
identical with A-CAM (Volk and Geiger, 1986). By molecu- 
lar cloning of cadherin cDNAs, we and others have shown 
that cadherins are integral membrane proteins 723-748 
amino acids long (Gallin et al., 1987; Nagafuchi et al., 
1987; Ringwald et al., 1987; Nose et al., 1987; Hatta et al., 
1988). Comparisons of the amino acid sequences of the 
cadherin subclasses showed that 45%-580/o of the amino 
acids are identical. They thus constitute a gene family of 
molecules with a similar primary structure. 

Cells expressing different cadherin molecules tend to 
segregate from each other in vitro (Takeichi et al., 1981, 
1985; Gibralter and Turner, 1985; Nose and Takeichi, 
1986), suggesting that each cadherin subclass has a 

unique binding specificity. The subclass-specificities of 
cadherins were also suggested by the observation that 
cadherins are concentrated in the junctions between cells 
expressing identical cadherin subclasses but not in those 
between cells with different cadherin subclasses (Hirano 
et al., 1987). In vivo, we found that the expression pattern 
of each cadherin subclass in embryos is correlated with 
the positional segregation of cell layers (Hatta and Takeichi, 
1986; Nose and Takeichi, 1986; Hatta et al., 1987). The 
possibility that cadherins play a role in the sorting-out of 
different cell types has thus been proposed. 

We recently succeeded in transferring cDNA encoding 
the mouse E-cadherin (Nagafuchi et al., 1987) and the 
chicken N-cadherin (Hatta et al., 1988) into L cells, which 
have little endogenous cadherin activity. Cadherin mole- 
cules derived from the introduced cDNA were functional 
in L cells and conferred strong aggregating activity on 
these cells that otherwise do not adhere very well to each 
other. In the present study, we introduced mouse P-cad- 
herin cDNA into L cells and found that P-cadherin also 
functions in these cells. These transfected cells provide 
an ideal experimental system for comparing properties of 
the cadherin subclasses, since the only variable factor in 
this system is the presence or absence of cadherins. Here 
we report that L cells expressing E-and P-cadherin segre- 
gate from each other when mixed. This provides the first 
direct evidence that the differential expression of cadhe- 
rins mediates the selective adhesion of cells. 

Results 

Establishment of L Cell Lines Expressing P-Cadherin 
L cells have no endogenous P-cadherin (Figure 1A). To ob- 
tain stable transfectants of L cells expressing P-cadherin, 
cDNA inserts containing the entire coding region of P-cad- 
herin were cloned into an expression vector downstream 
of the SV40-thymidine kinase promoter (ST promoter) 
(Katoh et al., 1987) or downstream of the P-actin promoter 
(Fregien and Davidson, 1986) and were introduced into L 
cells by cotransfection with a neomycin resistant vector. 
After selection in G418, we isolated several transfectants 
that express the usual 118 kd P-cadherin protein (Figure 
1A). Generally, cells transfected with the p-actin promoter 
expressed higher amounts of P-cadherin than those trans- 
fected with the ST promoter. As observed for E- or N-cad- 
herin cDNA transfectants (Nagafuchi et al., 1987; Hatta et 
al., 1988), the morphology of the L cells was altered by the 
expression of P-cadherin. While the parent L cells do not 
form tight intercellular connections (Figure 2A), the P-cad- 
herin transfectants are connected to each other, forming 
cell clusters (Figure 28). lmmunocytochemical studies 
showed that P-cadherin is present on the surface of the 
transfectants and that it accumulated at their cell-cell 
boundaries (data not shown). 

Clones of L cells transfected with E-cadherin cDNA 
were also isolated with the @actin promoter using the 
same strategy as above. One of them (ELBl) expresses 
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FIGURE 6. Expression of classical cadherins in the neural tube and embryonic brain. A: upon neurulation,
expression of E-cadherin at the overlying ectoderm ceases, replaced by that of N-cadherin. [From Alberts et al. (13),
copyright 2008 from Molecular Biology of the Cell by permission of Garland Science/Taylor & Francis Books, LLC.]
B: expression of R-cadherin is detected in distinct regions of the neuroepithelium, including radial glia, migrating
neurons, brain nuclei, and fiber tracts, in the chicken embryonic brain. [From Redies (276), with permission of
Elsevier.] C: expression of various cadherins in prosomeres. Note that each cadherin is expressed in particular
prosomeres as well as along their boundaries. [From Redies and Takeichi (277), with permission of Elsevier.]
D: expression of cadherins in the postnatal mouse brain. Cadherins 6, 8, and 11 are represented in different
colors. Four different levels of the forebrain are shown. At the cellular level, each region is a mosaic of neurons
expressing and not expressing a particular cadherin. See the original paper for abbreviations (331).
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Specificity Determining Sites of Cadherins 
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Figure 4. Aggregation of Cells Expressing Chimeric Cadharins with Distinct Adhesive Specificities 
L cells expressing PEI 13 and EP229 ware singly dissociated by TC treatment and mixed with ELM cells with E-cadherin or PLfM oetls with P-cadherin, 
which were also dissociated by TC treatment. To distinguish between the two mixed cell populations, ELs3 and PLf34 cells were prelabalad with 
CFSE, and allowed to aggregate for 45 min. Fluorescence photomicrographs of cell aggregates are shown for each of the experiments. (A) PE113 
with ELs3; (B) PE113 with PLfM; (C) EP229 with ELs& (D) EP229 with PLf54. Arrows indicate aggregates comprising mostly unlabeled cells. Note 
segregation of the mixed cells in (A) and (D) but not in (B) and (C). Magnification, x79. 

4A), while they formed aggregates randomly intermixed 
with PLfM cells (Figure 48). This indicates that the adhe- 
sive specificities of these chimeric cadherins are P type. 
On the contrary, L cells expressing EP229, which has the 
amino-terminal E-cadherin sequence, segregated from 
PLfM cells (Figure 4D), while they randomly intermixed 
with ELs8 cells (Figure 4C), indicating that their specificity 
is E type. Although we could not determine the specificity 
of EP113 because of its low cell binding activity, these 
results suggest that the amino-terminal 113 amino acid re- 
gion is essential to the adhesive specificity of these cad- 
herins. 

In contrast to the above chimeras, we could not assign 
clearly the specificities of PE87 and PE31 to E or P type. 
As shown in Figure 5, L cells expressing PE87 and PE31 
coaggregated with both ELs8 and PL84 cells. There was, 
however, a tendency for partial segregation to occur in the 
mixtures with PLpll cells (Figures 58 and 5D), while the 
aggregation with ELs8 cells was perfectly random (Fig- 
ures 5A and 5C); in the former case, the two mixed cell 
lines tended to segregate in the inside of each chimeric 
aggregate. This suggests that PE87 and PE31 can bind to 
both E and P type, but their preference is for E type. 

Point Mutational Analyses of Binding Specificities 
The studies discussed above suggest that the whole 
amino-terminal 113 amino acid region is involved in deter- 
mining the adhesive specificities of these molecules. Ami- 
no acid sequences of E- and P-cadherin are 85% (74lll3) 
identical in this region, suggesting that specificity is deter- 
mined by a relatively small number of nonconserved 
amino acids (39 amino acids; see Figure 8). To character- 
ize further the amino acid residues that may play a key 
role in the adhesive specificity, we created a series of 
point mutations on many of the nonconserved regions, in 
which two to four amino acids of E-cadherin were replaced 
by the corresponding P-cadherin amino acids by means 
of site-directed mutagenesis (Tabte 1). The mutant E-cad- 
herin cDNAs were then cloned into an expression vector 
and transferred into L cells, and lines expressing the mu- 
tated Ecadherins were established. All of these mutant 
lines exhibited strong Gas+-dependent aggregating ac- 
tivities (data not shown), indicating that the introduced 
amino acid substitutions did not affect the function of 
Ecadherin. We chose cell lines with similar aggregation 
activities in the following studies and refer to thasa partic- 
ular lines as Ml-M9 cells (Table 1 and Figure 8). 
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this chimeric cadherin showed only weak activity is not 
known. 

Binding Specificities of Chimeric Cadherins 
The cell binding specificities of chimeric cadherins were 
examined by determining whether they bind to wild-type 
E- or P-cadherin. L cell lines expressing chimeric cadhe- 
rins were dissociated into single cells by TC treatment and 
mixed with a line of L cells expressing the wild-type Ecad- 
herin ELs8 (Nagafuchi et al., 1987) or P-cadherin PLp4 
(Nose et al., 1988) which were also dissociated by TC 
treatment and incubated to allow aggregation. To distin- 
guish between the two mixed cell lines, cells of both lines 
were prelabeled separately with a fluorescent dye. We 
used cell lines with similar aggregation rates for these 
studies. 
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Figure 2. lmmunoblot Analysis of Chimeric E- and P-Cadherins Ex- 
pressed in L Cells 

L cell lines expressing chimeric cadherins PE229 (lane 1), PE113 (lane 
2). PE67 (lane 3). PE31 (lane 4), EP229 (lane 5) and EP113 (lane 6) 
were dissolved in a SDS lysis buffer (10s cells/l50 nl) and subjected 
to immunoblot analysis using a rabbit antiserum against E-cadherin (A) 
and against P-cadherin (6). Neither antiserum cross-reacts with other 
types of cadherin. Aliquots (10 ~1) of the samples were loaded onto 
each lane. The positions of wild-type E- and P-cadherin are indicated 
by arrowheads. Note that the chimeric cadherins react with both anti-E- 
and anti-P-cadherin antisera. Bands with lower migration in lane 6 are 
probably some unprocessed precursor molecules. 
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Figure 1. Structure of Chimeric E-and P-Cad- 
herins and Their Binding Specificities 

Restriction enzyme sites were created by in 
vitro mutagenesis at the positions indicated. At 
these sites, the corresponding regions of E- and 
P-cadherins were interchanged. The adhesive 
specificity of each chimeric cadherin and its re- 
activity to monoclonal antibodies PCD-1 and 
ECCD-1 are shown on the right. The specificity 
of EP113 could not be determined, because 
this molecule showed only a weak binding ac- 
tivity. Numbering of amino acids is initiated at 
the putative N-terminus of the mature protein, 
and it differs from that previously reported (Na- 
gafuchi et al., 1967; Nose et al., 1967). Stippled 
and open areas denote P- and E-cadherin se- 
quences, respectively. Parentheses in the data 
for adhesive specificity represent a positive but 
lesser affinity. ND.. not determined. N, puta- 
tive N-terminus of the mature protein; M, trans- 
membrane domain: C, carboxyl terminus. 

L cells expressing PE386, PE322, PE229, and PE113, 
which contained the amino-terminal Pcadherin sequences, 
tended to aggregate separately from ELs8 cells (Figure 

Figure 3. Expression of Chimeric Cadherins on Cell Surface 
Living L cells expressing chimeric cadherin PE113 (A) and EP226 (B) 
were incubated with a rabbit serum against Ecadherin at 4% for 30 
min. After washing and fixation with paraformaldehyde, the chimeric 
cadherins were visualized with rhodamine-conjugated secondary anti- 
body. Note that the stain is concentrated at the cell-cell boundaries; 
the chimeric cadherins are expressed on the cell surface. Magnifica- 
tion, x580. 
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Summary 

Cadherins are a group of homophilic intercellular ad- 
hesion molecules; each member of this family exhibits 
binding specificity. Hen?, we attempted to map the 
sites for the speciffcities of these molecules by analyz- 
ing adheshm selectivities of the cells that express chi- 
merit and point-mutated E- and Pcadherin. The re- 
sults showed that the amino-terminal 113 amino acid 
region is essential to determine the specificities, and 
within this region we could identify especially impor- 
tant sites in which amino acid substitutions altered the 
binding specificity of cadherins. We also found that 
the epitopes for antibodies capable of blocking cadhe- 
rin action are located in this amino-terminal region. 

Introduction 

Selective cell-cell adhesion is thought to be fundamental 
to sorting of different ceil types in morphogenesis (Townes 
and Holtfreter, 1955). Recent studies suggest that the 
cadherin family of cell-cell adhesion molecules plays a 
particularly important role in this process. 

Cadherins are a group of integral membrane glycopro- 
teins of 723-747 amino acids responsible for Ca*+-depen- 
dent ceil-cell adhesion and are subdivided into various 
types such as E-, P-, and N-cadherin, each showing a 
unique tissue distribution (for reviews, see Takeichi, 1987, 
1988). Molecular cloning of cadherin cDNAs revealed that 
different types of cadherin have 45%-58% amino acid 
identities, constituting a gene family (Nose et al., 1987; 
Hatta et al., 1968). L cells, which have no endogenous 
cadherin activity, could express functional cadherin mole- 
cules when the cDNAs were exogenously introduced (Na- 
gafuchi et al., 1987; Edelman et al., 1987; Hatta et al., 
1988; Nose et al., 1988; Mege et al., 1988; Miyatani et al., 
1989). By examining the adhesion between the L cells 
transfected with different cadherins, we found that these 
cells selectively adhered to the cells expressing identical 
types of cadherin. On the other hand, parent L cells with- 
out cadherin cannot adhere to any line of the L cells ex- 
pressing exogenous cadherins (Nose et al., 1988). These 
results suggest that each cadherin has binding specificity 
and preferentially binds to the identical type by means of 
a homophilic interaction. We also demonstrated that Ecad- 
herin expression in epithelial cells was essential to their 
segregation from mesenchymal cells in lung morphogen- 

esis (Nose et al., 1988). These studies strongly support 
the idea that cadherins are crucial for the segregation of 
different cell types. 

How do cadherins bind cells? How are their binding 
specificities generated? Because all cadherin molecules 
are similar in their overall structure and biochemical prop- 
erties, there must be a common mechanism underlying 
the cell adhesion mediated by this molecular family. How- 
ever, little is known about binding mechanisms between 
cadherin molecules and the molecular basis for their 
specificities. 

In the present study, we constructed various chimeric 
E- and P-cadherins and established L cell lines express- 
ing these hybrid molecules. By examining adhesive speci- 
ficities of these cells, we found that the amino-terminal 113 
amino acid region determines the binding specificity of 
cadherins. We then generated a series of amino acid sub- 
stitutions within this region of E-cadherin and analyzed 
adhesive specificities of L cells expressing the mutated 
molecules. The results showed that some amino acid 
residues are responsible for determining binding specific- 
ities of cadherins. Mapping the binding sites for monoclo- 
nal antibodies known to block the function of cadherins 
also indicated the importance of this region. 

Results 

Construction and Expression of Chimeric 
E- and PCadherin 
To locate the regions responsible for the binding specifici- 
ties of cadherins, we constructed a series of chimeric mol- 
ecules of E- and P-cadherin in which the corresponding 
regions of E- and P-cadherin were exchanged (Figure 1). 
cDNAs encoding these molecules were introduced into L 
cells, and cell lines expressing chimeric cadherins were 
isolated. As shown in Figure 2, these lines expressed the 
molecules reactive to both anti-E-cadherin (Nagafuchi et 
al., 1987) and anti-P-cadherin (Nose et al., 1987) rabbit an- 
tisera, as expected. lmmunocytochemical analyses showed 
that the chimeric cadherins were expressed on the cell 
surface and that they were concentrated at cell-cell bound- 
aries (Figure 3). 

To determine whether the chimeric cadherins were 
functional, aggregation activities of the transfected cell 
lines were examined. Cells were singly dissociated by 
treatment with trypsin in the presence of Ca*+ (TC treat- 
ment) and washed with Ca*+-free saline. This procedure 
preserved the intact cadherin molecules on the surface of 
the dissociated cells. Ceils were then incubated with gen- 
tle swirling to allow aggregation in a Ca2+-containing me- 
dium. All of the chimeric cadherin-expressing lines except 
for EP113 aggregated strongly (data not shown), indicat- 
ing that these chimeric molecules were functional. Only 
weak aggregation was observed for cells expressing EPllg 
although molecules with normal molecular mass were ex- 
pressed on the cell surface (Figure 2, lane 6). The reason 
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FIG. 3. (A-C) Stages in the sorting-out ofPLP2 cells (fluorescent) from PLs5 cells over the course of4 days. (D-F) Stages in the envelopment
of PL,B2 aggregates (fluorescent) by PLs5 aggregates over the course of 3 days. Aggregates and aggregate fusions were photographed through
a 6.3x objective lens with epifluorescence optics using a rhodamine filter set, with or without low-level tungsten backlighting. (Bar = 0.1 mm.)

gregates were observed to spread progressively over the
surfaces of the PLj32 aggregates, completely enveloping the
latter in many cases. The same final configuration was thus
approached by tissue spreading as by the sorting-out of the
same two cell populations: a spheroidal PLf32 core enveloped
by a spheroidal PLs5 shell (Fig. 3 D-F).

DISCUSSION
Several alternative explanations of the linked phenomena of
cell sorting and inside/outside tissue layering have been
offered. Townes and Holtfreter proposed that cell sorting
resulted from directed cell migrations followed by tissue-
selective adhesion (1). Steinberg attributed these phenomena
to differences in cellular adhesive intensities, facilitated by
nondirected cell motility. Curtis (19, 20) proposed that the
formation of internal and external cell layers during cell
sorting results from the timing of postulated changes in
cellular adhesive and motile properties which immobilize
cells within aggregates in a centripetal wave. Thus cells ofthe
first type in a mixture to experience this postulated change
would be trapped in a layer at the aggregate's surface, cells
of the second type to undergo this change would be trapped
below them and so forth. Harris (21) favored a "differential
surface contraction hypothesis" ("The more strongly con-
tractile a given cell type is over its exposed surface, the more
internally it should sort out relative to other, less contractile
cell types."). Jones et al. (22) reported that the in vitro
migration rates of chick embryonic muscle, liver, and neural
retina cells declined in the same sequence as their tendency
to segregate internally in binary reaggregates and proposed
"that relative speed of movement may determine the posi-
tioning of cells in heterotypic aggregates." The results pre-
sented here demonstrate that both cell sorting and directed
tissue spreading can be caused by differences in the intensity
of intercellular adhesions in the absence ofthe differentials in
chemotactic behavior, in timing, in cell surface contractility,
or in speed of movement postulated, respectively, by Holt-
freter, by Curtis, by Harris, and by Jones.

Segregation of emerging embryonic primordia is often
associated with the appearance of different adhesion mole-
cules in the separating tissues (Hatta et al., reviewed in ref.
23). Indeed, cDNA transfection experiments have demon-

strated that expression of different cadherins in originally
identical cells can lead to cell sorting (13). However, this does
not imply that all instances of adhesion-mediated cell sorting
or tissue segregation need result from the expression of
qualitatively different adhesion systems. Computations ear-
lier predicted that expression of a single adhesion system in
different amounts should be sufficient to cause two cell
populations not only to sort out from one another but also to
show mutual envelopment behavior. It was predicted that a
specific anatomical organization should emerge by either
process, the cell population displaying fewer adhesion mol-
ecules completely enveloping the cell population displaying
more of them (5, 6). The reasons for this can be appreciated
by referring to Fig. 4 and its legend. Although "sphere-
within-a-sphere" is the most stable configuration for such a
system no matter how great or small the difference in the
areal frequency of the two cell populations' adhesion sites,
this difference would have to be sufficient to overcome
frictional restraints and "noise" generated by random cell
movements in order for this configuration actually to be
approximated. We estimate that the PL/82 cells employed in
our experiments express about 20 times as much P-cadherin
as the PLs5 cells.

Friedlander et al. (24) have already shown that greater vs.
lesser expression of N-cadherin in two populations of trans-
fected sarcoma S180 cells is sufficient to cause them to sort
out to a certain extent after initial co-aggregation. However,
their study did not address several related questions of
morphogenetic significance. These questions are as follows:
whether, in solid tissue masses, different levels of expression
of the same adhesion molecule cause one of the two trans-
fected cell populations to segregate internally or externally to
the other; whether either of the two cell populations would
tend to envelop the other after mutual confrontation; and
whether the two transfected cell populations tend to arrange
themselves in a specific anatomical configuration.
The present results demonstrate the evocation of all of the

above morphogenetic behaviors merely by engendering
quantitative differences in the expression of a single, ho-
mophilic adhesion system. Thus not only the adhesive affin-
ities and the association constants of cell adhesion molecules
but also the number of such molecules displayed on cell
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We then tested the aggregation of the cells dissociated 
by TE treatment. Aggregation should occur once the 
cadherin molecules are recovered. To promote the recov- 
ery, complete medium supplemented with serum was 
used for the aggregation of TE-treated cells in this and all 
other experiments described here. As shown in Figure 3A, 
PLO2 cells, which express the highest amount of P-cad- 
herin, begin to aggregate within 30 min and form large ag- 
gregates by 1 hr, indicating that the recovery of these mol- 
ecules is extremely fast in these cells. TE-treated EL61 
cells also aggregated very rapidly (Figure 3A). In contrast, 
PLs5 showed a slower rate of aggregation, and TE-treated 
parent L cells aggregated only slightly (Figure 3A). 

There was a good correlation between the aggregating 
activity of each clone observed in the above experiments 
and the amount of cadherin that was restored after TE- 
treatment (Figure 3C). The difference in aggregating ac- 
tivity between PLf32 or EL61 and PLs5 also reflected the 
difference in the sizes of their aggregates formed after 
one day in culture (Figure 38). 

It was possible to prepare suspensions of single cells 
for all of the above cell lines by TE-treatment, but this was 
not possible for transfectants expressing higher amounts 
of cadherin when TC-treatment was employed. For this 
reason, we used TE-treated cells in the following experi- 
ments to investigate specificities of cadherins. 

Binding Specificities of E- and P-Cadherin 
We examined whether EL61 and PLp2 cells adhere to 
each other when mixed. To distinguish between the two 
cell lines, cells of one line were prelabeled with a fluores- 
cent dye, 5(6)-carboxyfluorescein diacetate succinimyl es- 
ter (CFSE). These cells were dissociated into single cells 
by TE-treatment, mixed, and incubated to allow aggrega- 
tion for 45 min. As shown in Figures 4A and 48, labeled 
and unlabeled cells aggregate independently. In a con- 
trol experiment, labeled and unlabeled EL61 cells were 
mixed; no segregation occurred in these cells (Figures 4C 
and 4D). Labeling with CFSE had no effect on the ag- 
gregating activity of cells. Figure 5 shows the segregation 
of PL62 and ELj31 cells quantitatively. Clearly, ELbl and 
PL[12 cells preferentially adhere to their own lines. A simi- 

Figure 3. Aggregation of Cadherin Transfec- 
tan& after TE-Treatment 
(A) P-cadherin transfectants PL32 and PLs5, 
Etadherin transfectant EL51, and L cells were 
dissociated by TE (trypsin-EGTA)-treatment 
and were allowed to aggregate. (6) Photomic- 
roscopic observations of aggregation. Panel 1: 
TE-treated PLl32 cells at the beginning of incu- 
bation. Panels 2-4: aggregates formed after 1 
day incubation of PLs5 (panel 2) PL52 (panel 
3) and ELbl (panel 4) cells. Magnification = 
32.5x. (C) Recovery of Pcadherin protein after 
TE-treatment. Aliquots of cells (5 x 105) were 
dissolved in SDS sample buffer at incubation 
times 0, 0.5, 1, 2, and 24 hr for PLp2 and 0, 2, 
4, and 24 hr for PLsS, and then subjected to im- 
munoblot analysis. Note the rapid recovery of 
P-cadherin in PL)32 cells as compared with 
PLs5 cells. 

lar segregation was observed when PLs5 cells were 
mixed with ELs4 (Table 1) following the same treatment as 
described above (data not shown). 

When L cells were mixed with E-or P-cadherin transfec- 
tants, only the cadherin-positive transfectants aggregated 
in any combination of transfectant lines tested. Almost all 
L cells remained as single cells and were not incorporated 
into the aggregates of cadherin-positive transfectants (da- 
ta not shown). 

Cell Sorting in Aggregates after Prolonged Culture 
Mixtures of EL61 and PLp2 cells were cultured for one 
day. The aggregates formed were sectioned and exam- 
ined to determine the distribution of the two cell lines by 
immunostaining for E-and P-cadherin. As shown in Figure 
6, EL61 and PLO2 cells aggregate independently or form 
chimeric aggregates in which the two cell lines are clearly 
segregated. The chimeric aggregates were probably pro- 
duced by fusion of EL61 and PLf32 aggregates, since this 
type of aggregate was not detected in the initial stage of 
incubation (see Figure 4). 

We next examined whether ELPl and PL62 can segre- 
gate themselves from each other when these two cell lines 
were artificially connected with a nonspecific ligand. For 
this purpose, TE-treated EL61 and PL62 cells were coag- 
glutinated by incubation with soybean agglutinin (SBA), 
and the resultant agglutinates were cultured. Cell lines 
were distinguished by immunostaining for E-cadherin on 
EL61 and CFSE-labeling of PLp2. 

At the beginning of the incubation, EL61 and PLf32 cells 
were randomly intermixed in agglutinates (Figure 7A), in- 
dicating that SBA nonselectively connected the two cell 
lines. By 6 hr, however, EL61 and PLp2 cells became 
segregated from each other so as to form discrete com- 
partments in each aggregate (Figures 78 and 7C). This 
kind of segregation pattern for two cell lines was main- 
tained for at least 24 hr. 

Behavior of E-Cadherin Transfectants 
in Lung Reconstitution 
To assess the role of cadherins in the segregation of cells 
that occurs in embryonic histogenesis, we introduced 

+++ +
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FIG. 4. Relative inefficiency ofutilization ofadhesion molecules at
interfaces between cells expressing them in different amounts. L and
H represent cells expressing, respectively, lower and higher amounts
of the same homophilic adhesion molecule. When adhesion sites are
present at the same density on apposed surfaces, they can be fully
engaged in cross-bridging (L-L, H-H). When they are present at
different densities (L-H), the excess sites on the H cells cannot be
engaged in cross-bridging. In a system containing both kinds of cells,
with the adhesion sites uniformly distributed on the cell surfaces,
intercelluiar bonding will be maximized-i.e., the number of unused
binding sites will be minimized-when the cell system is organized as
follows: (i) it adopts the minimum surface area (a sphere); (ii) its
surface cells are those which display the least number of binding sites
(L); and (iii) within this sphere, the L-H boundary area is minimized-
i.e., the H cells are segregated as a single, smaller, internal sphere.

surfaces contribute to the specification of the cells' morpho-
genetic behavior.
Are differences in adhesive site frequency actually utilized

by developing systems to control morphogenetic behavior?
Few molecular studies of the role of cell adhesion in mor-
phogenesis have been designed to identify such differences,
which may therefore have been overlooked. However, a
number of behavioral studies provide evidence for develop-
mentally active adhesive gradients in both vertebrate and
insect developing systems. Nardi and Kafatos (25, 26) have
presented strong evidence for a proximodistal gradient of cell
adhesiveness in the upper epidermal layer of the Manduca
pupal wing and suggest that it may function to guide neuronal
migration, to regulate local growth, and to provide positional
information underlying pattern formation. Nubler-Jung (27,
28) has deduced the presence of a similar, anteroposterior
gradient repeated in Dysdercus larval abdominal body seg-
ments and functioning to separate adjacent segments from
one another as well as in local growth control. The behavior
of transplanted Ambystoma pronephric duct primordia sug-
gests that the duct's caudal migration to the cloaca is guided
by a gradient or wave of adhesion to the underlying flank,
grafts of which themselves display evidence of an antero-
posterior gradient of flank cell cohesiveness. The latter may
regulate such morphogenetic activities as the flank meso-
derm's anteroposteriorly progressing envelopment of the

pronephric duct (29-31). Stocum and his associates (32, 33)
have presented behavioral evidence for a continuously
graded, proximodistal increase in the cohesiveness ofurodele
limb regeneration blastemas, functional in positional memory
and the control of intercalary regeneration.
Adhesive gradients presumably reflect quantitatively

graded differences in the expression of adhesion molecules,
but the identities of these molecules have not yet been
established in any of the above systems.
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ABSTRACT The sorting-out of embryonic cells from a cell
mixture and the selective spreading of one cell population over
the surface of another have been attributed to various causes.
These include differentials in chemotaxis, in cellular adhesive-
ness, in cell surface contractility, in speed of cell movement,
and in the timing of postulated changes in cellular adhesive and
motile properties. One of us earlier predicted on mathematical
grounds that two motile cell types differing only in the level of
expression of a single cell adhesion system should not only
segregate from one another but also arrange themselves with
the less cohesive cells enveloping a core of the more cohesive
ones. To test these predictions, we combined two populations
ofL cells transfected with P-cadherin cDNA and expressing this
homophilic adhesion molecule in substantially differing
amounts. When the two cell populations were intermixed, they
segregated to approach a sphere-within-a-sphere configura-
tion, the cell population expressing more P-cadherin forming
islands which fused to become an internal "medulla." When
the two cell populations were first formed into separate aggre-
gates which were subsequently allowed to fuse, the cell popu-
lation expressing more P-cadherin was enveloped by its part-
ner, which formed an external "cortex." These observations
confirm the early prediction and support the conclusion that
both morphogenetic movements and the specific anatomical
configurations to which they lead can be determined by par-
ticular sets of intercellular adhesive intensities, regardless of
how these are generated and in the absence of differentials in
other parameters.

Since the demonstration by Townes and Holtfreter (1) that
the dissociated cells of vertebrate embryonic organs can
reaggregate and sort out to reconstruct semblances of the
original structure, the mechanisms governing cell sorting
have been investigated as a means of gaining insight into the
mechanisms governing normal morphogenesis. Townes and
Holtfreter concluded that the sorting-out of experimentally
intermixed vertebrate embryonic cells into "distinct homo-
geneous layers, the stratification of which corresponds to the
normal germ layer arrangement" is brought about "in con-
sequence of directed movements," and that only afterward
"the tissue segregation becomes complete because of the
emergence of a selectivity of cell adhesion."
However, observations of cell population behavior asso-

ciated with cell sorting and tissue spreading led one of us to
the conclusion that directed cell movements played no role in
these phenomena (2-6). Rather, such observations supported
the conclusion that differences in the intensities of cell
adhesions alone direct the sorting-out of intermixed embry-
onic cells, the spreading of one tissue over the surface of
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another, and the specific inside/outside tissue stratification
that arises by either process, less cohesive cell populations
enveloping more cohesive ones (2-12). According to the
differential adhesion hypothesis, in any population of motile,
cohesive cells, weaker cell attachments will tend to be
displaced by stronger ones, and this adhesion-maximization
process produces cell rearrangements such as the tissue
spreading movements ofembryonic development and wound
healing and the segregation of unlike cells seen during cell
sorting. If carried to completion, this process would generate
a histological structure or configuration in which the total
intensity of cell bonding is maximized. For any combination
of cells, this "equilibrium configuration" would be deter-
mined by the particular set of adhesive intensities character-
izing the various possible interfaces between and among the
cells and extracellular substances constituting the system.
Both the anatomy of the ensuing structure and the means of
generating it would thus be specified by the adhesive prop-
erties of its constituent subunits.

In cell sorting and tissue spreading experiments with paired
chick embryonic tissues, one of us observed that one tissue
commonly comes to surround its partner completely (8).
Computations based upon model cells with uniform adhe-
siveness around their surfaces (4-6) showed that, for such
cells, this "sphere within a sphere" configuration should
result from adhesion maximization only when the following,
specific set of intercellular adhesive relationships exists: (i)
the enveloping cell population must be the less cohesive of
the two and (ii) its cells must adhere to those ofthe enveloped
cell population with an intensity equal to or greater than that
with which they adhere to others of their own kind. Although
the differential adhesion hypothesis, as a purely physical
explanation, deals only with the intensities of cell adhesions
and is indifferent to the molecular mechanisms by which
these adhesive intensities are generated, this case, in which
the less cohesive cells may adhere to the more cohesive cells
more strongly than to each other, raised the question of
whether mere quantitative differences in the level of expres-
sion of a single adhesion system would cause two cell
populations to be mutually immiscible, arranging themselves
as a (less cohesive) cortex surrounding a (more cohesive)
medulla. Another set of computations (5, 6) predicted that
this should indeed be the case. The experiments reported
here provide an experimental confirmation ofthat prediction.

MATERIALS AND METHODS
Cell Lines. We required two cell lines differing only in the

number of homophilic adhesion molecules of a given kind
expressed on their surfaces. We chose cell lines PLP2 and
PLs5, generated earlier (13) by transfection ofL cells with full
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ported separately). Moreover, these two cadherins must also
cross-adhere with an affinity similar to that with which each
self-adheres. If their “cross-affinity” was significantly
weaker than their “self-affinity,” cells expressing them in
equal numbers should segregate within a common aggregate
(Steinberg, 1962, 1963, 1964, 1978). The sorting-out of L
cell populations uniquely expressing these two cadherins is
therefore largely or entirely due to quantitative differences
in their expression and not to significant differences in
binding affinity between these two cadherin subtypes. These
results were reported earlier in abstract form (Duguay and
Steinberg, 1999).

Moderate differences in cadherin expression level suffice
to cause cell sorting
A major difference (about 20-fold) in P-cad expression

level between paired L-cell populations was earlier shown
to produce cell sorting, tissue spreading, and specific tissue
layering (Steinberg and Takeichi, 1994). Here, we have
asked how small a difference in cadherin levels is sufficient
to produce these morphogenetic consequences. We utilized
two L-cell lines expressing N-cad at moderately different
levels. Line N5A expresses about 50% more N-cad than
does line N2 (Table 1). Cells of these two lines were stained
to fluoresce red or green, mixed in equal numbers, and
pelleted. The thin pellets were cut into small fragments,
which were placed in gyrating culture. Fig. 7A is a confocal
section through the center of such an aggregate cultured for
a day, in which both the red- and the green-labeled cells are
from the N5A line and therefore express N-cad at the same
level. The initially flat and approximately square aggregates
had rounded up to become spheroids, indicating that the
cells were capable of rearranging, but the two cell popula-
tions did not segregate. (Coaggregated red-and green-
stained cells of the same kind remain intermixed in all cell
lines examined; our unpublished data.) Fig. 7B is a confocal
section through the center of a similarly prepared aggregate
containing a mixture of N5A and N2 cells. The 50% dif-
ference in mean N-cad expression level between these two
lines was sufficient to cause them to segregate from one
another during 1 day of culture, with the lower-expressing
N2 (green) cells completely enveloping the higher-express-
ing N5A (red) cells. As before, lower cohesion causes
external positioning. In preliminary experiments, even a
26% difference in mean E-cad expression level has been
sufficient to produce a degree of cell sorting in mixed

Fig. 5. Some cells expressing higher levels of a given cadherin form
separate aggregates under high-shear conditions. Low N-cad-expressing
N2 cells are labeled red, higher N-cad- expressing N5A cells are labeled
green. A mixed single-cell suspension of the two cell lines was allowed to
aggregate overnight at 120 gyres/min on a gyratory incubator-shaker. Some
of the higher-expression cells formed separate aggregates. Confocal image.
Scale bar represents 100 !m.

Fig. 6. L cells expressing E- vs P-cad sort out only when they differ in cadherin expression level. The E-cad expression level of dexamethasone-inducible
L cell line LE-Dex was controlled by adjusting the concentration of dexamethasone in the medium. Due to the leakiness of the promoter, in the absence of
dexamethasone, the mean expression level of this line (3.51 ! 104 cadherins per cell) was similar to that of P-cad-expressing line LP1 (3.55 ! 104 cadherins
per cell). When 1 !M dexamethasone was added to the culture medium overnight, the mean E-cad expression of LE-Dex cells was increased about 4.5-fold
to "15.8 ! 104 cadherins per cell. L cells expressing P-cad (red) or E-cad (green) were copelleted and formed a coherent aggregate. This was then cut into
small pieces that were cultured in suspension for 2 days. In (A), E-cad- expressing cell line E8a, paired with cell line LP1, expressing P-cad at a higher level
(Table 1), segregated externally. In (B) and (C), inducible E-cad-expressing cell line LE-Dex was used. In (B), E-cad expression was approximated to that
of the P-cad line and no sorting-out occurred. In (C), the E-cad-expressing line LE-Dex was induced to an expression level greater than that of the P-
cad-expressing line LP1 and segregated internally. Confocal images. Scale bar represents 100 !m.
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aggregates cultured for two days (A. Flagg, undergraduate
thesis).

Equilibrium configurations of paired cell populations
provide criteria of adhesive selectivity

The results presented above and discussed below dem-
onstrate that neither of the two criteria (separate aggregation
of two cell populations in a sheared suspension or cell
sorting within a common aggregate) used in the past as
evidence of type-specificity of cadherin-mediated cell–cell
adhesion is valid. A valid criterion does, however, exist.
Fig. 7B shows the final configuration arrived at by the
self-organization of paired cell populations expressing the
same cadherin in different amounts. This configuration is
one of complete envelopment of the higher-expression cell
population by its lower- expression partner and represents
the outcome mathematically predicted (Steinberg, 1962c,
1963, 1964) and empirically found (Steinberg and Takeichi,
1994) in the absence of affinity differences between the two
cell populations’ adhesion sites. Sorting-out of two cell
populations to produce this configuration of complete en-
velopment of one cell population by another therefore offers
no evidence of selective disaffinity between the differing
cells’ adhesive sites, e.g., E-cad and P-cad as seen in Fig. 6.
When coaggregates of B-cad- and R-cad-expressing L cells
were cultured for 2 days, however, they self-organized to
form a different configuration. These two cell populations
segregated within each aggregate to produce not a config-
uration of complete envelopment of one cell population by
the other, but rather one or more lumpy masses of red
fluorescent R-cad cells perched as caps partially enveloping
a mass of green fluorescent B-cad cells (Fig. 7C).
In cell populations that display liquid-like behavior (cell

sorting, rounding-up of suspended cell aggregates, the
spreading of one cell aggregate over the surface of another),

as in ordinary systems of immiscible liquids, incomplete
envelopment of one phase by the other at configurational
equilibrium theoretically signifies that the cross-adhesion
between the two phases is weaker than the self-adhesion of
either phase (Steinberg, 1962c, 1963, 1964, 1978). In cel-
lular systems, this circumstance would require a lesser af-
finity between the differing cell populations’ adhesive sites
(in this case, B-cad and R-cad) than can be accounted for by
quantitative differences in their expression levels alone.
B-cad and R-cad expressed on L cells can cross-adhere, but
the incomplete envelopment of B-cad-expressing by R-cad-
expressing L cells at configurational equilibrium implies
that mature adhesions between these two cadherins must be
weaker on a molar basis than those between paired cad-
herins of either kind.

Discussion

Cross-adhesion between different cadherins

Initial reports and many secondary accounts have repre-
sented cadherin-mediated cell–cell adhesion as being more
or less cadherin subtype-specific (Inuzuka et al., 1991;
Miyatani et al., 1989; Munchberg et al., 1997; Murphy-
Erdosh et al., 1995; Nose et al., 1988; Takeichi et al., 1985).
However, cells expressing different classical cadherins have
been shown to be capable of cadherin-mediated mutual
adhesion in a number of cases. Volk et al. (1987) reported
that cocultured chick lens cells, displaying N-cad, and chick
liver cells, displaying LCAM, form adherens-type junctions
displaying these two adhesion molecules in apposition. The
formation of these chimeric junctions could be inhibited by
antibodies directed against either molecule, leading the in-
vestigators to propose that the two cadherins interact di-
rectly, a conclusion that we here confirm. Cross-adhesion

Fig. 7. Equilibrium configurations of L cell mixtures as a function of the number and kind of cadherins expressed. Equal numbers of cells were stained,
intermixed, and pelleted by centrifugation, then cut into fragments and cultured in suspension for 1 (A, B) or 2 days (C) to allow the aggregates to reorganize.
(A) An aggregate containing a mixture of red- and green-labeled N5A cells rounded up, the identical cells remaining intermixed. (B) N5A cells (red),
expressing a 50% higher level of N-cad, segregated internally to N2 cells (green) expressing the same cadherin at a lower level. (C) Aggregates containing
equal numbers of L cells expressing B-cad (green) and R-cad (red) segregated to produce mounds of R-cad-expressing cells partially capping a B-cad-
expressing mass. Confocal images. Scale bar represents 100 !m.
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Abstract

It is widely held that segregation of tissues expressing different cadherins results from cadherin-subtype-specific binding specificities.
This belief is based largely upon assays in which cells expressing different cadherin subtypes aggregate separately when shaken in
suspension. In various combinations of L cells expressing NCAM, E-, P-, N-, R-, or B-cadherin, coaggregation occurred when shear forces
were low or absent but could be selectively inhibited by high shear forces. Cells expressing P- vs E-cadherin coaggregated and then demixed,
one population enveloping the other completely. To distinguish whether this demixing was due to differences in cadherin affinities or
expression levels, the latter were varied systematically. Cells expressing either cadherin at a lower level became the enveloping layer, as
predicted by the Differential Adhesion Hypothesis. However, when cadherin expression levels were equalized, cells expressing P- vs
E-cadherin remained intermixed. In this combination, “homocadherin” (E-E; P-P) and “heterocadherin” (E-P) adhesions must therefore be
of similar strength. Cells expressing R- vs B-cadherin coaggregated but demixed to produce configurations of incomplete envelopment. This
signifies that R- to B-cadherin adhesions must be weaker than either “homocadherin” adhesion. Together, cadherin quantity and affinity
control tissue segregation and assembly through specification of the relative intensities of mature cell–cell adhesions.
© 2003 Elsevier Science (USA). All rights reserved.

Keywords: Cadherin; Cell adhesion; Cell affinity; Cell sorting; Differential adhesion; Homophilic; Morphogenesis; Segregation; Sorting-out; Specificity

Introduction

Embryonic development is marked by the segregation of
embryonic germ layers and then of their incipient tissues,
which migrate over one another’s surfaces and the extracel-
lular matrix as they rearrange to take up their characteristic
positions in the body plan. Dramatic examples of these
rearrangements are seen during gastrulation, neurulation,
and organogenesis. In early studies of the causes of these
tissue rearrangements, it was found that normal tissue lay-
ering could be achieved in vitro (Holtfreter, 1939), not only
by the normal process of mutual tissue spreading but also by
the sorting-out of experimentally intermixed cells within
coherent multicellular aggregates (Holtfreter, 1944; Townes
and Holtfreter, 1955; reviewed in Armstrong, 1989). More-

over, organ-like structures with specific anatomical config-
urations could be formed in like manner by combinations of
cells or tissues that normally never encounter each other in
the embryo (Moscona, 1957; Trinkaus and Groves, 1955).
Analyses of the behavior of cells and tissues as they carried
out these in vitro rearrangements led to the Differential
Adhesion Hypothesis, which proposes that these rearrange-
ments result from the repeated exchange of weaker for
stronger adhesions by intrinsically motile cells. The final
configuration, approaching that of minimal interfacial free
energy, is achieved when total cell–cell binding strength is
maximized (Steinberg, 1962a–c, 1963, 1964, 1970). Impor-
tant elements of this explanation have been confirmed by
studies of the behavior of heterogeneous combinations of
cells and tissues, by computer-modeling (Glazier and
Graner, 1993; Goel and Leith, 1970; Goel et al., 1970;
Graner, 1993; Graner and Sawada, 1993; Mostow, 1975;
Palsson, 2001; Palsson and Othmer, 2000) and by direct
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physical measurements (Davis et al., 1997; Foty et al., 1994,
1996). To assess the roles of particular cell adhesion mol-
ecules in tissue segregation, in vitro studies of the behavior
of cell populations selected or engineered to express iden-
tified adhesion molecules in measured amounts offer pow-
erful tools.
The cadherins are a superfamily of transmembrane

Ca2!-dependent cell–cell adhesion molecules (Kemler,
1992), within which the “classical” cadherins constitute a
highly homologous subgroup. The “type I” classical cad-
herins (Suzuki et al., 1991) are comprised of a series of
molecular subtypes, e.g., E-cadherin (-cad), P-cad, etc. Cad-
herin-mediated cell–cell adhesions are “homophilic” in the
sense that cadherins represent both the “locks” and the
“keys” on apposed cell surfaces. The importance of cad-
herins in morphogenetic processes was first suggested by
the observation that cell rearrangements during develop-
ment are often associated with changes in cadherin subtype
(reviewed in Takeichi, 1988). Major morphological defects
occurred when cadherin function was blocked with antibod-
ies (Bronner-Fraser et al., 1992; Matsunaga et al., 1988) and
when cadherins were ectopically expressed (Detrick et al.,
1990; Fujimori et al., 1990), in a series of in vivo experi-
ments. Those findings demonstrate that proper cadherin
expression and function are required for normal tissue seg-
regation. In light of the importance of the cadherins in
cell–cell adhesion, a question central to understanding their
dynamic role in embryogenesis concerns cadherin selectiv-
ity. To what extent can the different members of the type I
classical cadherin subfamily engage in heterocadherin
bonding?
A much-cited conviction has held that cadherin-mediated

cell–cell bonding is cadherin-type-selective, reflecting a
fundamental disaffinity between different cadherin sub-
types. This opinion has arisen largely from reports that
mixed suspensions of dispersed cells transfected to express
different members or subtypes of the “classical” cadherin
family (Kemler, 1992), when stirred together, in some in-
stances reaggregate separately in a largely cadherin sub-
type-specific manner. Cadherin subtype adhesive specificity
is also widely invoked to explain the segregation, within a
contiguous tissue mass, of embryonic tissues and the de-
mixing (“sorting-out”) of intermixed populations of cohering
cells expressing different cadherins (e.g., Takeichi, 1988,
1990). However, in the case of cell and tissue segregation
mediated entirely by cadherins, it has been shown that
purely quantitative differences in expression levels of a
single cadherin suffice to produce these rearrangements in
the absence of any difference in cadherin subtypes. Such
quantitative differences are sufficient to automatically spec-
ify both the sorting-out of intermixed cells (Friedlander et
al., 1989; Steinberg and Takeichi, 1994) and which cell
population, of an apposed pair, will envelop the other
(Steinberg and Takeichi, 1994). However, there has been no
equivalent converse demonstration of the ability of differ-
ences in cadherin subtype to produce these behaviors in the

absence of differences in cadherin expression levels. The
present experiments were undertaken to reexamine the abil-
ity of cells uniquely expressing different cadherin subtypes
to cross-adhere and to evaluate the relative contributions
made to tissue segregation behavior by differences in cad-
herin subtype binding specificities vs differences in cad-
herin expression levels.

Materials and methods

Antibodies

PCD-1 and NCD-2 (Zymed Laboratories, South San
Francisco, CA) were used for P-cad- and N-cad-expressing
cells, respectively. ECCD-1 and ECCD-2 (Zymed) were
used for E-cad-expressing cells. Hybridoma lines express-
ing mouse antibodies specific for N-cad (6B3; George-
Weinstein et al., 1997), B-cad (5A6; Murphy-Erdosh et al.,
1994), and R-cad (MRCD-2; Redies et al., 1992) were gifts
from K. Knudsen, L. Reichardt, and M. Takeichi, respec-
tively. W. Gallin supplied us with a rabbit polyclonal anti-
body against LCAM.

Cell lines

All cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum
(fcs), 50 units/ml penicillin, 50 !g/ml streptomycin, 100
!g/ml neomycin, and 10 !g/ml gentamicin in a humidified
5% CO2 atmosphere. By calcium phosphate coprecipitation
(Chen and Okayama, 1987), L929 cells (American Type
Culture Collection, Rockville, MD) were transfected with
pBATEM2, p"act-Pcad (Nose et al., 1988), and pMiwcN
(Fujimori et al., 1990), expression vectors for murine E-,
murine P-, and chicken N-cad, respectively. The cells were
then selected in complete medium containing G418 at 400
!g/ml active geneticin. The selection medium was changed
every 3 days to remove cell debris and supply fresh G418.
After about 2 weeks of selection, single colonies were
isolated by using cloning rings (Freshney, 1983) and ex-
panded. Clones were screened by flow cytometry for reac-
tivity to antibodies specific for E-cad (ECCD-2; Shirayoshi
et al., 1986), P-cad (PCD-1; Nose and Takeichi, 1986), or
N-cad (NCD-2; Hatta and Takeichi, 1986). Positive cells
were then subcloned. The N-cad-expressing lines were au-
tocloned into 96-well plates by using the CloneCyt Inte-
grated Deposition System (Becton-Dickinson Immunocy-
tometry Systems, San Jose, CA). Positive clones were
reanalyzed by flow cytometry. The N-cad lines designated
N2 and N5A, expressing different measured levels of N-
cad, the E-cad line designated E8a, and the P-cad line
designated LP1 were used here. An L cell line (LE-Dex)
expressing E-cad under the control of a glucocorticoid-
inducible promoter (pLK-neo; Nose and Takeichi, 1986)
was obtained from W. James Nelson (Angres et al., 1996).
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Pattern formation of biological structures involves organizing different types of cells into a spatial configuration. In this study, we
investigate the physical basis of biological patterning of the Drosophila retina in vivo. We demonstrate that E- and N-cadherins
mediate apical adhesion between retina epithelial cells. Differential expression of N-cadherin within a sub-group of retinal cells
(cone cells) causes them to form an overall shape that minimizes their surface contact with surrounding cells. The cells within this
group, in both normal and experimentally manipulated conditions, pack together in the same way as soap bubbles do. The shaping
of the cone cell group and packing of its components precisely imitate the physical tendency for surfaces to be minimized. Thus,
simple patterned expression of N-cadherin results in a complex spatial pattern of cells owing to cellular surface mechanics.

Pattern formation is the process by which cells are spatially arranged
into elaborate biological structures. Whereas significant advances
have been made in understanding how different cell types become
determined, less is understood about how cells are configured into
the characteristic shapes found in many organs. Signal transduction
networks under genetic control are known to regulate cell shape and
form through the cytoskeleton1,2. On the other hand, sporadic
descriptive analysis over the past century has suggested that cells
can be configured bymechanisms following physical principles. The
notion that cells organize themselves within structures that mini-
mize their total surface area is a recurring one.

The similarities between the patterns adopted by simple cell
aggregates and soap bubbles have long been remarked upon3. A
set of rules governing the behaviour of soap bubbles was first
developed by Plateau4. He found that in stable systems of bubbles,
junctions ofmore than three bubbles at a point were never observed.
He observed that three and only three bubbles meet at any junction
within a two-dimensional array of bubbles. The mathematical
and physical justifications for this phenomenon are based on
minimizing surface area for a given group of bubbles5. Plateau
also observed that the meeting point of any three bubbles was
symmetrical. The surface free energy of each of the three contact
surfaces is equal to the others, meaning that the three surfaces meet
at an intersection point, forming angles of 1208 (Fig. 1a). Because
the bubble membranes (soap films) are identical, the interactions
between neighbouring bubbles are identical and little complexity
can be generated by the system. However, many simple tissues and
multicellular aggregates in nature that closely resemble the packing
pattern seen with soap bubbles have been documented3 (Fig. 1b).
This correlation suggested that cells pack together in configurations
that minimize their overall surface area.

A different manifestation of surface minimization is seen when
mixtures of dissociated embryonic cells aggregate in vitro. As first
pointed out by Steinberg6, cells aggregate inways that closely imitate
the mixing of immiscible liquids. When two immiscible liquids are
mixed together, the liquid with the greater surface energy will round
up into a circle or sphere surrounded by the other. This shape
minimizes the liquid’s surface area. Likewise, dissociated cells
migrate and aggregate into an overall spherical shape if they are
able to adhere to one another; this process correlates with the
aggregate’s total surface energy7–9. Thus, a group of cells will adopt
an overall shape that minimizes the group’s surface area.

A wide variety of biological structures might be patterned
following minimization principles. Cells in epithelial sheets and

early embryos join in three-way junctions, as do lobules in a liver.
Epidermal scales and hair follicles are organized as circular struc-
tures, and cell groups within glands frequently adopt circular
shapes. Despite this circumstantial evidence, there is limited experi-
mental data that surface mechanics influences patterning in vivo.
Moreover, many complex biological patterns emerge in epithelia

Figure 1 Pattern formation in different tissues. a, The configuration of three soap
bubbles. The interfaces (a,b,c) are oriented at 1208-angles from each other. b, Packing
symmetry in an eight-cell mollusc embryo40. c, d, Schematic Drosophila ommatidium at

35% of pupal life. Cross-section view at the level of the adherens junction (c), and the side
view is equatorial to the midplane (d). Cone cells (eqc, equatorial; pc, posterior; plc, polar;
ac, anterior) are surrounded by two primary pigment cells (pp) plus secondary pigment

(sp), tertiary pigment (tp) cells and bristles (b). The cone cells sit over a cluster of

photoreceptor cells (R). e, A retina stained with cobalt sulphide. f, An ommatidium with an

arrow marking the junctional interface between cone cells. g, A cluster of four soap

bubbles, with an arrow marking the junctional interface.
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membranes of mutant primary pigment cells did not adhere to
neighbouring cells (Fig. 3g–i). Lack of b-catenin in the mutant cells
indicated an absence of a functional adherens junction. Mutant
cone cells failed to adhere to primary pigment cells but still adhered
to neighbouring cone cells (Fig. 3j–l). We conclude that DE-
cadherin is required in both cone and primary pigment cells for
adhesion. Because DN-cadherin is expressed in cone cells along
cone–cone interfaces, we proposed that this molecule was also
involved in cone cell adhesion. To test this, we induced clones of
DE-cadherin mutant cells that were also mutant for DN-cadherin.
The DN-cadherin allele is a partial loss-of-function mutant, allow-
ing us to recover flies at the appropriate stage. Doubly mutant cone
cells failed to adhere to their cone and primary pigment cell
neighbours (Fig. 3m–r). Some mutant cells lost total apical contact
with other cells (Fig. 3p–r). It is unclear at present what occupies the
space between mutant cells and their neighbours before tissue
fixation and staining. Generally, the mutant cone cells exhibited a
radial interface with their surroundings. In suchmosaic ommatidia,
the remaining wild-type cone cells packed into configurations
typical for soap bubbles of similar number (compare Fig. 3p to
Fig. 2d). Thus, DE- and DN-cadherins are essential for cone cells to
connect and pack into their canonical configuration.

DN-cadherin regulates the shape of cone cell groups
To understand the specific function of DN-cadherin, we examined
clones of null mutant cells (Fig. 4a, b). Loss of DN-cadherin had no
detectable effect on primary pigment cells. When all cone cells in an
ommatidium were mutant for DN-cadherin, cells maintained
adherens contact with their neighbours at the centre of the omma-

tidium. Occasionally, an individual cone cell was seen separated
from its group (Fig. 4h). However, the predominant phenotype
observed was a change in the shape of a cone cell group from its
normal lozenge/ellipse-like form into a shape that resembled a
cruciform (Fig. 4a, c, g). All mutant ommatidia exhibited this
shape change, or more rarely, cone group separation (N . 500
ommatidia examined). The alteration to a cruciform shape was
accompanied by two key changes in interfacial geometry (Fig. 4j–l).
First, the length of cone–cone interfaces was 36% shorter in DN-
cadherin mutants than in wild type (P , 0.001, Mann–Whitney;
Fig. 4j, k). The length of cone–primary pigment interfaces was
correspondingly longer. Second, cone–primary pigment interfaces
were oriented to each other by an average of 1548 (s.d. ¼ 118) in
wild-type ommatidia, whereas they were oriented to each other by
1088 (s.d. ¼ 118) in DN-cadherin2 ommatidia (Fig. 4j, k).

We further examined ommatidia that were composed of one or
two mutant cone cells. In such mosaic ommatidia, cells behaved
with strict autonomy according to their phenotypes (Fig. 4d, e). A
single mutant cone cell in an otherwise wild-type ommatidium
adopted a mutant morphology. A mosaic group of twomutant cells
paired with two wild-type cells adopted a chimaeric cruciform–
ellipse configuration. These results indicate that DN-cadherin is
required cell-autonomously and not as a signal to alter cell shape.
However, DN-cadherin expressed in one cell was not sufficient to
impart the cell with normal morphology unless one of its neigh-
bours also expressed DN-cadherin (Fig. 4f), and is consistent with
DN-cadherin acting through homophilic interactions between
neighbouring cells. Thus, clonal analysis suggests that DN-cadherin
regulates the shape of a cone cell group.

Figure 4 DN-cadherin is required for cone cell patterning. DN-cadherin mutant cells are
marked by the absence of LacZ (purple) and visualized with b-catenin (green). a, b, A
mosaic retina. c–h, Mosaic ommatidia, showing patterns when zero (c), one (d), two (e),
three (f) and four (g, h) cone cells are mutant. i, Schematic of three interfaces that meet at
a point. Left, adhesion is equivalent among the interfaces. Right, one interface (yellow) has

greater adhesion than the other interfaces. j, k, Three-way interfaces between a primary

pigment, a polar- and posterior-cone cell are highlighted. Primary pigment interfaces

meet (arrowhead) at an angle close to 1808 when cells are wild type (j), and close to 1208
when cells are mutant (k). The cone–cone interface (arrow) is shorter in the mutant. l, A
mosaic ommatidium with an interface between wild-type cells (yellow), and an interface

between a mutant and wild-type cell (white).
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If differential expression of DN-cadherin is responsible for the
cone cell group’s shape, then providing DN-cadherin to surround-
ing primary pigment cells would alter the shape of the cone cell
group. When DN-cadherin was misexpressed in both primary
pigment cells surrounding a cone cell group, the cone cells adopted
a cruciform structure that was indistinguishable from cruciforms
seen in DN-cadherinmutants (Fig. 5a, h). Thus, cruciform format-
ion correlates with uniform DN-cadherin expression. In contrast,
overexpression of DE-cadherin did not generate cruciform-like
structures (Fig. 5b), even though DE-cadherin levels were much
higher in overexpressing cells (data not shown). The only pheno-
type we observed were junctional interfaces forming between
anterior and posterior cone cells that overexpressed DE-cadherin.
Because overexpression of DE-cadherin blocks Wnt signalling and
leads to cell fate changes22, we determined whether cell-typemarkers
were properly expressed in pigment and cone cells overproducing
DN- or DE-cadherin. The expression of Cut and BarH1 proteins
was normal in retinal cells (data not shown). Thus, differential
expression of DN-cadherin mediates shaping of a cone cell group
without altering its identity.

How is group shape affected by DN-cadherin? Cadherins pro-
mote cell–cell adhesion through their extracellular domains23.
Another mechanism by which DN-cadherin might potentially
alter cone cell shape is through the actin cytoskeleton. To address
whether DN-cadherin affects the shape of a cone cell group through
its adhesive or cytoskeletal activities, we examined ommatidia in
which a single primary pigment cell misexpressed DN-cadherin. In
such ommatidia, there were major changes in cone cell position and
shape (Fig. 5a, d–g). Cone cells preferentially contacted the primary
pigment cell that misexpressed DN-cadherin, resulting in marked
repositioning of the cone cells. Cone cells adopted several different
shapes and attached themselves selectively to the cadherin-positive
primary pigment cell. The positive primary pigment cells were
altered into a variety of shapes, frequently engulfing one or more
cone cells. On the basis of these data, we conclude that DN-cadherin
drives greater contact between cells by a differential adhesion
mechanism.

Regardless of whether DN-cadherin was misexpressed in one or
both primary pigment cells, the DN-cadherin-positive cells (cone
and primary pigment) coalesced into overall structures that were

lozenge-like or elliptical in shape (Fig. 5). The effect was completely
penetrant for those ommatidia examined (N < 100). This obser-
vation argues that the shaping of cell groups is primarily determined
by adhesion mediated by DN-cadherin to minimize the overall
surface area of the group.

Discussion
In this study, we investigated the basic mechanisms of spatial
patterning in an intact neuroepithelium. Cadherin expression is
critical for this patterning at two levels. First, DE- and DN-
cadherins are necessary for apical adhesion between cone cells.
This permits cone cells to configure themselves in a manner that
precisely matches the behaviour of surface films (that is, soap
bubbles). Because soap bubbles pack together in configurations
that minimize their overall surface area, this suggests that cone cell
groups develop into configurations that behave similarly. A second
way that cadherin functions is by shaping the cone cell group. A
group of cells expressing DN-cadherin approximates an ellipse/
lozenge form, surrounded by a group of cells lacking DN-cadherin.
Analogous to a liquid film, this form is energetically favoured
because the surface area of contact between the more adhesive
group and surrounding cells approaches a minimum. Adoption of
this form is accompanied by certain geometric characteristics of
cone cell interfaces. Interfaces between cone and primary pigment
cells meet at more obtuse angles, and interface length between
neighbouring cone cells increases when DN-cadherin is localized
along the interface (Fig. 4i–k).
The similarity between cone cell patterns and those formed by

simple systems that minimize surface energies does not mean that
the underlying physics of these two processes is the same. Inter-
molecular attraction between detergent molecules provides surface
free energy to bubbles. In an aggregate of bubbles, interfaces
between neighbouring bubbles become single membranes, thus
reducing the total surface area and consequently, surface free energy.
In an aggregate of cells, adhesion molecules link cell membranes
together, contributing to their surface free energy. When the area of
adhesion spreads (increasing the cell–cell interface), this surface free
energy is reduced. A link between interface length and adhesion is
noticeably seen in DE-cadherin mutants, which exhibit both
reduced cone–primary pigment adhesion and shorter cone–
primary pigment interfaces (Fig. 3g, j).
Although a simple relation between surface mechanics and

pattern is suggested, the system is probably more complex, on the
basis of two observations. First, simply increasing cadherin levels in
cells is not sufficient to organize shaping of cell groups, because
overexpression of DN-cadherin but not DE-cadherin affected
shaping (Fig. 5). Mammalian cadherins have also been found to
differentially affect cell adhesion and sorting in vitro24. Second,
groups of DN-cadherin-positive cells do not always pack like
unconstrained soap bubbles (Fig. 5). These groups might use
other configuring mechanisms, or possibly additional constraints
limit their ability to minimize surface area.
Our study demonstrates the interplay of genetic and physical

mechanisms in pattern formation of epithelial tissues. Genetic
controls determine the differential synthesis of cadherins in distinct
sets of cells. Signalling pathways that are active in cells can further
regulate the localization of intercellular adhesion proteins through
adherens junction complexes2,25. The regulated distribution of
cadherins in turn allows cohesive groups of cells to minimize
their surface area by forming overall ellipse/lozenge shapes. Cells
within the group pack into configurations following Plateau’s rules,
achieving the lowest overall surface area. Our results demonstrate
how the simple expression pattern of two adhesion proteins can
render a complex pattern of cells in a developing biological
structure. We suggest that similar relationships between gene
expression and the physical properties of cells might contribute to
the extraordinary diversity of patterns seen in biology. A

Figure 5 Misexpression of cadherins leads to patterning defects. a, Cells misexpressing
DN-cadherin are marked with GFP (purple) and visualized with DE-cadherin (green).

b, Cells misexpressing DE-cadherin are marked with GFP (purple) and visualized with
b-catenin (green). Arrows mark ommatidia in which junctional interfaces are oriented

between anterior and posterior cone cells rather than polar and equatorial cells.

c–g, Examples of ommatidia in which one primary pigment cell misexpresses
DN-cadherin (purple). h, A typical ommatidium in which both primary pigment cells

misexpress DN-cadherin (purple).
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Conclusions

• Adhesion captures the notion of selective/specific aggregation
• Cell sorting phenomena and tissue envelopment behaviours 

initially interpreted from standpoint of selective migration 
(Holtfreter)

• The « differential adhesion hypothesis » (DAH) proposes a 
purely quantitative description and prediction of cell/tissue 
behaviours based on surface tension of tissues modelled as fluids 
approaching thermodynamic equilibrium.

• The discovery of cell adhesion molecules offers an apparent 
validation of the DAH.

• Discussion of DAH by A. Harris: link between cell surface 
property dependent on CAMs and reversible work of adhesion?
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