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I. INTRODUCTION

The sciences of anatomy and histology present the picture of living organisms as precisely
organized ensembles of cells, tissues, and organs. Understanding the factors that produce
tissue organization during development is one of the fundamental goals of experimental
biology. What is desired is an accounting of tissue organization based on properties and
behavior of the constituent cells and molecules. Two complementary stratagems have been
devised to explore this problem. In one, the investigator attempts to provide an understanding
of the processes that govern the development of tissue placement during embryonic mor-
phogenesis. This includes study of the factors that determine the pathways migratory cells
and tissues follow during the morphogenetic movements which play very important roles in
establishing the final patterning of tissues.'* This stratagem seeks to account for tissue
organization from an understanding of the developmental history of the particular structure
of interest.

The second stratagem involves experimental perturbation of the organization of the fully
formed organ followed by determination of the capacity for reestablishment of a normal
pattern. This second method of analysis has the potential to provide information on the
nature of both the processes that establish the definitive arrangements of tissues brought into
apposition by cell movement and the processes that stabilize and maintain tissue structure
thereafter. The opportunities for experimental perturbation of tissue organization with the
goal of elucidating the underlying principles governing that organization include wounding
and amputation experiments in vivo® and a variety of studies that can be conducted in vitro.
An example of the latter is provided by studies of cell sorting of organ-cultured cell aggregates
comprised initially of cohering, randomly intermingled populations of two or more cell types
(Figure 1). Typically, sorting out results in the establishment of homogeneous tissue domains
that remain adherent in a patterned array characteristic for the cell types employed. If the
cells are taken from tissues that are normally in association, the final pattern often bears a
striking resemblance to the organization of the tissues in situ. The present article reviews
studies on cell sorting and allied experiments and attempts to show how such studies con-
tribute to our understanding of tissue organization at the cellular and biochemical levels.

II. SELF-ORGANIZATION BY ORGAN-CULTURED CELL AGGREGATES:
CELL SORTING AND RELATED PHENOMENA

Cell sorting is the process by which cohering, disorganized aggregates of cells establish
structured tissues. In many situations of cell sorting, the aggregates contain two or more
different cell types. Sorting in these cases transforms an initially disordered array of cohering
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FIGURE 1. Living aggregates of 7-d-old chick embryo neural retina (unpigmented cells) and pigmented retina
(darkly pigmented cells) maintained in stirred suspension culture. (A) 5-H aggregate: the two cell types are mixed
in a disordered fashion in the aggregate; (B) 19-h aggregate: pigmented retinal celis have vacated the surfaces of
the aggregates and are found in numerous irregular-shaped internal clumps embedded in neural retinal tissue; and
(C) 2-d aggregates: fusion of internal pigmented retinal cell clumps has segregated the majority of these cells into
a single internal mass which is completely enveloped by neural tissue. The scattered pigmented retinal cells at the

surfaces of the aggregates are probably moribund cells in the process of sloughing.

Table 1

RECONSTRUCTION OF NORMAL HISTOLOGY OF VERTEBRATE ORGANS

BY CELL SORTING

Organ Reconstructed structure Ref.
Skin Feather follicles that produce feathers 16—20
Otocyst Vesicles of sensory epithelium surrounded by connective tissue 21
Brain Central cellular layer, peripheral molecular layer, parallel oriented pyramidal 2228

neurons in curved plate (Ammon’s horn), segregation of immature and ma-
ture neurons, radial orientation of astroglia, clustering of specific types of
neurons, surface ependyma
Limb bud Myoblasts surround chondroblasts 29, 30
Pronephros Pronephric duct 6
Mesonephros Outer capsule, nephric tubules embedded in connective tissue 30—33
Metanephros Outer capsule, inner pelvis-like cavity, secretory and collecting tubules 20, 34, 35
Testis Tubules of Sertoli cells surrounding germ cells and embedded in connective 36—38
tissue
Ovary Interior nests of germ cells surrounded by follicular envelope, external ger- 39, 40
minal epithelium
Thyroid Epithelial follicles embedded in mesenchyme 41—47
Lung Alveoli lined by pneumocysts, branched interconnected tabules embedded in 48—52
mesenchyme
Liver Outer capsule, hepatocyte cords with central bile canaliculi, connective tissue 20, 53—S55

cortex, hematopoietic islands in parenchyma

cells into one in which the cells are organized into homogeneous tissue domains. First
described for organ-cultured aggregates of amphibian embryo cells,® sorting has been dem-
onstrated for mixed populations of cells from a variety of phylogenetic groups including
invertebrates™* and vertebrates (Table 1), in both cell aggregates (Table 1) and in monolayer
culture,*® and with cells from embryonic (Table 1), postnatal,’®43% and adultt!4554.59
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stages of development. Figure 1, which depicts stages in the sorting of chick embryonic
neural retinal and pigmented retinal cells in organ-cultured aggregates, illustrates the process.
The initial aggregate produced by reaggregation of suspensions of dissociated cells of the
two cell types contains both cells in a disordered array. This is replaced during a period of
1 to 2 d in organ culture by one in which the cells are organized into relatively homogeneous
tissue domains. Typically, the homogeneous domains are positioned with respect to each
other in a characteristic and reproducible relationship that is characteristic for the cell types
included in the aggregate. In the case illustrated in Figure 1, a majority of the pigmented
retinal cells occupy a domain in the center of the aggregate which is surrounded completely
by a superficial layer of neural retinal tissue. This arrangement, with one tissue occupying
the center and surrounded completely by the second tissue, is the most commonly reported
consequence of sorting out of binary aggregates.%

Several general points can be made about cell sorting out: (1) cell sorting out, by definition,
is the process by which cohering, disorganized cell populations establish homogeneous
tissues; (2) cell sorting can occur with mixed cell populations whether the cells are from
tissues that normally are in contact or are from tissues that in situ are not associated; (3)
the patterned array generated by cell sorting usually is reproducible for a given pairing of
cell types; and (4) if the cell types combined in a sorting experiment in organ culture are
from tissues normally in association in vivo, then the final organization frequently bears a
striking similarity to the organization of those two tissues in vivo (Table 1). Item 3 above
warrants special note. One goal of any attempt to explain cell sorting must include an
accounting, not only for the establishment of tissue homogeneity, but also for the reproducible
patterning of the tissues that result. The ability of disordered cell aggregates to restore normal
tissue architecture (point 4 above) suggests that an understanding of the mechanisms un-
derlying cell sorting in vivo should prove instructive in understanding the processes that
govern and stabilize the definitive relationships of the tissues associated with each other in
the various organs of the bedy. In addition to the reestablishment of normal histotypic
relationships (Table 1), cell sorting can result in the recovery of normal patterns of cell
junctions®' and in the recovery of the functional and biochemical characteristics of the parent
organ.®>* Thus, although the events of cell sorting do not mimic the pathways of the
morphogenic movements which are so important in establishing tissue associations (during
normal morphogenesis, the tissues of individual organs do not sort out into their final form
from random mixtures of the constituent cells), an understanding of the mechanisms by
which cultured heterotypic cell aggregates generate patterned arrays of tissues shows promise
for analyzing the processes that the embryo employs to produce the definitive organization
of tissues brought into association by prior morphogenetic cell movement.

Analysis of the mechanisms of cell sorting has been facilitated by study of the pattern-
forming behavior of homogeneous tissue aggregates placed in contact in organ culture.
Typically, the tissue of one of the aggregates of the pair spreads over the surface of the
partner aggregate, often enveloping it completely, during the succeeding 2 to 3 d of cul-
ture®-658 (Figure 2). Of particular interest to the understanding of cell sorting is the ob-
servation that, with only a few documented exceptions, the final arrangement of tissues
established by tissue spreading of apposed homogeneous tissue aggregates is the same as
that generated by cell sorting of mixed cell aggregates comprised of the same two cell
types®-:-% (Figure 3). Thus, we have another element that any comprehensive theory of
cell sorting must explain: cohering cell populations generate the same patterned arrays from
very dissimilar initial organizations; by sorting of mixed aggregates or by the spreading of
one tissue over a second when homogeneous tissue aggregates are maintained in apposition.
The reported exceptions to this generalization are interesting and are considered later. Finally,
it should be noted that the tissue spreading experiment allows the investigator to employ
tissue fragments dissected directly from the organism, without the necessity for tissue dis-
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FIGURE 2. Spreading of 10-d-old chick embryo pigmented retinal tissue over the surface of an
aggregate of 10-d-old heart tissue. Approximately spherical aggregates of the two tissues were placed
in contact in hanging drop culture until they were firmly in adhesion, after which the composite
aggregate was maintained in organ culture for 2 d. During this time, the pigmented retinal tissue
spread as a monolayer over the surface of the heart aggregate. During envelopment of the heart
aggregate, the pigmented retinal tissue reduces the area available for homologous contact while
expanding the area of contact with the heterologous tissue.
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FIGURE 3. Configurational equilibrium. For most binary combinations of tissues, an identical final arrangement
of the two tissues results from the sorting out of disordered aggregates prepared by allowing a mixed suspension
of dissociated cells to reaggregate (upper half of figure) or by the tissue spreading that follows apposition in the
organ culture of homogeneous aggregates of the same two tissues (lower half). Most frequently, the final arrangement
is one in which one tissue completely envelopes the second. This behavior is consistent with the differential adhesion
hypothesis (DAH), which proposes that the final arrangement of tissues is governed by the relative cohesive
strengths and is, thus, independent of the initial organization of the binary aggregate.
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sociation and the attendant possibilities for modification of the adhesive character of the cell
surface.”

III. CELLULAR BASIS FOR CELL SORTING OUT

A. Cell Movement vs. Redifferentiation

Two general kinds of processes can be imagined to contribute to the establishment of
homogeneous tissue domains during sorting out: (1) the repositioning of differentiated cells
within the confines of the cell aggregate to increase the extent of contact between homologous
cells at the expense of heterologous contact, and (2) the redifferentiation of cells that lie
outside of their ‘‘proper’” domain into the cell type characteristic of the position in the
aggregate in which they find themselves. The second mechanism almost certainly contributes
to pattern formation when the initial aggregate contains relatively undifferentiated cells that
are capable during prolonged culture of displaying position-dependent differentiation.”’-7?
Most situations of cell sorting, however, appear to involve the rearrangement of stably
differentiated cells. A variety of cell markers have been employed to demonstrate this,
including endogenous pigmentation differences that allow the investigator to follow cells
during the course of sorting,®*"-7+78 vital staining of cells of one tissue type, labeling with
[*H] thymidine,”#? and construction of aggregates in which the different tissues are taken
from different species with histologically differentiable cell nuclei.®*-® The present review
confines itself to situations in which cell sorting is the consequence of cell rearrangement
within the aggregate and does not deal further with cases of cellular redifferentiation.

Two mechanisms of cell movement have been considered for sorting: active, pseudopod-
generated locomotion and associative movement. The latter process envisions cell movement
to be the consequence of a *‘zippering up’’ of homotypic contacts and a resultant reduction
in the area of contact between unlike cells.® The process does not require the activities of
pseudopods as being responsible for cell locomotion. Attempts to distinguish between these
possibilities have employed the drug cytochalasin B at concentrations capable of blocking
pseudopod-dependent cell locomotion. Although cytochalasin B does block cell sorting in
certain tissue combinations,®®%%* surprisingly, sorting out proceeds at high concentrations
of the drug in certain other tissue combinations.®-%-52% These latter observations indicate
that a detectable measure of cell sorting can occur under conditions where active locomotion
is inoperative and are consistent with the possibility that associative movement contributes
to the reorganization of cells during sorting.

B. The Differential Adhesion Hypothesis

That reproducibly patterned tissue arrays are generated by spontaneous reorganization of
disordered heterotypic cell aggregates indicates that properties of the constituent cells are
responsible for important features of tissue organization. One of the goals of research in
this area has been to identify the relevant cellular properties and the rules by which they
operate to determine tissue reorganization during cell sorting and, by implication, tissue
organization in vivo. The most detailed and most successful explanatory scheme has been
the differential adhesion hypothesis (DAH). The DAH proposes that (1) the cells of a given
cell type have as one of their phenotypic characteristics a characteristic strength of cohesion
to others of their kind, (2) the cells comprising an aggregate are motile, and (3) the final
organization of cells is that which maximizes the strength of adhesive interaction summed
over all of the adhesive contacts in the aggregate. In this explanation, cell adhesion is defined
as the reversible work of adhesion (the work done when one unit of cell surface area is
moved from the surface of the aggregate into the interior). The reversible work of adhesion
is directly proportional to the negative of the specific interfacial free energy (the change in
free energy when the surface area of a spherical cell aggregate is increased reversibly by
one unit at the expense of one unit of area of cell-cell contact).
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An understanding of how the DAH proposes to explain cell sorting is most easily achieved
by the consideration of specific examples. The simplest is an aggregate consisting of only
a single cell type that is adhesive to other cells over the entire cell surface. The most stable
state for such an aggregate is that which maximizes the area of cell-cell contact and minimizes
the area of cell-culture medium contact, viz., a sphere. The DAH proposes that the orga-
nization of tissues in aggregates comprised of two or more tissues is governed by the relative
values of the works of adhesion for the different possible contacts between cells. In the
general case of binary aggregates comprised of A and B cells that are adhesive over their
entire surfaces, these will be designated as W, for the work of cohesion of A cells, W, for
the work of cohesion of B cells, and W,, for the work of adhesion of A cells to B cells.
First, consideration can be given to the conditions under which sorting out would be expected,
e.g., when the most stable state is one in which homogeneous tissue domains are established.
The other possibility is cellular intermingling. In response to the condition of maximization
of the total work of adhesion, sorting out is expected when the work of adhesion between
unlike cells, W,,, is less than the average of the two works of cohesion, 1/2(W, + W,).
The final, stable organization is expected to be that of cellular intermingling in situations
in which the inequality is reversed, W,, > 1/2(W, + W,). In the latter situation, the aggregate
achieves configurational stability by maximizing the area of heterotypic cell contact. In
situations in which cell sorting is expected (when W, < 172[W_, + W,]), the DAH proposes
that the final arrangement of tissues is governed by the relative values of the cohesive and
adhesive interactions. Complete isolation of the two tissues is expected if the dissimilar cells
are unable to adhere to each other (if W,, = 0). If W,, > 0, the two tissues are expected
to remain in contact at the completion of sorting, with the more cohesive tissue arranged in
an interior position, allowing it to adopt the spherical shape that maximizes the area of cell-
cell contact, and with the less cohesive tissue at the surface, surrounding the interior tissue
partially (if the W, term is less than either W, or W,) or completely (if the W, term is
greater than the W of the less cohesive of the two tissues).

C. Other Explanations

A number of alternative explanations have been offered to account for cell sorting. These
include suggestions that sorting is a response to chemotactic gradients established in the
aggregate, %697 that differences in the timing of the reacquisition of adhesiveness following
dissociation is responsible for sorting, ! the interaction-modulation hypothesis of Curtis, '
the differential contractility hypothesis,'° and the specific adhesion hypothesis (SAH).3>? Of
these, I consider here only two, the differential contractility hypothesis and the SAH (for
reviews, see References 63, 103, and 104). The first proposes that sorting itself and the
relative positioning of the sorted out tissues are produced by active cellular contractility
induced by exposure to the culture medium, with different cell types showing differing
powers of contractility. It is proposed that the more contractile tissue of any given binary
combination should segregate to the interior.!°2 The SAH proposes that intercellular adhesion
evinces a significant degree of tissue specificity with homologous adhesions being stronger
than heterologous adhesions. The hypothesis envisions sorting out as occurring as the non-
specific adhesive bonds operative in the initial mixed reaggregate are superceded by the
specific adhesive interactions that become expressed as the cells repair the damage to their
surfaces engendered by tissue dissociation. The specificity of cellular adhesion is thought
to involve tissue-specific cell surface adhesive macromolecules.'?*1?” In the succeeding
sections, the relevant experimental evidence is reviewed as it relates to these proposed
explanations for cell sorting, and the implications for an understanding of tissue organization
in vivo are discussed.
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IV. EXPERIMENTAL EVALUATION OF COMPETING HYPOTHESES

The principal contending explanations for cell sorting are the DAH and the SAH. There
is little evidence relating to the differential contractility hypothesis, but the observation that
an appreciable degree of cell sorting can occur with certain tissue combinations in the presence
of concentrations of cytochalasin B adequate to impair actin-based cellular contractility®-92-95
suggests that the proposed mechanism is not universally applicable. As is developed below,
the behavior of cells within heterotypic aggregates is consistent with the DAH, but cells are
capable of displaying adhesive specificity when the kinetics of the initiation of adhesion are
assayed.

The situation in which the DAH and the SAH conflict is when sorting out results in
aggregates with one tissue surrounded completely by the second since it is in this case that
the DAH predicts that the heterotypic adhesion, W, is stronger than the homotypic adhesions
between the cells of the outer tissue layer. This prediction violates the notion of the SAH
that cell adhesion displays a strong degree of tissue specificity. When sorting out generates
aggregates in which the two tissues show partial or complete isolation, the two hypotheses
are not in disagreement. Complete envelopment, however, is the most commonly reported
pattern of sorting.

A. Hierarchy

The DAH predicts that quantitative differences in strengths of adhesion are responsible
for sorting. This indicates that a simple transitive relationship should exist for ensembles of
different cell types that sort out when combined within aggregates. Steinberg® has reported
just such a hierarchy of sorting out in which a particular tissue in the list below sorts internally
to all tissues to its right and externally to all tissues to its left: basal layer of the epidermis
(7- to 8-d chick embryo), limb chondroblasts (4-d chick embryo), pigmented retinal epi-
thelium (5-d chick embryo), heart ventricle myocardium (5-d chick embryo), spinal cord
(36-h chick embryo), liver (5-d chick embryo), and neural retina (7-d chick embryo).
Demonstration of such a transitive relationship in tissue positioning is consistent with the
DAH and also emphasizes an important strength of the DAH relative to the SAH: while the
SAH can account for sorting out (i.e., the establishment of homogeneous tissue domains),
only the DAH can explain both sorting out and the relative placement of the sorted out
tissues within the aggregate.

B. Positional Stability

In early studies on cell sorting, Holtfreter demonstrated that the same patterned array of
tissues is generated by the sorting out of mixed cell aggregates and by the spreading of one
tissue over a partner aggregate when two dissimilar homogeneous tissue aggregates are
cultured in contact.®”* With some interesting exceptions (to be considered later), the gen-
erality of this observation has been well established: the identical arrangement of tissues is
established both by cell sorting of mixed aggregates and by tissue spreading of fused ho-
mogeneous cell aggregates (Figure 3). This behavior is exactly what is expected if the DAH
is valid since this hypothesis claims that the final pattern is determined by relative
values of adhesivity and should be independent of the initial arrangement of the tissues as
long as the tissues are in contact. The spontaneous spreading of one aggregate over the
partner aggregate in the fused aggregate situation is not what would be expected if cell
adhesion exhibited a strong measure of tissue specificity because, during spreading, the
superficial tissue spontaneously enlarges its area of contact with a heterologous tissue at the
expense of the area of homologous cell contact (as spreading occurs, the superficial tissue
aggregate deforms from the shape that maximizes homologous contact, the sphere, into a
flattened shape that enlarges contact with the partner aggregate) (Figure 2). This aspect of
cell behavior is difficult to rationalize, except on the basis of the DAH.
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C. Measurement of the Relative Values of the Specific Interfacial Free Energies

As noted earlier, the most stable configuration of an aggregate consisting of a single cell
type that is uniformly adhesive over the entire cell surface is a sphere. This maximizes the
area of cell-cell contact and minimizes the area of cell-culture medium contact. Work must
be done on such an aggregate to deform it from the spherical shape. The relative values of
the interfacial free energies for various tissues whose sorting behaviors are known have been
estimated by the relative reversible deformability of aggregates using centrifugation's-11°
and compression with a calibrated beam arm.'!!*? Using both techniques, it has been
demonstrated that the final extent of deformation resulting from a given applied force is an
equilibrium shape because initially spherical aggregates will flatten to the same profile as
initially more flattened aggregates will round up when subjected to the same force,'%8-112
The time course of the flattening of an initially spherical aggregate involves an initial elastic
deformation (the individual cells flatten) that relaxes over several hours, during which time
the cells regain their original isodiametric shapes.'!° At this stage in the process, the increased
surface area of the deformed aggregate has to have come from a cell surface area that
previously was internal in the aggregate and potentially involved in cell-cell or cell-ECM
contact.''®> When the relative degrees of deformabilities of various tissues, as estimates of
the relative tissue interfacial free energies, were compared to the sorting behaviors of those
tissues in binary pairings, the relations predicted by the DAH were observed: the internal
position in the sorted out aggregate correlated with a higher value for the interfacial free
energy (e.g., reduced ease of deformation). To date, the number of homotypic tissue ag-
gregates that have been analyzed in this manner is small, but the results are consistent with
predictions of the DAH.

D. Cell Junctions

Cell-cell adhesion is mediated in part by specialized cell junctions. Included in a list of
such specializations are the adherens junction, the desmosome, the gap junction, and the
tight or occludens junction. If cell sorting is the consequence of highly specific adhesive
interactions, this should be reflected in an inability of dissimilar cells to establish specialized
junctional attachments. This clearly is not so for the adherens junction,”™ the desmo-
some,®8:92:95.114.115 and the gap junction.!'s'” When the pattern of sorting of chick embryo
cornea and skin was compared to the abundance of desmosomes, it was determined that the
interior-segregating tissue (the tissue presumed by the DAH to be the more cohesive) had
the higher abundance of desmosomes,®-''® suggesting that in this situation the density of
desmosomes may be the principal factor determining relative cohesivity and sorting behavior.

E. Involvement of the CAMs

The CAMs are integral membrane proteins that function in the adhesion of a variety of
cell types. To date, the three best characterized CAMs of the chick embryo are N-CAM,
L-CAM, and Ng-CAM. Homologous adhesion proteins have been identified in other ver-
tebrates (for reviews, see References 114 and 119). Organ-cultured aggregates of chick
embryo neural retina are capable of reestablishing a recognizable facsimile of the normal
layered organization in organ culture, presumably by sorting out of the constituent cell
types.'?® F,, fragments of monospecific anti-N-CAM antibodies have been shown to block
reestablishment of normal pattern in this system, suggesting that N-CAM plays an important
role in sorting and by implication in the normal development of the layered organization of
the retina.’?*!?! Since N-CAM is an adhesive protein present on a variety of cell types,'2212
it can be suggested that sorting in this system does not rely on an adhesive molecule of
pronounced tissue specificity.

F. Role of the Extracellular Matrix
Two extreme models can be envisioned to describe the character of adhesive interactions
in tissues. In one, the individual cells are thought of as being embedded in a voluminous

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

Volume 24, Issue 2 (1989) 127

extracellular matrix without direct cell-cell contact. In this model, the mechanical properties
of the tissue would be governed largely by the properties of the matrix. In the other, cell
adhesion is viewed as being established directly between the surfaces of adjacent cells,
without intervening layers of extraneous material. Although the adhesion of the cells of real
tissues usually is effected by a combination of both processes, direct cell contact is the
predominating element of the adhesion of epithelial cells, whereas the extracellular matrix
plays an important role in the properties of mesenchymal tissues. If specialized cell junctions
and the CAMs are involved in the adhesive interactions responsible for the sorting of epithelial
tissues, what role is played by the extracellular matrix in the sorting of mesenchymal tissues?
The most thoroughly analyzed situation in which adhesive components of the extracellular
matrix have been implicated in a directive role in cell sorting is the sorting of chick embryo
heart tissues.?'?*!26 The two most abundant cells in the heart are the mesenchymal cell and
the myocardial cell. Myocardium constitutes the wall of ventricles and atria, and mesenchyme
is present at the surface (the epicardial mesenchyme) and in the connective tissue of the
atrioventricular valves and the outflow tract (the endocardial cushion mesenchyme). Under
standard conditions of culture (Dulbecco-modified Eagle’s medium + 10% chickem serum),
mixed aggregates sort out with the mesenchymal tissue occupying the surface and the
myocardium the interior. Sorting in this system appears to be dependent on the deposition
of an extracellular matrix containing the matrix adhesion protein, fibronectin. Fibronectin
is secreted into the matrix by the mesenchyme, but not the myocardium.” Deposition in
the matrix is dependent on an as yet unidentified factor in the serum: heart mesenchyme
cultured in the absence of serum deposits markedly reduced amounts of fibronectin.” In
aggregates that have completed sorting, immunocytochemically detectable fibronectin co-
localizes with the mesenchymal tissue. Mixed aggregates cultured in a serum-free medium
are compact with satisfactory tissue cohesiveness, but they lack fibronectin and fail to sort
out. Sorting capabilities are ‘estored if a dispersed preparation of the extracellular matrix is
added to the serum-free culture medium. Matrix preparations capable of eliciting sorting
have been prepared by extraction of heart fibroblast monolayers with 1 M urea (the procedure
of Yamada et al.'?’ for the preparation of cellular fibronectin) and by hypotonic lysis of
confluent heart fibroblast monolayers (the residuum of this contains the insoluble components
of the extracellular matrix). The sorted aggregates contain large quantities of fibronectin,
which colocalize with the mesenchyme. The ability to reconstitute sorting capabilities with
preparations of the extracellular matrix demonstrates an important role in sorting, with
fibronectin as the most likely candidate for the specific molecule responsible for sorting.
These observations are interesting in relation to the debate over the involvement of tissue-
specific adhesive molecules in cell sorting because fibronectin, with its ability to mediate
the attachment of a variety of epithelial and mesenchymal cell types to structural elements
of the extracellular matrix, is an exemplar of the highly promiscuous adhesive protein.!?®
One way in which fibronectin might mediate sorting in this system would be for the mes-
enchyme to have a higher adhesive affinity than the myocardial tissue for the fibronectin
matrix. This would be expected to allow the mesenchyme to monopolize the fibronectin
matrix, excluding the myocytes to fibronectin-depauperate regions of the aggregate. Sup-
porting this notion is the observation that fibronectin-derivatized latex spheres attach in
significantly larger numbers to the surfaces of cardiac mesenchyme aggregates than to the
surfaces of myocardial aggregates. The effect is specific for fibronectin: bovine serum
albumin-coated spheres attach only in very low numbers to either class of aggregate. In
summary, these observations provide support at the biochemical level for the suggestion
that sorting of heart tissue is a response to a differential affinity of myocardium and cardiac
mesenchyme for the adhesive protein fibronectin, a suggestion consistent with the DAH.

G. Position Reversal
One of the most important bodies of evidence favoring the DAH is the stable character
of the final arrangement of tissues in heterotypic aggregates; the observation that an identical
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final organization of tissues is achieved both by cell sorting of mixed aggregates and by
tissue spreading when homogeneous aggregates are cultured in contact (Figure 3). Although,
as mentioned previously, most tissue combinations conform to this, a few exceptions have
been described.”#''?* The sorting of cardiac mesenchyme and myocardium is at present
the most thoroughly studied example. Sorting out of mixed aggregates results in the super-
ficial placement of the mesenchymal tissue, whereas myocardium spreads over the surface
of mesenchymal aggregates when the two tissues are paired as apposed tissue aggregates.
In the one situation, the mesenchymal tissue occupies the surface, and in the other, the
mesenchyme occupies the interior. As developed in the previous section, sorting of heart
tissues appears to be the result of the deposition of fibronectin in the extracellular spaces
by the mesenchyme. We have suggested that sorting of heart aggregates involves the fol-
lowing factors: (1) in culture, the mesenchyme — but not the myocardium — deposits a
fibronectin matrix; (2) the initial mixed aggregate lacks fibronectin, presumably as a result
of the treatment of the mesenchymal cells with proteases during cell dissociation prior to
preparation of the initial mixed aggregate; (3) the eventual establishment of a fibronectin-
rich matrix renders the mesenchymal tissue more cohesive than the myocardium; (4) dep-
osition of fibronectin in the mesenchymal matrix is dependent on exposure to a factor in
the serum fraction of the culture medium; and (5) this serum factor penetrates the aggregate
to a shallow depth, restricting fibronectin deposition to the superficial layers of mesen-
chyme.”™ Evidence supporting each separate element listed here has been reported previ-
ously.” Based on this hypothesis, it is possible to account for tissue position reversal. In
aggregate-pairing studies, the mesenchymal aggregate has at the time of pairing been main-
tained in culture for a time adequate to establish a fibronectin-rich matrix and is, as a
consequence, more cohesive than the myocardial aggregate. In this situation, the more
cohesive mesenchymal aggregate is enveloped by the less cohesive myocardial tissue. In
situations of sorting out, the mesenchymal cells in the initial aggregate lack appreciable
quantities of associated fibronectin, and tissue segregation occurs concomitant with the
establishment of a fibronectin-containing matrix, selectively by those mesenchymal cells
that find themselves close to the surface of the mixed reaggregate. According to this ex-
planation, sorting continues as mesenchymal cells wandering from the fibronectin-depau-
perate interior of the aggregate encounter the fibronectin matrix close to the surface of the
aggregate, adhere strongly, and also experience adequate quantities of the stimulatory factor
to begin secreting fibronectin themselves. On the basis of this explanation, it is possible to
reconcile this situation of tissue position reversal with the DAH.”

H. The Kinetics of Cell Attachment: Evidence for Adhesive Specificity

The most convincing evidence for the existence of tissue-specific adhesive interactions
has come from the study of the relative rates of initiation of homotypic and heterotypic
adhesions. Several procedures have been developed toward this end. Assays include deter-
mination of the rates of attachment of (1) freshly-dissociated radiolabeled cells to day-old
cell aggregates in stirred suspension culture,'3?% (2) freshly-dissociated radiolabeled cells
to confluent cell monolayers,’*¢!37 (3) contacting pairs of day-old cell aggregates,'*® and
(4) day-old aggregates to cell monolayers.!**'4! With few exceptions, stable homologous
adhesions were established more rapidly than heterologous adhesions, even in tissue pairs
in which the DAH predicts from the sorting behavior that the heterologous attachment should
be the stronger. Although the applicability of these observations to the question of an
involvement of tissue-specific adhesive interactions in cell sorting is uncertain (the adhesive
interaction presumed by the DAH to be involved in cell sorting can be determined in principal
only by reversible measuring procedures and cannot be derived from kinetic measure-
ments),"*®42 the broad agreement of studies from several laboratories, employing a variety
of assays and studying a number of different tissue cell types, indicates that adhesive
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specificity is frequently displayed in situations that require cells or tissues to initiate adhesion.
Clearly the phenomenon is real.

I. Summary

One of the major questions regarding the cellular basis for sorting out is the role played
by tissue-specific adhesive interactions. Excellent evidence exists for an involvement of
specific adhesive cell recognition in a variety of cellular interactions, including fertiliza-
tion,'4*14¢ lymphocyte homing,'#-**! and phagocytic recognition.'*? As discussed previously,
a significant body of evidence suggests that the cells of coherent tissues can, under the
appropriate assay conditions, express specific adhesive recognition. Analysis of the available
evidence, however, indicates that tissue-specific adhesive interactions are not the dominant
factor in instances of sorting that result in complete envelopment of one tissue by the partner
tissue. Our ability to reconcile the apparent noninvolvement of tissue-specific adhesive
interactions in the most commonly observed type of cell sorting (the situation of complete
envelopment) with the abilities of the same cell types to display adhesive specificity when
asked to initiate new adhesive contacts will probably depend on an improved understanding
of the biochemistry of the two situations. Perhaps the cell surface moieties that mediate
specific adhesion become modified during prolonged contact between the dissimilar cells
that constitute a mixed cell aggregate in a fashion that blocks their contribution to the
adhesive interactions responsible for cell sorting. For example, the possible involvement of
glycosyl transferases in adhesion permits the enzymatic modification of their oligosaccharide
receptors, with an alteration of adhesive function.'** Alternatively, if one of the cells in an
aggregate is capable of secreting into the extracellular matrix one or another of the broad
activity matrix adhesion proteins, such as fibronectin, vitronectin, collagen, or laminin, these
might come to dominate the adhesive interactions, submerging any effect of molecular species
responsible for adhesive specificity.

V. SIMPLE EPITHELIA

In the previous discussion, it was assumed that the cells involved in sorting are uniformly
adhesive over their surfaces or, to the extent that adhesion is dependent on specialized cell
junctions, that the cell junctions are uniformly spaced. The variety of organizational states
that can be generated by tissues composed of uniformly adhesive cells subject to the or-
ganizing principals defined by the DAH is decidedly limited and does not include tubules
and other epithelial structures.'** The plasma membrane of simple epithelial cells is polarized
in the sense that the apical membrane differs morphologically, biochemically, and func-
tionally from the basolateral membrane.!**'3” A simple way to expand the DAH theory to
include simple epithelial structures is to propose that adhesiveness is restricted to the ba-
solateral surfaces, and the apical surfaces of epithelial cells are nonadhesive. Such cells,
thus, deviate from the prior supposition of uniform adhesivity. Since the nonadhesive portions
of the plasma membranes of associated cells are not able to adhere either to elements of the
extracellular matrix or to other cell surfaces, such cells are expected to self-organize as two-
dimensional sheets that bound volumes of fluid, either internally by lining tubules or vesicles
or externally by forming a surface epithelial layer bounding the aggregate.

A. Vesicular Forms Established by Epithelial Aggregates

Several cases have been reported in which the aggregates established by pure populations
of kidney, pancreatic, and thyroid epithelial cells organize in organ culture into vesicular
structures in which a single-layered epithelium encloses a volume of fluid.*!+45:158-1€! Clearly,
these epithelial cell types are capable of restoring the epithelial morphology in the absence
of exogenous cues. In other situations, epithelial cells are able to self-organize if cultured
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in the presence of an appropriate extracellular matrix. The culture of endothelial cells within
a collagen matrix induces the reorganization of aggregates and monolayers into branching
networks of linear tubules that resemble capillary plexes in vivo. Polarity of the endothelial
cells lining the tubules is apparently the correct one with the apical cell surface facing the
lumen.'¢2'¢* Endothelial monolayers maintained in fluid medium can form tubules,'®* but
the polarity is inverted with the apical surface facing the culture medium.'®*

The polarity of kidney and thyroid epithelial cell types can be identified by morphological
markers: the basolateral membrane of both cells is relatively smooth, whereas the apical
surface shows closed-packed microvilli and is associated with the juxta-apical junctional
complex. In some cases, the final organization of the aggregates is the normal one with the
apical poles facing the lumen,*'-**1%° but in others the polarity of the vesicle is influenced
by the conditions of the culture, with the apical pole facing the medium in vesicles maintained
in liquid medium and the apical pole facing the vesicle lumen in aggregates cultured within
gels of native collagen.*’-'¢'1% Correctly oriented epithelial tubules are also formed when
cells of the kidney epithelial cell line (MDCK) are maintained in contact with mesenchyme. '¢?
Inside-out aggregates spontaneously invert to position the apical pole at the luminal face
when the aggregates are transferred from suspension culture to culture within a collagen
lattice, '!.1%6-168-172 Both inside-out and right-side-out epithelial aggregates lack a basal lamina
unless the culture medium is supplemented with laminin.'”® Laminin, supplied in the absence
of a collagen gel, does not provoke inversion of inside-out aggregates.'”®!"3

B. Epithelial Organs

When fragments of simple epithelia of differing adhesiveness of the lateral surfaces are
apposed, the same relationships of envelopment described earlier for solid aggregates pertain,
albeit in two dimensions. Behavior of this character has been reported for grafts of the
epidermis of insects.?*2%8 If a sheet of epithelial tissue contains multiple domains of differing
adhesiveness (here called blocks to indicate that the domains need not be histologically
distinguishable), with the appropriate relative adhesive values for sorting and complete
envelopment, the equilibrium arrangement predicted by the DIH would be a bullseye pattern,
with the most cohesive block surrounded by annuli comprised of the other blocks in order
of progressively decreasing cohesiveness. The DIH further predicts that the overall shape
of such an epithelium should be an elongated, hollow cylinder with the most cohesive block
at the tip since this shape would minimize the area of contact between successive domains
and maximize the area of intra-domain cellular contact. Mittenthal and Mazo®® have analyzed
the shape of arthropod limb segments based on the assumption that the limb epidermis,
which produces overall limb shape, shows just this sort of adhesive gradient. In their model,
the equilibrium (least energy) shape of a limb segment is the resuit of minimization of the
sum of two terms: the interfacial free energies (to produce an elongated cylindrical epithelial
structure) and the mechanical strain resulting from intra-epithelial stiffness, which will resist
the bending deformation required to form the tube. A squat tube would result from stiff
epithelia with a shallow tip-to-base adhesive gradient; a thin tube from flexible epithelia
with a steep adhesive gradient.

C. Tissue Position Reversal

The tissue position reversal exemplified by the lack of identity of the tissue arrangement
of myocardial tissue and cardiac mesenchyme following tissue spreading and cell sorting
was proposed to result from the unusual conditions for the sorting of heart tissue, viz., the
dependence of sorting on the stimulation of fibronectin deposition by a factor in the culture
medium that is active only in the superficial cell layers. The inclusion of surface epithelial
tissue in cell aggregates can also produce tissue position reversal. In combinations containing
the three germ layers from the neurula-stage amphibian embryo, the following tissue po-
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sitioning is observed: endoderm surrounds mesoderm, which surrounds subsurface ecto-
derm,*!!12174 whereas if the aggregates contain, in addition, ectoderm from the surface of
the embryo, the following organization of tissues is observed: ectoderm surrounds mesoderm,
which surrounds endoderm.*”-* The rationale for the ability of the superficial layer of neurula-
stage ectoderm to produce this change in tissue positioning provided by Steinberg'*? is based
on the following propositions: (1) the order of tissue cohesivity (from strongest to weakest)
is ectoderm, mesoderm, endoderm; and (2) each cell of the surface layer of ectoderm has
a nonadhesivé domain that occupies the apical portion of the cell surface. Based on this set
of proposals, the DAH predicts both patterns of tissue organization, with the alteration of
organization that results from the inclusion of the surface ectoderm being a consequence of
the necessity for that tissue to organize as an epithelium that orients the nonadhesive portion
of each cell’s surface at the surface of the aggregate. The ectoderm is confined to the surface
by the presence of the nonadhesive membrane domains on the surface ectodermal cells, and
the ordering of the mesoderm and endoderm is dictated by the higher adhesivity of the
mesoderm for the ectoderm than the endoderm for the ectoderm.

Several elements of this explanation have been tested experimentally. The relative co-
hesivity of the three germ layer tissues has been estimated by the degree of compression
produced by application of force administered by a calibrated beam arm. Endoderm is the
most deformable tissue and subsurface ectoderm the least, consistent with the explanation
offered above in the first proposal.''? While dissociated ectodermal cells attach rapidly to
other cells and to artificial surfaces along their basolateral cell surfaces, the apical surface
does not adhere to cells or surfaces,!”>'?® consistent with the second proposal (above). One
unsettled question is why surface ectoderm occupies the surface of mesoderm-ectoderm
aggregates, rather than organizing as the innermost tissue with the nonadhesive surface
membrane bordering interior cavities, as so many other epithelial tissues do in mixed cell
aggregates (Table 1). One possibility is that the basal cell surface is more strongly contractile
under the conditions of aggregate culture, so that the apical surface occupies a large fraction
of the total surface area of the cell. The most stable packing of epithelial cells with a large
fraction of the surface devoted to nonadhesive membrane would be to position this face of
the tissue along a convex plane (e.g., to position this tissue at the outer surface of the
aggregate). Consistent with this suggestion is the report that isolated pieces of surface
ectoderm contract the basal surface to curl the ectoderm into vesicles with the apical surface
directed outward.'”

D. Nonadhesivity of the Apical Surface of Simple Epithelia

The apical surface membrane of simple epithelial cells differs in a number of important
respects from the basolateral membrane (for reviews, see References 155 to 157). Of interest
to the present subject is the evidence that the apical surface is nonadhesive. The surface
ectodermal cells of amphibian embryos,'’*'” chicken embryos,'*® blastocyst-stage mouse
embryos,'® and the surface epithelium of the teleost embryo'®? are apparently completely
nonadhesive to cells and foreign particles, whereas the basolateral cell surfaces attach rapidly
to cells and particles. Cells introduced into the peritoneum fail to attach to the luminal
surface of an intact peritoneal epithelium, but do adhere to sites where the epithelium has
been wounded, exposing the lateral cell surfaces and the basal lamina.'®* The luminal surface
of normal blood vessels is nonadhesive to blood platelets and other blood cells, whereas
platelets and certain other blood cells adhere strongly to areas of damage to the endothelium.
A nonadhesive character for the apical surfaces of epithelia maintained in cell culture can
be inferred from an inability of particles and dispersed cells to attach to the upper surface
of confluent monolayers.'#1%

* In anurans, the ectoderm is more than one cell thick, with only the surfacemost layer possessing a nonadhesive
surface.
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The biochemical mechanisms of nonadhesiveness have not received much study. One
contributing factor appears to be an absence at the apical surface of the molecular species
thought to be responsible for the adhesiveness of the basolateral cell surfaces.'®*'*® The
nonthrombogenic character (nonadhesivity to blood platelets) of the luminal surface of the
endothelium appears to be attributable to electrostatic repulsion between the negatively
charged surfaces of the endothelium and the blood platelet.'*'-'° The Juminal surface of the
endothelium bears an unusually high density of sialic acid residues which contributes to its
high electronegative surface charge.'®?

E. Other Mechanisms Potentially Responsible for Epithelial Organization

It is suggested above that the organization of epithelial cells as a two-dimensional cell
sheet is a consequence of the presence of a patch of nonadhesive membrane on each cell.
At configurational equilibrium, the argument holds that these patches must face on fluid-
filled spaces since they are unable to participate in cell-cell or cell-matrix attachment. The
differences in organization between simple and stratified epithelia are proposed to result
from differences in the distribution of adhesive elements such as desmosomes: simple epi-
thelia are adhesive only at the basolateral surfaces, whereas the cells of the intermediate
layers of stratified epithelia are adhesive over the entire cell surface.!'*!%* Other processes
can be imagined which might substitute for or reinforce the operation of the nonadhesive
membrane patches for the structuring of simple epithelia. Goel and Leith'** suggest, on the
basis of mathematical modeling studies, that quantitative differences in adhesive affinities
of different regions of the cell surface can confer epithelium-forming capabilities without
the necessity for nonadhesive domains. Presumably, the juxta-apical junctional complex!®®
could serve as a localized region of strong adhesiveness that would stabilize the structure
of epithelia in this manner. A strong adhesive affinity for a planar substrate could also
contribute to the organization of cells in monolayered sheets.!**'*” An obvious example of
this is the monolayered organization of cells cultured on adhesive glass or plastic surfaces.!%®
Even mesenchymal cells that in situ are organized in three dimensions organize as monolayers
in cell culture. The basal lamina might serve the role of planar adhesive surface for the
organization of epithelia as two-dimensional sheets.'® It should be noted that the presence
of a basal lamina is not necessary for maintenance of epithelial organization: epithelial
follicles maintained in organ culture retain an epithelial organization without the presence
of a basal lamina.39-159:170.172.173,201-203 Rina|ly the vectorial transport of solute into intercel-
Iular spaces sealed by zonula occludens cell junctions may serve to dilate the spaces and
organize the tissue lining the spaces as an epithelium.'%-2%%.20¢ Although this process appears
to influence the volumes of closed epithelial bodies in vitro,?®® it must be remembered that
most epithelia in the body line spaces accessible to the outside (the lumens of the digestive,
respiratory, excretory, and reproductive systems and those of the epidermal ducts all com-
municate with the outside), providing a ready escape for accumulated fluids. In summary,
several processes, mostly adhesive in nature, potentially contribute to the organization of
simple epithelia as monolayers. An unsolved problem is assessment of the relative contri-
butions of each of these processes to the form of specific epithelia. Investigation of the
ability of aggregated populations of epithelial cells in culture to reconstruct epithelial sheets
will continue to be an important system in this analysis.

VI. ADHESIVE DIFFERENTIALS AND ANATOMICAL STRUCTURE

A useful feature of the cell sorting system is the opportunity that it affords for experimental
intervention. This system allows a program of analysis that might appropriately be designated
experimental histology. The principal goal of these studies is to discover the basic principle
governing the anatomical relationships of tissues by studying the effects of various pertur-
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bations on the pattern-forming abilities of cultured aggregates. The investigator can manip-
ulate the cell types present and the initial spatial arrangement of the cells and, in favorable
cases, can study the biochemistry of pattern regulation by manipulating the presence or
activities of particular macromolecular constituents of the cell surface and the extracellular
matrix. In this section, selected examples are described in which either the experimental
methodology or the DAH have provided important insights into normal morphology.

A. Morphogenetic Movement

Directed cell movement is an important process contributing to the development of his-
tological organization during embryogenesis. Individual cells, cell groups, and entire tissues
move in the embryo in a series of precisely orchestrated morphogenetic movements. Cells
in particular sites in the embryo begin moving at precisely defined stages of development,
move over well-defined paths, and ultimately localize in specific association with other
tissues, often at sites quite distant from their original locations in the body (for reviews, see
References 1 to 4). For all of the variability of the details of cell behavior across the spectrum
of different morphogenetic movements, the sorting out of predetermined cells from a random
array into the definitive organization has not, to this author’s knowledge, been reported to
occur. Several morphogenetic movements feature the migration of individual cells in a fashion
that completely scrambles original nearest-neighbor relationships (examples include the mi-
gration of trunk neural crest’ and the cells of the blastula stage teleost embryo?2%%), but
in these cases, the cells are undetermined at the initiation of migration, and cell determination
is regulated by the environments through which the cells migrate and in which the cells
finally localize.?®2 Sorting of predetermined cell types is not involved in morphogenesis
in vivo. Cell sorting is of interest to the developmental biologist, not because it faithfully
mimics the details of particular normal morphogenetic events, but because it provides an
opportunity to explore the way in which tissue cohesion regulates morphogenetic perform-
ance. In this section, lessons are applied which were leammed from the study of cell sorting
to two categories of morphogenetic migratory events: tissue spreading and haptotactic mi-
gration.

In certain cases, embryonic tissue movements occur as the spreading of a sheet of one
tissue either over an extracellular matrix such as the basal lamina or, in some cases, directly
over the surface of a second tissue. Examples include the migration of lateral mesoderm
between ectoderm and endoderm in vertebrates,?!%2!2 the epibolic spread of the embryo itself
over the yolk mass in birds?**2'¢ and teleosts,?'’-2!° the spreading of the epicardium over
the myocardial surface of the heart,”*?*' and epithelial migration during epidermal wound
closure.??2?2* As has been developed in preceding sections, the DAH proposes to account
for cell sorting and tissue spreading in organ-cultured cell aggregates by the same set of
general principles. The DAH proposes that tissue spreading can be explained by the operation
of the simple principle that progressive spreading will occur when the tissue cohesiveness
is less than the adhesiveness of that tissue to the substratum. This proposition is inapplicable
to situations in which spreading is produced by the passive towing of the epithelial sheet
by a second tissue (e.g., teleost epiboly?*®), but remains a viable possibility for situations
involving active migration of the epithelial sheet.

Migrating cells establish temporary adhesive contacts with the substratum to provide
traction for movement.??*2>* Haptotaxis is the situation in which local differences in the
adhesive character of the substratum impart direction to locomotion, with cells migrating
preferentially from locations at which they adhere relatively poorly to positions that afford
stronger adhesion. Haptotactic migration has been shown to be capable of directing the
locomotion of a variety of cells in monolayer cell culture, including nerve axons,?262%7
fibroblasts,?2%22° neutrophil leukocytes,?*° and tumor cells.?*!**? Gustafson and Wolpert***
suggested that haptotactic migration is a consequence of competition between pseudopods:
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presumably those pseudopods contacting a more adhesive area of the substratum will be less
readily distracted than those pseudopods adherent to less adhesive regions. As pseudopods
contract, the adhesion sites that give way will be the weaker ones, and the cell will gravitate
toward the contact sites associated with the more adhesive regions of the substratum. They
have suggested that haptotactic migration regulates the locomotory behavior in vivo of the
mesenchyme in the gastrula-stage sea urchin embryo.?** Haptotaxis appears also to be re-
sponsible for directing the cellular migration necessary for elongation of the pronephric duct
rudiment in the salamander embryo.?* Elongation of the duct primordium is produced by
a caudad-directed migration of locomotory cells at its tip. Tip cells migrate over the surface
of the lateral mesoderm at the ventrolateral border of the somites. It is proposed that the
duct cells are guided in their migration by a craniocaudally traveling adhesive gradient in
the mesodermal substratum. The preferential migration of certain classes of neurites along
glial cells during development of the laminated organization of the mammalian cerebrum
and cerebellum appears to represent a situation of haptotaxis, with the preferential adhesion
of neurite for glial cell®* ensuring that the radial glial cell surface serves as the pathway of
choice for cell migration.?** The integral membrane adhesive molecule Ng-CAM (L1 in
mammals) appears to participate in the adhesive interactions of neurite and glial cell during
these migrations.?%%%? Clearly, haptotaxis and differential adhesiveness are closely related
ideas.

B. Segregation of Organ Primordia

An important morphogenetic process is the progressive segregation or compartmentali-
zation of the embryo into discrete parts. This can be considered as occurring at three
hierarchical levels: (1) early segregation of the germ layers and their compartmentalization
into major regions, (2) later segregation of organ primordia from larger and previously
homogeneous tissues, and (3) the segregation of specific tissues from the formerly homo-
geneous tissue of an organ rudiment. The first class of events is exemplified by the segregation
of hypoblast and epiblast in mammalian and avian embryos, segregation of mesoderm into
notochord, somitogenic plate, intermediate mesoderm and lateral mesoderm, and the sub-
division of the ectoderm into neural plate and epidermal ectoderm. Numerous examples of
the segregation of organ primordia can be cited. The limb mesoderm segregates from the
adjacent flank mesoderm; the rudiments of the pronephros, mesonephros, and metanephros
segregate from the tissue of the intermediate mesoderm; the primordia of the gonads segregate
from the mesonephrogenic rudiments; the individual somites segregate from the somitogenic
plate mesoderm; localized domains called placodes segregate from ectoderm as early events

in the differentiation of nasal epithelium, lens, auditory epithelium, cranial ganglia, and

hair, scale, and feather papillae; and the gut tube segregates into the several organs of the
digestive and respiratory systems. Subsequent development of particular organs frequently
involves segregation of specific tissues and compartmentalization of the rudiment into several
distinct parts. For example, limb-bud somatic mesoderm segregates an internal core of
chondrogenic tissue from a superficial layer of mesenchyme, the secretory tubules of the
mesonephros and metanephros segregate from the nephrogenic mesenchyme, and a variety
of distinct cell types segregate into specific domains of the developing central nervous system.
Useful reviews of the details of these events are found in Carlson®*® and Hopper and Hart.?*®
In as diverse a list as this, it is certain that a variety of different processes contribute to the
segregation processes. Inductive influences play a central role in the initiation of local
programs of cell differentiation.*° The folding of epithelia, differential growth, and localized
cell death also participate. One potentially important mechanism appropriate to the present
review is the acquisition of adhesive characteristics of the tissue of the prospective rudiment
that differ from those of the larger tissue mass of which it is a part. Once such adhesive
differences are established, operation of the factors that allow cell sorting .in vitro would
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presumably operate in vivo to delineate the boundaries of the organ rudiment from adjacent
tissue and to initiate the process of segregation. In this case, segregation occurs without
actual cell movement; the change in adhesive properties is thought of as the event that
precipitates morphogenetic delimitation of the organ rudiment or specific tissue. The alter-
ation of adhesive affinities could involve changes in the strengths of cell-cell adhesiveness
or could involve localized changes in the composition of the extracellular matrix.

Evidence for the operation of adhesive differentials at all three levels can be cited. The
observation that chick embryonic epiblast and hypoblast sort out in organ-cultured aggregates
is consistent with the hypothesis that the development of adhesive differentials contributes
to their segregation in vivo.?*' Heintzelman et al.’'’ demonstrated an alteration of tissue
spreading behavior of early limb-bud mesoderm in organ culture in combinations with flank
somatic mesoderm, consistent with the suggestion that an increase in tissue cohesiveness
accompanies the delimitation of the limb mesoderm from nonlimb flank mesoderm. Ob-
servation of the ability of transplanted pronephric duct rudiments to fuse with the host
embryo’s pronephric duct, without fusing with other regions of mesoderm (lateral plate and
somite) to which the pronephric duct nevertheless adheres, has suggested that the delimitation
of the pronephric duct from contiguous tissues is a consequence of adhesive dif-
ferentials of the character that produce cell sorting in experimentally produced mixed aggre-
gates. 234242244 Finally, the ability of chondrogenic tissue to sort out from limb-bud mes-
enchyme suggests an involvement of adhesive differentials in the establishment of the discrete
character of these two tissues during limb development.?*52* The segregation and com-
partmentalization of the embryo into its parts are central features of morphogenesis. If the
arguments developed in this section are correct, then it can be suggested that one of the
categories of features that become established during cell differentiation is the adhesive
differentials that then act in compartmentalization.

C. Tissue Stability and Intercellular Invasion

One of the most fundamental, and least studied, questions of experimental anatomy is
the characterization of the processes that impose organizational stability onto the histotypic
relationships of tissues. The temporal stability of tissue structure, although taken for granted
by most students of anatomy and histology, is a subject of interest, both because of the
functional importance of stability (it is difficult to imagine that the complex and intergrated
functions of the organs could be maintained in the face of a progressive loss of spatial
organization) and from the realization that the cells of many of the tissues of the adult
organism retain the capabilities for active cellular locomotion, as evidenced by the locomotory
performances of cells placed in monolayer cell culture’*’ and cells engaged in wound re-
pair, 248-252

The interest of tissue stability as a subject for experimental investigation is further sup-
ported by the realization that the state opposite stability is intercellular invasion. Anatomical
stability means that the component cells remain within the confines of the parent tissue for
the life of the organism. Intercellular invasion is the intrusion of the invasive cells into the
fabric of contiguous tissues. During invasion, cells move across tissue boundaries, desta-
bilizing previous anatomical relationships (for reviews, see References 253 to 255).

Several potential mechanisms can be imagined that might serve to restrain the inherent
locomotory capabilities of tissue cells, with the result being the stabilization of anatomical
structure (Table 2). Intercellular invasion can be considered in relation to dysfunction of
these stabilizing processes (Table 3). Experimental investigation involves the determination
of the relative contributions of the processes listed in Table 2 to tissue stability and those
listed in Table 3 to invasion. Of particular interest to the present review is the operation of
differential adhesion. The observation that experimentally intermingled cells of mixed ag-
gregates will sort out into homogeneous tissues indicates that the processes stabilizing tissue
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Table 2
PROCESSES CONTRIBUTING TO THE STABILIZATION OF THE
POSITIONING OF POTENTIALLY MOTILE CELLS

I.  Static processes: the cells of coherent tissues are normally stationary

1. Contact inhibition of pseudopodial activity: pseudopodial protrusion (and hence cellular locomotion) is
absent at areas of cell-cell contact

2. Reversible loss of the contractile machinery: one or several of the elements essential for locomotion are
absent from quiescent tissue cells and need to be synthesized prior to the acquisition of locomotory
ability

3. Cellular rigidity: save for the small portion of the cell potentially involved in pseudopodial activity, the
cell is undeformable and hence unable to squeeze through the clefts between neighboring cells

4. Impenetrable interceliular matrix: all cells of a tissue are invested in a coherent and impenetrable
extracellular matrix that prevents any translocation

5.  Strong cell-cell adhesion: the force of locomotion is too feeble to break cell-cell adhesive contacts, so
cells are unable to separate from their neighbors; adhesion may be mediated by cell junctions (des-
mosomes, gap, and tight junctions) or by elements of the intercellular matrix (fibronectin, laminin,
collagen)

1. Dynamic processes: the cells of coherent tissues are permitted to move about within the confines of the parent
tissue, but never migrate beyond its borders

1. Mechanical barriers at tissue boundaries: movement across tissue boundaries is prevented by impenetrable
mechanical impediments such as the basal lamella, which do not, of themselves, prevent movement
of cells within the tissues

2. Tissue recognition: cells do not move across tissue borders because the relative values of the specific
interfacial free energies of the apposed tissues favor sorting into discrete tissues rather than intermingling
of dissimilar cell types; this does not constrain cells from moving about within the tissues, just from
moving from one tissue into the next

Table 3
PROCESSES CONTRIBUTING TO INVASION

I.  Tissue growth: increase in the volume of the invasive tissue causes its intrusion into contiguous tissues
II.  Cellular locomotion: active, pseudopod-directed cellular locomotion contributes to interpenetration of invading
and host tissues
1. Absence of contact inhibition of pseudopodial activity: the continued protrusion of pseudopods (and
hence continued locomotion) is not suppressed by contact with host tissue cells
2. Constitutive expression of the locomotory machinery: the contractile machinery and other elements
necessary for motility are intact and operational in invasive cells under conditions where essential
elements are lacking in noninvasive tissue cells
3. Cellular deformability: invasive cells are highly deformable and able to migrate through the interstices
in the extracellular matrix and narrow spaces between cells of the host tissue
4. Lytic enzymes: invasive cells display at the cell surface and/or release into the external milieu high
levels of lytic enzymes that disrupt the intercellular matrix and the basal lamella and weaken the
adhesive interactions between host tissue cells, allowing migration through what would otherwise be
an impenetrable tissue
5.  Cell-cell adhesion is weak: the adhesive interactions binding adhesive cells to neighboring cells are
inadequate to resist the forces generated during cellular locomotion
6. Tissue recognition:
a.  The relative specific interfacial free energies of host and invasive tissues favor cellular intermingling
b.  The migration of the invasive cells is unresponsive to interfacial free energy considerations that
would, with apposed noninvasive tissues, favor cell sorting
7. Chemotaxis: migration of invasive cells into a host tissue is elicited by a concentration gradient of a
chemoattractive or chemorepellent chemical

III. Host tissue lysis: destruction of contiguous host tissues provides space for expansive growth and/or immigration

of the invading tissue

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

Volume 24, Issue 2 (1989) 137

architecture may include the dynamic ability to actively correct defects in organization.
Application of the DAH to this situation implies that an important feature in stability is the
appropriate relationship of adhesive strengths of the cells of apposed tissues (viz., stability
is ensured if W, is less than 1/2(W, + W,)). This argument for a role for adhesive
differentials in histologic stability is closely related to the argument developed in the pre-
ceding section that adhesive differentials potentially play a role in the segregation of organ
and tissue rudiments during embryonic development.

The ability to manipulate the activities of adhesive proteins in cultured cell aggregates
with antibodies and the alteration of the composition of the extracellular matrix offers an
opportunity to develop a biochemical understanding of stability on one hand and invasion
on the other. The apparent importance of fibronectin for the sorting of heart tissues suggests
that this protein may play an important role in the stabilization of mesenchymal tissues in
vivo. This suggestion is consistent with the suggestion that the invasive character of sarcomas
may result from a decreased presence of fibronectin in the extracellular matrix.>%62%7

D. Tissue Stability and Invasion during Heart Development

Study of cell sorting of cardiac mesenchyme-myocardium aggregates has been used to
analyze the mechanisms determining the spatial relation of the two principal tissues of the
chick embryo heart at a stage when its form is basically that of the adult (e.g., 10 d of
development). Large accumulations of mesenchyme are present in two locations: the epi-
cardial mesenchyme at the surface of the heart wall and the endocardial cushion mesenchyme
constituting the connective tissue of the atrioventricular valves and the outflow tract. In both
loci, myocardium and mesenchyme are in direct apposition without an intervening basal
lamina. The organization of the myocardium-mesenchyme interface is very different at these
two sites. The two tissues are strictly segregated, with a planar border at the epicardial
mesenchyme-myocardium interface, but are intimately intermingled at the endocardial cush-
ion-myocardium interface. The intermingling of cells seen at 10 d of development is ap-
parently brought about by active invasion across the mesenchyme-myocardium interface
beginning at about day 6 to 7 of development. Of interest is the possibility that the factors
that determine sorting behavior in vitro operate in vivo to determine the spatial relationship
of mesenchyme and myocardium. Specifically, the possibilities exist that the intermingling
of myocardium and mesenchyme at the cushion mesenchyme-myocardium interface in vivo
is analogous to the failure of cell sorting in vitro in the absence of matrix fibronectin, and
the strict segregation of the two tissues at the epicardial mesenchyme-myocardium border
is analogous to the sorting of mesenchyme from myocardium when fibronectin is present
in the extracellular matrix. Determination of the distribution of fibronectin in the extracellular
matrix of the 10-d-old chick embryo heart is encouraging: the epicardial mesenchyme contains
an abundance of fibronectin, whereas the endocardial cushion mesenchyme contains barely
detectable amounts.'?* Thus, the quantity of fibronectin in the extracellular matrix of heart
mesenchymal tissues may determine whether the interface will be stable or whether invasion
across that interface will occur.

E. Positional Information

Position-specific cellular differentiation plays a critical role in the positioning of tissues
in the developing organism. In some sijtuations, interactions between inducing and reacting
tissues serve as the basis for positional specificity of differentiation.?*® in other situations,
accumulations of determinative cytoplasmic factors established before or soon after fertil-
ization determine later events of position-specific differentiation. However, many situations
show little evidence for either mechanism for determining local patterns of tissue differ-
entiation. It has been suggested that, in certain selected examples, the spatial control of
differentiation is dependent on gradients or other nonuniform patterns of regulatory factors
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that determine patterns of differentiation during morphogenesis. The vertebrate limb is an
extensively studied example of a system in which morphogenesis depends on regional patterns
of differentiation during morphogenesis. The vertebrate limb is an extensively studied ex-
ample of a system in which morphogenesis depends on regional patterns of differentiation
to yield, for example, the proximo-distal sequence of the limb parts, girdle, upper arm,
elbow, forearm, wrist, and digits. It has been suffested that one type of information that is
employed by limb mesoderm to regulate position-specific morphogenetic differentiation is
adhesive in character, with the limb mesoderm showing a proximo-distal gradient in ad-
hesivity, with the most adhesive tissue at the distal end. Evidence for this has emerged from
the study of salamander limb regeneration: the regeneration blastemas (e.g., the accumu-
lations of undifferentiated mesoderm at the tip of the regenerating limb) from distal levels
are enveloped in organ culture by blastema tissue from more proximal levels.?” This is
reminiscent of the proximo-distal gradient in adhesiveness proposed for the epidermis of the
arthropod 1imb.?° It has been suggested that these adhesive gradients may contribute to the
establishment of an elongated form of the developing limb at stages prior to stabilization
by the exoskeleton in the arthropod or the endoskeleton in the vertebrate and, as indicated
above, may also contribute to the spatial information assumed to be required for initial
pattern formation and for orderly regeneration.*?"

F. Retinotectal Innervation

Anatomically, the most complex organ system clearly is the vertebrate nervous system.
The high degree of precision of the neuronal connections within the nervous system is
essential for its complicated and precise functioning. The pattern of neuronal connections
is achieved during development in.large measure by precisely orchestrated morphogenetic
movements of neuroblasts and nerve-axon growth cones. One of the major challenges facing
developmental neurobiology is understanding the mechanisms that direct the migratory move-
ments in the developing nervous system and that regulate the ultimate patterning of synaptic
connections. One of the best-studied systems for exploring these problems is the organization
of retinotectal connections in lower vertebrates. During development, the axons of the optic
nerve migrate to the surface of the optic tectum and establish a precise region-by-region
pattern of synaptic connections by which particular groups of tectal cells receive visual input
from small, precisely defined regions of the retina.

Research on the establishment of the retinotectal map has sought to explain the factors
that guide the axonal tips to the appropriate sites on the tectum. Two competing categories
of hypotheses have guided most of the early studies in this field: (1) the notion that the map
is established in response to highly specific positional cues, presumably adhesive in nature,
that code the surfaces of optic nerve axons and the target tectal cells?*® and (2) the notion
that the retinotectal projection is highly plastic, with the ability to respond to surgical
intervention by expansion or contraction of the map (for review, see Reference 259). .Conflict
between the two opposing views has recently been resolved by an explanatory scheme that
draws on basic concepts of the DAH.?* The hypothesis proposes that development of the
map is responsive to four categories of cell-cell interaction: (1) a strong, position-independent
adhesion between optic nerve axons and between axon terminals and the tectum, (2) a less
strong repulsion or competition between optic nerve terminals, (3) a weak position-dependent
adhesion between optic nerve axons and between axon terminal and tectum oriented along
the dorsoventral axis of the eye, and (4) a weak position-dependent adhesion between optic
nerve axons and between axon terminals and tectum oriented along the anteroposterior axis
of the eye. The model proposes that the retinotectal map is the array of connections that
maximizes the adhesive interactions (interactions 1, 3, and 4 above) and minimizes the
competitive interaction (interaction 2 above). This notion of the tissue pattern being deter-
mined by a maximization in quantitative terms of the sum total of adhesive and competitive
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interactions in the system is a direct adaptation of the scheme of tissue pattern determination
postulated by the DAH. The predictions of the model for various experimental manipulations
have been determined by a computer determination of the ‘‘best-fit"’ matching of axon
termini and tectal position. The model has been remarkably successful, reconciling large
bodies of apparently conflicting observations under a single embracing explanatory scheme.

G. Categories of Adhesive Interaction in Development

Probably the most significant contribution of the DAH to our understanding of tissue
patterning is the philosophical notion that complex organization at the anatomical level need
not always require the operation of highly specific adhesive interactions at the level of the
different cell types. Cell-cell and cell-extracellular matrix adhesion are, of course, mediated
by particular cell surface molecular species, but it is suggested that some of these may show
a fairly broad distribution, being present on several different cell types or being capable of
interacting with related surface molecules on other cell types. A given cell type should be
able to adhere to any other cell with which it shares a homologous adhesion system, but
should fail to adhere to cells with which it shares no homologous systems. An interesting
form of this latter specificity is shown by two categories of cell-cell adhesive systems that
can be distinguished by their sensitivity to inactivation by proteases and the requirement for
Ca?*+.%0 A variety of cell types possess both systems.?!-2$> However, by controlling the
exposure to proteases and the concentration of Ca** during aggregation, it is possible to
produce subpopulations of a given cell type that show only one or the other system. Cells
possessing only the Ca®*-independent adhesion system do not adhere to homologous or
heterologous cells possessing only the Ca?*-dependent system, whereas even heterologous
cells possessing either the one or the other system coaggregate.25!-262

A major challenge is the determination of the relative importance for the morphogenesis
of adhesive interactions specific for particular cell types and adhesive interactions that show
only limited specificity. Certainly, the biochemistry of the latter class of adhesive interactions
is the more advanced. We are now in possession of a sophisticated understanding of an
important family of integral membrane adhesion molecules, the CAMs, and of several matrix
adhesion proteins (the collagens, fibronectin, laminin, vitronectin, etc., most of which
employ the amino acid sequence Arg-Gly-Asp?’>?” for recognition of cell surface receptors).
Individual members of both classes of adhesion molecules contribute to the adhesive inter-
actions of a remarkably broad spectrum of different cell types. The CAM’s experience
stereotyped patterns of developmental regulation of the two primary CAMs, N-CAM and
L-CAM, 23264265 corresponding to important events of morphogenetic change and implying
a functional role in morphogenesis.'?> N-CAM is an example of a Ca?*-independent adhesion
molecule and L-CAM is an example of a Ca?*-dependent molecule.!’® Thus, although tissue-
specific adhesive molecules may play important roles in tissue morphogenesis, our current
biochemical understanding is strongest for adhesive molecules with only limited specificity
of action.

VII. SUMMARY

The question posed by the science of analytical histology is how the properties and
interactions of the components of the tissues determine their organization in the organs. The
relevant components of the tissues are the cells and the extracellular matrix. The ability of
cohering populations of cells to self-assemble structured tissues by cell sorting out offers an
important opportunity for the experimental study of the mechanisms by which the cells and
extracellular matrix interact to determine structure. The investigator can manipulate the
initial organization and the cellular composition of the system and, in favorable situations,
the composition of the extracellular matrix and the activities of candidate adhesive molecules.
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It can reasonably be expected that the recent progress in the characterization of the molecular
species involved in cell-cell and cell-extracellular matrix interaction will allow the analysis
of the molecular basis of tissue organization, with study of the self-assembly of tissue
structure during sorting out playing an important role in this analysis.

The importance of the differential adhesion hypothesis is its success in describing the
rules by which macroscopic tissue structure is governed by the adhesive interactions of cell
with cell and cell with extracellular matrix. The DAH describes how the physical forces of
cell-cell and cell-matrix adhesion determine structure. Elucidation of the particular adhesive
molecules involved in these interactions (e.g., the CAMs, junctional proteins, and matrix
adhesion molecules) will yield an explanation at the biochemical level. A complete under-
standing of structure requires both levels of explanation.
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