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SUMMARY

A study was made of the selective and non-gselective
adhesive properties of neural, glial and {ibroblastic cells.
Cell adhesion was measured by the attachment of radiocactively
labelled cells onto preformed cell sheets.

Embryonic chick skin, heart, limb and meningeal
fibroblasts showed no specific adhesion with each other, but
appeared to differ quantitatively in adhesiveness. Distinct
morphological differences between cultures of the different
fibroblastic cell types were noted,

The adhesive properties of several normal and
transformed fibroblastic cell lines were examined, and a
relationship was found between adhesiveness and cell
morphology. [ransformed fibroblasts forming cultures with
a criss~crossed appearance were highly adhesilve, whereas
transformed fibroblasts deficient in lamellar cytoplasm
showed a marked reduction in adhesiveness. Dibutyryl cyclic
AMP treatment of CHO cell sheets partially restored the
lamellar cytoplasm of these cells and also increased their
adheslveness by 2.0-2.5 times. An epithelisl cell line, also
lacking lamellar cytoplasm, was found to form very
non~adhesive cell sheets. Evidence for the relationship of
adhesiveness to lamellar cytoplasm and for the presence of
two different types of transformation alteration in these
cell types 1is discussed.

five normal and transformed cell lines could bhe
arranged in a hierarchy of adhesiveness, in each case

showing guantitative adhesive i1nteractions when ¢éifferent
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combinations of the cell types were tested.

In contrast to this, HEF (Haumster BEmbryo Fibroblast)
cells showed a two-fold specificity of adheslon with neural
retina cells. No specificity was found between neural
retina cells and (Cl% iibroblasts or skin Iibroblasts, and
two possibilities are diiseussed for the apparent restriction
of the capacity to show svnecific adhesion with neural cells
to certain fibroblasts.

ixtensive studies were made to deterwine the nost
suitable conditions for the culturing of embryonic chici
glial cells, end for the preparation of single cell suspensions
of these cells. Glial cells obtained frou neursl retine,
cerebrum and optic lobe had very siwilar morvphological and
growth oroperties. REvidence was provided by time lapse
filming and by alteration of the culture conditions for the
presence of small numbers of macrophage-like cells in these
cultures., Neural cells spread well on glial cells and
appeared to show a higher adhesive affinity for glial cell
outgrowths than for other neursl cells,

Preliminery experiments showed that glial cells
attached poorly to glial cell sheets, and that neural cells
appeared to attach approximately two-~fold better to glisl
cell sheets than did embryonic chick fibroblasts. These
resulis are discussed in relation to the possible roles of
adhesive interactions between neural, glisl and fibroblastic
cells in the organogenesis of the nervous system.

Heural, glial and fibroblastic cells showed similar
reguirements for attachment to serum-costed plastic, with

the exception of cerebrum cells. The latter attached very



poorly to plastic, but showeuw no reduction in the ability

to rapidly cgiregate.  An a2pproximste correlastion was found
between the rates of attachment of these cell types and the
extents to which they spread on the substrate.
Hemaggolutinating activity was found in houogenstes
of neural retina, cerebrum and ootic lobe tissues snu in
cultures of slisl cells. Similar yields of activity were
obtained froa each tissue or cell type, and the optimal
activity apoeared to be ia the crude membrane fraction.
Tentatlive evidence was obtained for the inhibilion of the
cerebrum and ovtic lobe hemagglutineting activities by
speclific sugaers. The vossible role of hemagslutining in

celi achesion is discusred,



INTRODUCITON

The early stages of morphogenesis of multicellular
enimals are brought about by a highly ordered seguence of
cellular movements, both of individual cells and of cell
masses. Much interest has been shown in the possibility
that cellular adhesion, whether specific (Tyler, 1946; ‘elss,
19475 Moscona, 1962; Roth and Weston, 1967) or non-specific
(Curtis, 1960; Steinberg, 1963), could play a role in the
regulation of these movements., Adhesive interactions between
cells are also believed to be important in homeostatic
processes, for example in the positioning of lymphocytes
(Curtis and De Sousa, 1973%; De Bono, 1976), as well as in
the aberrant behaviour of malignant cells (Coman, 1944L;

Nicholson end Winkelhake, 1975).

1. Cell Adhesion din Morphogenetic Movements

Several studies, made using both intact embryos and
disageregated cells, have pointed to the possible involvement
of adhesive interactions between cells in cell positioning
(for a review see Marchase et al, 1976). The justificestion for
using disaggregated cells in such studies has been provided by
the finding that reaggregates of isolated cells avpear to
contain at least some of the information required for the

agsembly, or reconstitution,of tissues. Wilson (1907) showed

that cellular aggregates of the sponge Microciona prolifera,

prepared by passing whole sponges through fine silk cloth
and allowing the dispersed cells to reapggregalte on the

bottom of a dish, were able to reconstitute whole sponges

having a normal morphology after 2-3% weeks in culture.



Wilson observed what appeared to be transitional forms
between gome cell types, and suggested that the
reconstitution could be best explained by the
redifferentiation of the cells according to their
positions in the aggregates. However, Huxley (1921) and
Galtsoff (1923,1925) found very little evidence for
cellular dedifferentiation in studies of cells digpersed

+he former
from Sycon sp. and Microclona prolifera respectively, and

concluded that the histogenetic assembly of sponges was
accomplished by the selective movements of differentiated
cells.

The capacity of dispersed cells to reconstruct
normal tissue morphology was initially thought to be
reatricted to cells of lower invertebrates. However, the
development of techniques for the dispersion and
reaggregation of amphibian (Holtffe%er, 1943) and
mammalian (Moscona, 1952) cells made it possible to show
that the process of recounstruction, although occurring to
a more limited extent with vertebrate cells, appeared to
be a general phenomenon (see Armstrong, 1971). Evidence
has also been provided in some cases for the lack of
cellular dedifferentiation in reaggregates of vertebrate
cells (Trinkaus and Gross, 1961; Okada, 1965).

Some interest in the possible role of specific cell
adhesion in tissue reconstruction was brought about following
the observations that when cells from different tissues were
mixed together they would often segregate, or sort out,
according to tissue-type, or in other cases, species-type.
Wilson (1907) first described species~specific segregation of

sponge cells. Galtsoff (1925) showed that segregation of cells
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from the sponges Microciona and Cliona  occurred at the

azgregation stage and proposed that this was caused by
species~speciiic adhesion between thne cells,

Holtfreter (193%9) showed that when pieces taken from
the three primary germ layers of an amphibian gastrula
were fused, they would sort out such that the mesoderm
ended up as a layer in between the inner endoderm and the
outer ectoderm, He similarly attributed this to selective
baffinities" between these cell types,

A large number of subsequent studies on sorting out
between combinations of different embryonic vertebrate
tissues have shown that, as a general rule, neural,
epithelial, myoblastic and fibroblastic cell types will
segregate from each other, both in mixed aggregates and
when fused as tissue fragments (see Steinberg, 1970).

-However, less is known about the extent to which the
properties determining the capacity to sort out are shared
by cells of the same type but from different parts of the
embryo,

Fibroblasts from different tissues have been shown
to readily intermingle when pieces of the tissues are
fused (Wolff, 1954; Wolff and Weniger, 1954; Bresch, 1955},
in contrast to the parenchymal cells of such tissues., It is
not known whether different types of fibroblasts will also
mix randomly in aggregates.

ELpithelial cells from different tissues have in most
cases been found to sort out from each other, Using fused
tissue fragments, Bresch (1955) reported that five

embryonic chick epithelial tissues sorted out from each
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other, although the patterns obiained were variable,
depending partly on the relative sizes of the fragments
used. Similar results were obtained by Bermann (1960).

Townes and Holtfreter (1955) noticed that in
tripartite combinations of cells dispersed from the three
amphiblan primary germ.layers, the endoderm in some cases
ségregated internally but in other cases formed a mixed
outer layer with the ectoderm. It was alsc found that the
medullary plate and endoderm would sort out in mixed
aggregates but not when fused as tissue fragnments.
Therefore, diiferent epithelial tissues may have a limited
capacity to segregzte from each other. This.is supported
by the finding of Chiakulas (1952) that ir urcdeles, grafts
of ectodermal and oral, but not of endoderwal, epithelia

.

nost skin eintheliuvm, A4 similarx

-

were able to fise with the
selectivity waz round when various combinations of
epithelial tlssuzs were cultured as explants. Eabryonic
chick egi.dermsl, iiver and pigmented retinal epithelial
cells sort out iv mixed aggregates (see Steinberg, 1570),
but less is knowr about more closely related types of
epithelia.

Garber and Moscona (1372a) found that the ability

of different embryonic chicie neural tissues to sort cut in

proximit; of the ftissues veing tested. This may reflect
the presence of o gradient ¢f a property involved in

sorting out. Zwilling (196
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chondrocytes from different ocrgang did not appear to

sort out,



Speciesg-gpecific sorting out has been found
between both like and unlike tissues, Moscona (1957,

1961) obtained results which suggested that the segregation
of embryonic chick and mouse cells showed tissue - but not
species - specificity. However, more recently, Burdick and
Steinberg (1969) and Burdick (1972) have described sorting
out between chick and mouse wmyocardial cells and limb
mesoblast cells., Sorting out of liver cells did not

occur in mixed aggregates but was found when pieces of
liver tissues were fused.

The demonstration of the segregation of tissues
was initially thought to be evidence for the existence of
specific cell adhesion (Moscona, 1957; 1962; Steinberg, 1958).
However, it was later pointed out (Curtis, 1962; Steinberg,
1963%) that specific cell adhesion could not by itself
account for the patterns that were found when different
combinations of tissues were tested,

Three types of pattern have been described in mixed
aggregates; complete enclosure of one cell type by another;
partial enclosure; and small islands of one cell type (the
discontinuous phase) scattered throughout the other (the
continuous phase). Any hypothesis of sorting out must
explain both the segregation of tissues and the patterns
that can be formed, although any model which can account
for the latter will also explain the former. Therefore,
the process of sorting out is not a useful test for the
involvement of specific cell adhesion din cell patterning,
but at tne same time it cannot be used as evidence against

this,.
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There are a number of experimental findings which
are relevant to the mechanism of sorting out. Steinberg
(1970) showed that, for 7 embryonic chick tissues, the
same patterns were formed in mixed aggregates and after
the fusion of tissue fragments, and also that the tissues
could be arranged in a hierarchy with respect to their
abilities to segregate internally. These two findings
suggest that the patterns formed during sorting out
represent equllibrium configurations, and that different
cell types are likely to sort out by the same mechanism.

It is also significant that under certain conditions
it is possible to reverse or alter the patterns of sorting
out, for example by adjusting the ratio of the two tissues
used (the phase ratio) or the dissociation procedure
(Bresch, 19553 Armstrong and Niederman, 1972; Wiseman et al,
1972), or by allowing one of the cell types to age in
culture prior to the experiment (Curtis, 1962; Phillips et
al, 1977).

It is not known whether cell motility is required
for sorting out. In some cases (Abercrombie and Weston,
1969), very little or no evidence has been found for the
intermingling of cells from different tissues, however,
Armstrong and Armstrong (1973) and Gershmann and Drumm (1975)
have described the penetration of cells into aggregates,
indicating that at least some degree of movement of

individual cells is possible in solid tissues.
There have been several reports of the inhibition
of sorting out by cytochalasin B (Steinberg and Wiseman,

1972; Maslow and Mayhew, 1972; Sanger and Holtzer, 1972),



althoush Armstrong and Armstrong (1973) and Overton and
Kapmarski (1975) found that this drug had little or no
effect when other combinations of cells were used.

However, the site of action of cytochalasin B is not known,
and it is not certain that it would inhibit the locomotion
of cells in aggregates. Garrod and Steinberg (1973)
observed membrane ruffling activity during the sorting out

Pl

of embryonic chick heart and liver cells on a culture
substrate, suggesting that active cell locomotion may be
required for two dimensional sorting out.

Adler (1970) and Elton and Tickle (1971) have made
quantitative studies of sorting out. Adler found that
chick neural tube cells appeared to be randomly positioned
in 1% hour aggregates, but no attempt to measure segregation
was maede, Elton and Tickle introduced a staltistical method
for the measure of the degree of segregation and found
evidence for significant amounts of segregation in 2 and 4
hour aggregates of chick heart and limb bud cells. Tentative
evidence was also found for early positioning of these cell
types, suggesting that the segregation may have resulted from
early sortiang out rather than from specific adhesion during the
initial stages of aggregation. Armstrong (1971) reported a
lacl of segregation in early agpregates of chick neural
retinal anc pigmented retinal epithelial cells, however, no
statistical assessment of this process was made.

Four mein hypotheses have been put forward to
explain sorting out. Townes and Holtfreter (1955) and
Stefanelli and Zacchei (1958) proposed that cells sorted out

in response to chemotactic gradients. However, this may be



inconsistent with some of the subsequent findings which

" have been made, including the demonstration of a hierarchy

of sorting out (Steinberg, 1970) and also the observation of
Steinberg (1962) that if heart cells were mixed in a very low
(1%) vhase ratio with neural retinal cells, to which they
normally segregate internally, they did not accumulate at the
center of the aggregate, but at intermediate equilibriunm
positions. More recently, Edelstein (1970) has proposed on
theoretical grounds that a chemotactic explanation of sorting
out could be possible,

Curtis (1961,1962a) suggested that sorting out could be
caused by temporszl changes in some cellular property, for
example, adhesiveness or susceptibility to contact inhibition.
In the first case, the cell type which is most adhesive
initially would aggregate first and therefore end up internally
to the second cell type. In suppcrt of this hypothesis,
Curtis (1961) showed that preincubation of amphibian
endodermal cells for 46 hours interfered with their abilities
to sort out from mesodermal and ectodermal cells.,

However, more recently, Curtis (1974) has proposed
that sorting out is accomplished by the secretion of soluble
factors, or morphogens, which decrease the adhesiveness of
heterotypic cells. Differences in either the production
or in the rates of diffusion of morphogens by different cell
types could lead to the formation of the patterns found both
in sorting out and during normal histogenesis. Such factors
have been shown to be secreted by sponges, mammalian
lymphocytes and chick neural retinal and liver cells (see
Curtis, 1974). The addition of neural retinal or liver

cell morphogens to newly formed mixed aggregates of



these two cell types was found to reverse and randomize,
respectively, the normal pattern of sorting out. In order
to account for the wide variety of cell types which sort
“out, it would be necessary to show that morphogens could
act on a wide range of heterotypic cell types. This
poseibility is supported by the finding that the diffusible
factors‘obtained from lymphocytes decreased the
adhesiveness of a large variety of cell types, with only
one exception (Curtis and De Sousa, 1975).

Steinberg (1963, 1964, 1970) proposed that sorting
out is acheivecd by the passive movemenﬁs of cells and that
the patterns which result are determined by differences in
their interfacial energies of adhesion, analogous to the
separation of immiscible liquids with different surface
tensions., By thie mechanism, the different patteras which
result are determined by the relative strengths of
neterotypic and homotypic adhesidns (Steinberg, 1964), In
the most common instance of the coumplete enclosure of one
cell type by arother, this model requires that the ensrgy
¢f heterotypic adhesion be intermediate to that of
homotypic adhnesion, and is therefore incompatible with
auy mechanism involving specific cell adhesion. rhillips
gad Steinberg (1963) were able to show tnat the degrees of
¢tinttening of embryonic chick limb bud, heart and liver cell
zgnregates 1n a centrifugal field correlated with their
positions - in the hierarchy, the most internally segregating
cells being the moet resistant to flattening, and also that

tnis was independent of the initial shapes of the aggrecates

N -

@

.

The differential adhesion hypothesis has been

ry
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criticized by hLarris (1975), mainly in that it does not
allow for a) the formation of focal adhesions, the result
of which would be that the energy of adhesion would not
correspond with the amount of intercellular contact area,
b) the modification of initial adhesive contacts so that
the formation and breakage of adhesions would not necessarily
involve the same amounts of work, and c¢) changes in cell
shape made possible by metabolic activity. Harris
proposed three alternative but similar models of sorting
out, alsoc based on the analogy of this process with tThe
separation of immiscible liquids., The first of these, the
differential contraction hypothesis, explains sorting out
by differences in contractility of the free surfaces of
different cell types, and predicts that the most strongly
contractile cells will segregate internally.

In an extension of this model, Harris (1977)
suggested that the control by contractile microfilaments,
both of changes in the shapes of cell sheets and of the
lateral movements of adhesgive sites in the cell membrane,
could provide a similar mechanism, at the mechanical
level, of controlling the four main types of morphogenetic
movements epithelial folding, cellular locomotion,
ingression and cavitation. This hypothesis was made as
an attempt to explain the interconvertability of these
four processes, both during evolution and after
experimental manipulation, for example in the formation of
the neural tube or in the sorting out of the three primary
germ layers, This ils explained in the model by basing

three processes, the locomotion of single cells, the
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contraction of epithelial sheets and the formation and
breakage of junctional contacts, on the same mechanism,
mentioned above. However, there is no experimental

evidence in support of this model, other than the

likelihood (eg. Wessels et al, 1971) that epithelial folding
is generally accomplished by the contraction of
microfilaments. The interconvertibility of morphogenetic
movements could be controlled at other levels than the
strictly mechanical one,

The relevance of sorting out to histogenesis is not
clear, however, the cellular properties which are responsible
for sorting out must also contribute to the patterns formed
during morphogenesis., It 1s posslible that normal histogenesis
1s exclusively determined by these vnroperties, but 1t also
possible that the more complex patterning found in this
process dnvolve additional factors specific for cell types
which normally interact during development. The radial
patterning of the nervous system is suggestive of a sorting
out process. However, other cellular properties which may
be important in this patterning have been described, for
example, the orientation of adhesive siteg on the surfaces
of neural retinal cells and the apparent segregation of two
classes of rosette-forming cells during the reconstruction
of neural retinal tissue in cell reaggregates (see General
Discussion). The relationship of these processcs to that
of sorting out is not known.

Some evidence for the possible role of cell

adhesion in morphogenetic movements has also come from
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studies of the behaviour of cells on substrates, in
particular in the phenomena of contact guldsnce and
contact inhibition of locomotion. ‘The contact guidance

of cell locomotion on substrates has been shown to be
determined by the physical topography of the surface
(Weiss, 1941), possibly as a result of the limited ability
of microfilament bundies to function when bent (Dunn and
Heath, 1976), and by differenfial adhesiveness of the surface
(Carter, 1965; Harris, 1973a). Very little evidence

has been found for chemotactic migration of embryonic
vertebrate cells, although Weiss and Scott (1963%) showed
that embryonic chick heart and liver cells would move up

a steep pH gradient. Contact inhibition of locomotion
(Abercrombie and Heaysman, 1954) may also contribute to
tizsue patterning, and has been shown to occur beltween

corneal fibroblasts in situ (Bard and Hay, 1975).
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2., Lell-to-Substracte and Cell~to-Cell Adhesion

The study of cell-to-substrate adhesion provides
a useful means of examining some of the basic properties
éf cell adhesion. “There is a considerable amount of
evidence whicn suggests that the acdhesions of cells to
substrates and to other cells are to a large extent
similar processes, but that the latter differs from the
former mainly in the involvement oI specific recognition
processes between cells. However, one difficulty in
making comparisons between cellmto~substraté and
cell-to-cell achesions is that almosﬁ all of the studies
of the former nave been made using fibrobiastic cells,
and 1t is not clear to what extent the results obtained

will also appiy to other cell types.

(1) Attacnment of cerls to substrates

The ability of cells to attacn to substrates
appears t0 be depencent on two properties of the substrate:
wettabllity, or surface tension, and mechanical rigidity.
Wecotabllity 1s betieved to be measurable by the critical
«natacL angles formed by liquid droplets sprecing on &

suryace, and i thoughe to reflect the adhesiveness of

i
o
]

surface forttne oroplets (see Baier, 1970). Carter (1965
206 Gr1nnefif%¢972) have shown that both the rates of
avtachment and The strenghts of adhesion of fibrobrasts
w0 various metalliic and organic surraces were correlated
with the wettabilities of these surtaces. Carter (L965)
and dMaroudas (1973 also found a similar cretationship

-~

Letween surface wettability and celi spreading.
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The importance of a minimal degree of mechanical
rigidity of the substrate for cell attachment to occur
has heen stressed by Maroudas (1975, 1975). He was able
to show that by increasing the concentration of a PVP
(sauflon polyvinylpyrrolidine) gel from 46% to 96%, this
surface was rendered adunesive for fibroblasts (Marouaas,
1975). Maroudas attributed the requirement of cells for
some degree of mechanical rigidity to the need for the
substrate to withstand the tensiie forces exerted by the
cells.,

It is iikely that alterations in the wettability or
in the mechanical rigidity of the cell surface could be
important in the control of adhesive interactions between
cells., For example, the lack of cell spreading and
movement which has been observed in some cases when cells
are seeded onto cell monolayers (Bell, 1972; Buultjens and
Edwards, 1977), as well as the low adhesiveness of some
epithelial cell monolayers (DiPasquale and Bell, 197l
Vasiliev et al, 1975) and of the apical surfaces of
limiting epithelia in situ (DeRidder et al, 1974) could be
due to the lack of sufficient mechanical support of these
surfaces, |

The attachment of cells to substrates depends on
membrane spreading movements, the organization of adhesive
sites and the formation of adhesive contacts. It may be

possible to some extent to determine separately the

requirements of each of these processes for cell-to-substrate

adhesion, It is also likely that these processes are

involved in cell-to-cell adhesion, although perhaps to



different extents.

It has been known for some time (Taylor, 1961)
that the properties of cell-to-substrate attachment are
considerably modified by the presence of serum in the
medium. Although only a few comparative studles have been
made, there is some evidence that the requirements of
cell attachment for divalent cations and an energy source,
and its inhibition by low temperatures, cytochalasin B,
tranguilizers and formaldehyde, may only be found in the
presence of serum, when normal culture substrates are
used (Taylor, 1961; Nordling, 1967; ‘lakeichi and Okada,
19723 Rabinowitch and DeStefano, 1973b; Grinnell, 1974a).
The attachment of cells to highly wettable surfaces, such
as acld-washed glass, may be independent of these conditions.

Grinnell (1974a,b) showed that when BHK fibroblasts
were allowed to attach to serum-coated coverslips in a
centrifugal field, the requirements for divalent catlons,
and inhibition by cytochalasin B and low temperatures were
abolished, but the attachment was still inhibited by
sulfhydryl-binding agents and tranquilizers. Grinnell
suggested that the first three treatments were affecting
cell spreading movements but that the latter two were
acting directly on the formation of adhesive contacts,

However, it is difficull to rule out the
possibilities of the inhibition of glycolysis by the
sulfhydryl-binding reagents and general effects on the
membrane by the tranquilizers. For example, cationic
anaesthetics have been shown to inhibit capping in

lymphocytes (Ryan et al, 1974), possibly by decreasing the
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fluidity of the membrane. Schaeffer and Curtis (19Y7)
found that the attachment of L9929 cells to serum-coated
plastic was increased by the addition of saturated fatty
aclds and decreased by that of unsaturated fatly acids.
They suggested that the effects of the fatty acids might be
to alter the aggregabililty of adhesive sites in the
membrane by decreasing or increasing, respectively, the
fluidity of the membrane,

The requirement of cell-to-substrate attachment
for the lateral clustering of adhesive molecules in the
cell membrane has been proposed by Shields and Pollock
(1974) and by Rees et al (1977). Rees et al showed that the
treatment of rat dermal fibroblasts with concanavelin A
made the cells resistant to detachment with trypsin, but that
the treated cells were detached by the addition of hapten
at 37°C. Lf the hapten was added to the cells at 2°C and
subsequently removed, the cells detached when the medium
was heated to 37 °C, indicating that a moderate temperature
appeared to be required for the detachment of the cells
after the removal of the lectin. The authors postulated that
concanavalin A stabilized cell adhesion by cross-linking
adhesive glycoproteins,

The requirements of cell-to-cell adhesion appear to be
quite similar to those of "'serum-dependent? cell-to-substrate
adhesion. vell aggregation has been shown to be inhibited
by sulfhydryl-binding reagents (George and Rao, 1975),

cytochalasin B (Jones and Partridge, 1974), low temperatures
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Edwards et al, 1971), and alterations in the lipid
composition of the membrane (Hax et al, 1971; Curtis and
Buultjens,1973; curtis et al, 1975). It is possible-that
the effects of these treatuments on cell-to-cell achesion
could also be mainly on membrane spreading movements and
on the organization otf adhesive sites, rather than on the
formation of adhesive contacts, as has been proposed for
cell-to-substrate adhesion.

very little is known about the sites of action of
the inhibitors listed above on cell-to-~cell adhesion.
Bdwards et al (1975) found that BHE fibroolasts would
aggregate in the presence of metabolic inuioitors but
not at low temperatures, and attributed tiais to the effect
of the latter on membrane fluidity. #dwavde and Campbell
{1971) also showed that trypsinized BHK cells wnich hed
been preincubated at 37 C were still unabie %o aggregate in
the cold, suggesting that the inhibition of aggregation of
these cells at low temperatures was not likely to be due
to a regquirement for recovery from trypsinizatiocn. FHowever,
Curtis (1973%) pointed out the inabilities of dirfcrent cell
types to aggregate at low temperatures agpears to only
occur when the cell types have been previously tvyooinized,

suggesting that the requirement of cell aggregation ifor a

could generally be artefacts of trypsinization. It is

not known whether the same would be true for cellwto-substrate

adhesiocn.
Some differences bhetween cell-to-substrate and
cell-to~cell adhesion have been reported. Weston 2od RHoth
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(1969) claimed that the treatment of chick heart

fibroblasts with urea reduced their mutual adhesion but

not their abilitiy to attach to substrates. Coman (1961)
found that rabbit V2 carcinoma cells were less adhesive to
glass but more adhesive to homologous cells than normal
rabbit epidermal cells. However, cell-to-cell adhesion was
measured by the resistances of the celle to detachment by
micromanipulation, and may have been influenced by several
properties not directly related to adhesion. Berwick and
Coman(1962) found that both EDTA and neuraminidase treatment
of cells had opposite effects on cell-to~substrate and
cell-to=cell adhesion, although their results have been
contradicted by those of many other workers. There generally
appears to be a poor correlation between the extents to
which cells aggregate and attach to substrates, but this
may be in part due to the different assays which are used

to measure thes two types of adhesion.

(11i) Effect of serum on attachment

It is generally accepted that serum exerts its
effect on cell-to-substrate attachment by forming a coat
which covers the substrate. In serum-~containing media, =z
coat of approximately 100 nm in thickness has been shown to
form rapidly on the substrate (Bailer and Dutton, 1969;
Revel and Wolken, 1973). Most likely the cells are attached
directly to this coat and do not contact the substrate.
Maroudas (1975) has argued that steric exclusion of the
cells by the serum coat would bhe expected on physical
grounds, as this is a general property of polymers., Some

evidence for this was provided by the finding of Revel et al
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(1974) that the treatment of attached cells with amyl
acetate immediately after fixation in ethanol made it
possible to remove the serum coat, together with the
attached cells, cleanly off the substrate. [t 1s of
interest that cells can respond to differences in the
adhesiveness of substrates through a serum coat (Carter,
1y69), as well as through a film, several hundred
nanometers ia thickness, of stearate-stearic acid
(rxosenberg, 1903); although this is most likely caused
by an eftrect of the substrate on some property oi the
serun coat cr lipid film, rather than directly on the
cells, |

The erffect of the serum coat on cell attachment
could be due to: a decreased wettability of the
surface in the presence of serum; the presence of
specific serum factors; the non-specific phnysicochemical
proyerties of a glycopréﬁein coat; or, possibLy; the
selective release of a cellular microexudate bound to
the serum coat.  +where is some evidence which suggests
that the serum coat acts in more than one of these ways.

Maroudas (1Y77) showed that the divalent cation
requirensnt ofceli-atta¢hment4 could be induced in &
gquantrt»tive manner by decreasing the wettability of
the substrate in the avpsence of serum, suggesting that
che principal effect of the serum coat might be a
to réduée the wettability of the substrate.

However, a2 more specific effect of the serunm
coat is suggested by the observation of Pegrum and

ilaroudas (1975) that the formatinn of electron-dense
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plagues at the sites of adhesion to the substrate
appeared only to occur in the presence oi & serum coat.
The addition ot manganese ilons, which otherwise altered
the morphology of cell spreading to that found on highly
wettable substrates, did not alter the serumw~dependence
of plaque formation.

The erfect of the serum coat may be caused by
specific serum components attached to the substrate.
Revel and Wolken (1973), Unhjem and Prydz (1973) and Culp
(1976) have analysed the serum components adsorbed to the
substrate by SDS electrophoresis, and in each case
detected a major band corresponding to « -1 globulin.
Takeichi and Okada (1972) also showed that o-1 globulin
could be substituted for serum in its effect on cell
attachment. Culp(l976) found a total of 8 pands which
were detectable by Coomassie-~blue staining and which
persisted during the attachment and growth of cells,
These components were not removable by Treatment with EDTA,
However, one argument against the requirement for specific
serum components is the finding that other glycoprotein
coats, for example gelatin (Rabinowitch and DeStefano,1973b)
can be substituted for serum.

The presence of a serum coat may either be
required for cell spreading or may retard spreading,
depending on the cell type. Grinnell (1976b) isolated a
serum factor which appeared to be required for the
spreading of several fibroblast lines: BHK;“éﬁO, HeLa
and L cells, The factor bound to the substrate but was

inactive 1f the substrate had been precoated with protein.
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The activity of the factor appeared to have a specific
requirement for calcium ions.

The retardation of spreading in the presence of
serum was first shown by Taylor (1961) for human
conjunctiva cells, and has subsequently been observed in
a number of cell types. Rajaraman et al (1974) and
Witkowski and Brighton (1972) found that the presence of
serum both reduced the rates and altered the morphologies
of spreading of W138 and MCR~5 cells on glass. In the.
absence of serum, spreading was characterized by a thin
layer of cytoplasm moving over randomly oriented and
branched filipodia, and appeared to be indicative of a
passive process. I1f serum was present, the filipodia were
oriented radially, were unbranched and relatively few in
number, and the cytoplasmic processes showed more
diversity in appearance. Rabinowitch and DeStefano (1973)
and Pegrum and Maroudas (1975) obtained similar results
with Sarcoma-l and embryonic rat fibroblastic cells, and
showed that the addition of manganese ilons reversed the
effects of the serum coat on both the rate and the morphology
of spreading.

The observation of the poorly oriented spreading
of cells on highly wettable surfaces, indicating a loss of
cellular control of spreading under these conditions,
suggest that it 1s likely that under physiological
conditions adhesive interactions between cells are of the
"serum~-dependent?® type. This is also suggested by the
sensitivity of cell aggregation to varivus inhibitors, by

the general presence of glycoprotein coats on cell surfaces



22,

(Rambourgh and Leblond, 196/), and by the likelihood

that within a certain range of adhesilveness, a high degree
ol control over cellular behaviour could be acnieved by
relatively small differentiels in adnesivity (Harris, 1973a;

Curtis and Buultjens, L973).



(iii) Morphology of Adhesion

L

Several. workers have suggested that microextensions,

or filipodia, may play a role in the initial attachment
and early spreading of cells, both in cell-to-substrate
and in cell-to~cell adhesion. However, their function is
not clear. Bangham and Pethica (1960) suggested that the
small radius of curvature of such processes would enable
them to more readily penetrate the electrostatic barrier
between cells, after which broader areas of the cell
surfaces could follow. Curtis (1973) pointed out that
these authors may have overestimated the ability of
nicroextensions to act in this capacity, but that they
could enhance the abilities of cells to form adhesions
by facilitating the drainage of the gap between the cells.
Witkowski and Brighton (1971) suggested that

microextensions might act primarily as sensors, guiding

the broader lamellar processes to areas of high adhesivity,

since the authors considered that the former would be too

small to form effective adhesions. Albrecht-Buehler (1976)

found that the microextensions of cultured 3T3 cells showed

a scanning motion prior to attaching to the substrate, and

roposed that these were exploring the surface for the most
PYrox

favourable areas.

Witkowski and Brighton further speculated that
microextensions might differ, mainly in thelir ability to
rapidly elongate (from 1 to 10 in BHK cells), from the
shorter microvilli which cover the surfaces of suspended
BHK cells and which may bhe required for nutrient uptake

(Witkowski and Brighton, 1971) or for storing surface



available for spreaving (follett and Goldman, 1970).

There have been some reports of Tne participation oi
microextensions in cell=to=-cell adhesi.n. Lesseps (1963)
and Spring-Mills and Wlias (1975) clainmed, using electron
microscopy, to have seen coantacts between such processes,
Howerd et &l (1975) examined the attaciment of fibroblaszts
to monolayers of homologous cells by scanning electron
microscopy. ‘they found evidence for contacts bhetween
microextensions of either the suspended or the monolayer
cells and broader surface arezas of the other cells, hut

few contacts between two such procesnes,

Fibroblasts may adhere to normal culture substrates

>

by two types of adhesglve structure: small and anparently
quite specialized Wfocal contactas®, and broader areas of
Melose contact® (terminolopgy of Izzard and Lochner, 1976).
These are thought to be separated from the substrate by
gaps of rbout 1L0-20 nm and 30 nam, respectlvely. Very little
ig known about the relstive contributions of these two
types of structure to the behaviour of fibroblasts on
substrates, as they have usuvally been found to occur
together in the same cells., In one study, it was
mentioned that only the focal contacts persisted during
the formation of confluent cultures of chiclk heart
fibroblasts (Izzard and Lochmner, 1976). It is possible

that these two types of contect correspond to some of the
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surface specializations found at regions of adhesion

between cells, for example at the zonula adherens and

the zonula occludens.

Abercrombie et al (1971), in an electron
microscopic study of chick heart fibroblasts, found that
25% of the area under the leading lamella was comprised of
discrete adhesive sites, each of about 1-2¢ in diameter,
clogely attached ( 30 nm) to the substrate. It was
calculated that each cell might have 10-100 such sites,
most of which were likely to be under the leading lamella,
These focal contacts were associated with small electron-
dense plaques, present on the cytoplasmic side of the
membrane, and with bundles of microfilaments which appeared
to be ingerted into the plaques.

Similar focal contacts have been described by
Cornell (1968), Flaxman et al (1968) and Pegrum and
Maroudas (1975) in fibroblasts, and by Brunk et al (1971)
in glial cells. Brunk et al and Pegrum and Maroudas noted
the presence of electron-dense plagues and microfilament
bundles at the sites of these contacts. Similar plagues
have also been shown to be formed during the early stages
of intercellular adhesion, for example at the leading edges
of cultured chick heart fibroblasts (Heaysman and Pegrum,
1973) and during tune early aggregation of 16C rat
fibroblasts (Lloyd et al, 1976).

The ability of cells to form focal adhesions appears
to be restricted to certain parts of the cell surface, both
in contacts between cells and between cells and substrates.

Bragnina et al (1975) found that bundles of microfilaments
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were only found in the microextensions and lamellar areas
of newly attached mouse embryo fibroblasts, even when
other regions of the surface were in close contact with
the substrate., The formation of electron-dense plaques,
not necessarily present in all cases when microfilament
bundles are formed, may be restricted even further to
only the lamellar regions. Heaysman and Pegrum (1973%)
mentioned that plaques were seen in contacts between two
lamellas but not between a lamella and a lamellipodium.
They attributed this to the transient nature of the latter.

Revel and Wolken (1973) and Revel et al (1974)
found some evidence for the simultaneous presence of both
focal and broad contacts in a number of fibroblast lines.
Revel and Wolken used the surface replica techniqgue to
examine the undersurfaces of normal and transformed BHK
cells., By this method, cells attached to the substrate
are fixed, peeled off the substrate and inverted, and
examined by scanning electron microscopy.

The undersides of the cells were found to be smooth
and quite flat, and both points of focal contact and
broad areas, corresponding to tclose contacts® could be
distinguished. ‘“1hese areas were congidered to be in
close contact with the substrate, judged by their
inpenetrability to Thorotrast (diameter of 15-30 nm).
Bundles of microfilaments could be seen running through
both of these structures in normal BHK cells, but were
reported to be seldom seen in the transformed cells. This
finding may be related to the reduced abllity of the latter

to torm aggregates (Bdwards et al, 1971).
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Revel et al (1974) obtained similar results by
examining the patterns of cellular deposits remaining on
the substrate after attached cells had been removed. They
described the presence of both pointlike material,
suggested to correspond to the footpads seen at the bases
of retraction fibrils of these cells after trypsinization,
and large deposits which were thought to be derived from
sole plates (close contacts). The latter were lined with
what were presumed to be bundles of microfilaments,

The authors pointed out the possibility that the
sole plates could be attached to the surface at discrete
points and be held together as a unit structure by a system
of microfilaments. The opposite ig also possible, that
adhesive contacts are made by large regions of the surface
but are linked to microfilament bundles only at small
points. It was mentioned that the small sizes of the
footpads could have been artefacts of {rypsinization.

Culp (1975) labelled cells with (140)~glucosamine
and examined the radiocactive substrate-attached material
(SAM) which remained after the cells had been detached.

He found that the distribution of the SAM coincided with
that of the previously attached cells, indicating that it
had been deposited directly onto the substrate by the cells
and not adsorbed uniformly after being released into the
surrounding medium., However, no attemplt was made to
distinguish between materials which had been secreted and
footprints which had been left behind during the detachment
of the cells.

Parts of the SAM were condensed into "“"focal

droplets? of about 1-2 diameter, siwllar in size to both
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the footpads observed by revel et al (1974) and to the
electron-dense plaques described by Abercrombie et al
(1971). The total numbers of these contact sites found
to be present in each cell were comparable in all three
studies, however the relatively uniform distributions: of
the SAM, and also of the footpads, underneath the cells
are not consistent with some of the findings o1 other
workers.,

Similar results have been obtained from studies
made on living cells. Ambrose (1961) observed the
Locomotion of fibroblasts on a substrate using the
surface contact microscope. He reported seeing lines of
close contact to the substrate under the leading lamellas
of the cells, running parallel to the long axes of the
cells. However, no comparable finding has been made
using any other technigue.

Curtis ( 1964) developed the method of interference
reflection microscopy as a means of measuring the gap
between the undersides of living cells and the substrate.
Using chick heart fibroblests after 24 hours in culture,
he found large areas of approximately uniform separation
from the substrate, and suggested thalt these were acting
as one adhesive unit. The closest contacts to the
substrate, avout 10-20 nm, were found mainly at the cell
periphery and under the leading lamella. It was found
that this gap could be increased or decreased by altering
tne pH or the ionic composition of the medium, suggesting
tnat microexudates were not likely to be mediating the

adhesion of the cells acroszs this gap.
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Izzard and Lochner (1976), also using this
technique, described both focal and close contacts,
separated from the substirate by distances of approximately
lo=15 nm . and 30 nm, respectively. These were suggested to
correspond to the two types of adhesion previously
described by Curtis (1964). The focal contacts appeared
as thin streaks, 2-10p long. which may have resulted fron
the formati.m of retraction fibrils caused by the movement
of the cells. These contacts were seen mainly under the
leading lameelae, and lasted about four minutes in rapidly
moving cells, The numbers of focal contacts per cell
were estimated to be similar to those calculated by
Abercrombie et al (1971). Presumed bundles of
microfilaments were also seen running through these
contacts.

By using a combination of two techniques,
micromanipulation and time lapse cinematography, Harris
(1973h) showed that a variety of normal and traansformed
fibroblasts were attached to the substrate only at narrow
mnargins at the cell periphery and near regions of rufifling
activity. Vaughan and Trinkaus (1966) similarly found
that cultured sheets of chick epidermal cells appeared to be
held to the substrate only at the peripheral margins of the

sheet,
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%, BEvidence for Specific Cell Adhesion

The demonstration that cells can show type-specific
adheslion would be of considerable interest to an understanding
of the possible role of cell adhesion in cell positioning.
Although many early workers speculated that specific adhesive
interactions between cells could provide a basis for
morphogenetic movements (Galtsoff, 1925; Weiss, 1947; Tyler,
1946; Townes and Holtfreter, 1955; Sperry, 1958), assays
which could be used to detect specific adhesion were not
developed until quite recently.

Roth and Weston (1967) introduced the collecting
aggregate assay, in which a tritiated thymidine~labelled
suspension of one cell type is incubated in a gyratory
shaker with 24 hour aggregates of both isotypic and
heterotypic cells., At given time intervals the aggregates
are removed by pipette and the numbers of cells attached to
each aggregate estimated by auﬁoradiography. This technique
was later modified by Roth et al (1971la), mainly in the use
of a (°2P)-orthophosphate label and liquid scintillation
counting for more accurate and rapid results, and also by
McGuire and Burdick (1976), who were able to greatly improve
both the degree of specificity shown and the extent of
collection by using more irregularly-shaped 1-2 hour
aggregates and by carefully controlling the flow conditions.

Walther et al (1973} described an analogous assay,
based on the attachment of radioactively-labelled cells to
preformed monolayers or multilayers of different cell types.
The weakly- or non- adherent cells are washed off and the

remaining cells counted by the liquid scintillation method.
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This assay has the advantages of being both rapid and
visually observable, but it does require that the cells can
form stable cell sheets, ususlly after a period of 12-48
hours., Gottlieb and Glaser (1975) were able to obtain
monolayers of embryonic chick neural cells which were firmly
attached after only one hour by derivitizing the glass
substrates with ¥ ~aminopropyl-triethoxysilane followed by
treatment with glutaraldehyde, but it is not known what effect
this highly adhesive surface would have on the adhesive
properties of the cells.

Other methods have also been used to test for the
occurrence of specific cell adhesion. Barbera et al (1973)
measured the attachment of single cells to whole optic tectal
halves pinned onto an agar substratum in petri dishes. A
similar method was used by De Ridder et al (1975) in a study
of the adhesiveness of various epithelial tissues. Curtis
(1970a) showed that the kinetics of initial cell aggregation
could be used to detect the presence of specific adhesion
by comparing the adhesive rates when different ratios of two
cell types were coaggregated,

Almost all of the evidence for tissue=type specific

adhesion has come from work on embryonlc chick cells, mainly

neural, myoblastic and liver epithelial cells., Roth and VWeston
(1967) and Roth (1968), using the collecting aggregate assay,
found that isotypic adhesions were preferred to heterotypic
ones in almost every case in a number ¢f different combinations
of cells: NR (neural retina) and liver; liver and heart
ventricle; and liver, pectoral mustle amnd cartilage. Mouse

NR, liver and heart ventricle cells shared some of the tissue-
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type specificity with the embryonic chick cells, although
there was a considerable variation in the degrees of
specificity shown in different cases. The collections of
NR and liver cells by isotypic aggregates were found to have
lags of 30 minutes and 2 hours respectively, after which time
the specific collection of isotypic cells increased
gradually up to at least 5 hours in each case. Roth et al
(1971a) confirmed some of these results using (32p)~1abelled
cells and also found specific adhesion between NE and
forebrain and bhetween NR'and heart ventricle using nR
aggregates, but the reciprocal experiments (using forebrain
and heart aggregates) were not carried out,.

McClay and Baker (19v5) obtained guite different
results using a similar assay but with a high aggregate:
single cell ratio to ensure the collection of most of the
labelled cells. They found that cells ffom four embryonic
chick neural tissues:; NR, pigmented retinal epithelium,
cerebrum and optic tectum, and also liver cells, showed a
very small degree of specific adhesion when cerebrum
aggregates were used, but that there was no specificity
between MR and cerebrum when nR aggregates were used., It
was also found that subpopulaticns of cerebrum cells
fractionated by Ficoll gradients attached at slightly
different rates to isotyplc aggregates, in a way that
appeared to correlate with cell size.

On the other hand, McGuire and Burdick (1976)
obtained results which suggested that the specificity
reported by Roth and Weston (1967) could be representative

of the majority of the cells., They found that NR and liver
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cells showed a high degree of specific adhesion under
conditions in which about 25-70% of the labelled cells
were collected by the aggregates. They also found a
considerable degree of sgpecificity between NR and
mesencephalon cells, although this was less pronounced
when the former were used as the labelled cells.

Using the monolayer collection assay, Walther et al
(1973) found that liver and heart ventricle cells showed
adhesive specificity with NR cells but not with each other,
in contrast to the results of Roth et al (1971la). fThe
degree of specificity obtained was also considerably lower
than that found hetween the same cells using the collecting
aggregate technique (Roth et al, 1971; McGuire and Burdick,
1976). Walther et al also found specific adhesion between
mouse teratoma and secondary culture mouse kidney cells,
but not between a variety of other cell types.

Gottlieb and Glaser ( 1975), using a modified
version of this assay, obtained the unexpected result of
reverse specificity between NR and mesencephalon cells, in
direct contrast to the results of McGuire and Burdick. It
wag later suggested (Gottlieb et al, 1976) that this could
be due to the sites ior isotyplc adhesion being used up in
lateral contacts between cells in the monolayers, but this
is not borne out by the results of Walther et al (1973),
although it is possible that the unusually adhesive
substrates used by Gottlieb and Glaser may have exaggerated
the process of the lateral clustering of adhesive sites.

Very few studies of specific cell adhesion have

used cell types which normally interact in vivo. Barbera



Sh.

et al (1973) found that cells from the dorsal or ventral

NR preferentially adhered to the opposite tectal halves,
nimicking the selectivity of innervation during development,
The same results were obtained using de-~innervated embryos,
indicating that the capacities to show this specific adhesion
developed indepently in each organ, Pigmented retinal
epithelial cells shared the ability to show specificity

with NR cells, but cells from several other neural tissues,
including the optic tectum, did not.

Barbera (1975) was able to increase the ratio of
specificity from about twofold to sixfold by performing the
asgay in a recilprocating shaker, He also showe&fﬁﬁé abilities
of the dorsal and ventral NR cells to show specificity head
developed by 3 days and 6 days of development, respectively,
and were found in tectal cells between 8-14 days of
development, Barbera proposed that the results could be
best explained by the existence of gradients of two types
of adhesive molecules running across the dorsoventral axes
of the MR and the optic tectum. This would be consistent
with the requirement of the ventral but not of the dorsal HR
cells for recovery from trypsinization before showing
specificity.

In support of the possibility of such gradients,
Gottlieb et al (1976) reported that dorsal and ventral NR
cells showed specific aiffinities for monolayers prepared
from cells from the ¢pposite halves of the NR., Assays
in which the adhesive interactions between combinations
of cells obtained from six adjacent bands along the

dorsoventral axis were compared showed that the gradient of

specificity appeared to be continuous and wes shared by cells



taken from nine and twelve dey embryos. However, Barbera

et al (1973%) did not find any specificity between dorsal and
ventral tectal cells (see above) as might be expected from
the gradient model.

Buultjens and Edwards (1977) found 2 moderate degree
of adhesive specificily between NR and cheroid cells, using
the monolayer collection assay. They suggested that the
poor adhesive assoclation of these two cell types could
contribute to the development and to the maintenance of the
tripartite arrangement of NR, pigmented retinal epithelium
and choroid tissues in the normal retina, It was also found
that the pigmented retinal epithelial cells formed relatively
poorly adhesive monolayers.

A number of examples of specles-gpeciiic cell

adhesion have been reported. The agzoregatlon of sponge cells
has in some cases been shown to be highly species-specific
(Galtsoff, 1925; Humphreys, 1963) or strain-specific (Curtis
and Van de Vyver, 1971), leading to the forma?ion of unmixed
aggregates, although in other cases mixed aggregates have been
found (Sara et al, 1966; Curtis, 1962b,1970b; Humphreys, 1970).
The formation of unmixed aggregates has only been observed
between cells taken from different species, and has also been
shown to occur between Jjuvenile chick and rat liver cells
(Obrink et al, 1977).

Using the collecting aggregate assay, Grady and

McGuire (1976) found species~specific acdhesion between

i

embryonic chick ané mouse liver cells, but not between the
corresponding mesencephalon cells. This sugreslts that the

ability to show specics~specific adhesion may be confined



to certain cell types. wuldice and Mutolo (1970) also

using this assay, found adhesive specificity between two
species of sea urchin. Mculay and Hausman (1975)

confirmed this finding and also showed that cells from
hybrid sea urchins attached to aggregates at an intermediate
rate. The capacity of these cells to show specific

adhesion appeared to be dependent on the expression of the
paternal genome.

The existence of specific cell adhesion can be
explained in several ways. Curtis (1970a; 1974 ) has
suggested that the occurrence of adhesive specificity
could be accounted for by changes in the relative
adhesivities of the different cell types being tested
elther with time, for example during recovery from
trypsinization, or by factors secreted by the cells which
are capable of modifying the adhesiveness of selected cell
types. Both of these processes could also be operative
in vivo. Curtis (1970a)found that the relative adhesivities
of embryonic chick NR and liver cells reversed over a
period of six hours, and mentioned that this could explain
the specific adhesion between these cells reported by
foth and Weston (1967).

It is difficult to explain the large discrepancies
between the results obtained by different workers using
the same cell types, although there are a number of
variables which could affect these results. ‘The strength
of the trypsinization procedure used and the extent to
which the cells have recovered from trypsinization appear

to be very important in this respect. The initial



adhesions formed between cells from different tissues,
snortly after the disaggregation of the tissues, have

been shown in some cases to be apparently non-snecific.
Curtis (19v4) found, by using immunolocical merkers for

cell identification, that embryonic chick NR and liver cells,
and also mouse B and T lymphocytes, formed apparently

random adhesions during the first hour of aggregation.
Sheffield (1970) and Fujisawa (1971) similaerly provided
evidence for a lack of acdhesive specificity between different
cell types of the chick NR in the early stages of reaggregation,
The formation of mixed aggregétes between different types of
tissue cells indicates that if there is any achesive
specificity bhetween these cells during their initial
aggregation it cannot be complete. However, a significant

d

(D

anount of sorting out has been described in early mix
aggregates of chick heart and liab bud cells (Zlton and
Tickle, 1971), suggesting that a considerabls amount of
Tissue~gspecific adhesion mey take »nlace il some cases during
the inditisl fornzstion of aggregates.
Roth (19E8) showed that the =2ddition of unlsbelled
N2 cells decressed the collection of liver cells by liver
2 uregetes LUl dncreased thelr collection by HR aggregates.

17 the urlsobelled NR cells were preincubated for 4~6 hours
d

ot dinterpreted these results as meaning that the IR
¢ells adhered non-speci ally to the liver cells
following trypsinization until the molecular structures
conferring specificity had Been westored. He also
gugnested that this would account for the lag periods

found in the collections of isotypic cells, since the



aggregates which had zalready recovered wight only collect
cells with metching adhesive Sités.

Grady and dcGuire (1976) were able to observe a
high degree cof specitic adhesion between the sanme cells,
with no detectable lag periods, when 1-2 hour aggregates
were used. They suggested that the differences vetween
their results and those of Roth (1968) c¢ould be due to the
heavier trypsinizetion procedure used by itnhe latter,
Steinberg et al (1973) also found that the aggregation of
NR cells showed a 30 minute lag period only if the
trypsinization oI the celle had been cér?ied out in the
absence of proteirn or calcium lons.

The Large differences in the degrees of specificity
obtained when ditisvent assay methods are used appear to

depend ©o a iarge <xtent on the flow conditions and on
the organizatiocn i the collecting surfaces. ficGuire and
Burdick (1878&) foun that better results could bte obtained
when more irregularly-shaped aggregates were used. The

relatively low levels of gpecificity found when the

&

.

monolayer collecticn assay is used could be czused by the

sparsity of adhesive citec on the dorsai surfacesz of the

~ 1

monolayer cells, It ic also possible Lhat scome degree of

-

intercellular orxanization iz required before specific

adhesion can occur and thet isolsasted tissue cells do not

have this capacitiy even aitcir recovery from trypsinization.

v oL



L, Models of Cell Acdhemion

The mechanism of cell adhesion has recently been
reviewed by Curtis (1967, 1973), Edwards (1973, 1977),
Roth (1973) and Marchase et al (1976).

Three models have been proposed to explain cell
adhesion. These attribute adhesion to: 1) physical forces
of low specificity, determined by the bulk properties of
the cell surface (Curtis, 1960), 2) direct molecular
bonding between integral membrane or surface components
(eg., Roseman, 1970), and 3) indirect bonding between cells
mediated by extracellular bridging agents (Moscona, 1965).

| The distinction between the second and third of these

models is not always clear, both because it is possible that
substances which appear to act as bridging ugents may normally
be integral components of the membrane or surface, and
because some components of the cell surtace may be analbgous
to bridging agents if they aere not directly bound to the
cytoskeletal system..

These three models can account for both cell-to-cell
and cell-to-substrate adhesion., In the latter case, the

second and third models would be awnplicsble to thoe tonding

between cells and a serum coat compohent or a deporited
microexudcte, respectively.

(i) Paysical forces

Curtis (1960) proposed that both cell-to-ceil and
cell-to-substrate adhesions were determined by the
interactione between electrostatic forces of repulsion and
attractive London dispersion forces, énalogous to thos2 thnat
had been postulated in the DLVO theory (Derjaguin anc¢ Landau,
1941; Verwey and Overbeek, 1948) to account for the

flocculation of lyophobic colloidal particles. <+he DLVO
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theory predicts that two types of stable adhesion can forms
one at a very close range (lnm) and a weaker, more readily
reversible one at about 10-20 nm. Curtis (1960) drew
attention to the similarities bhetween these separation
distances and those formed at the sites of adhesion

between cells, for example at the zonula occludens and the

zonula adherens,and also suggested that the effects of

divalent cations on cell adhesion could be due to their
decreasing the electrostatic forces of repulsion. The

DLVO model of cell adhesion has been further supported by
the finding that one of the separation distances found
between cells and substrates could also result froq‘
adhesions in the secondary minimum (Curtis, 1964; Izzard and
Lochnar, 1976).

Parseglan and Gingell (1972) suggested that this
model could account for the occurrence of specific cell
adhesgion i1if there were specific London forces, however,
Curtis (1973%) has pointed out that the range of molecular
apeclies found at cell surfacés is too small for this Lo be
likely. \

Although there is no definitive evidence availlable
in favour of either of the different models of adhesion, it
is clear that the bulk electrostatic and London dispersion
forces of cell surfaces must play a major role in
determining the ability of cells to form adhesions, and
perhaps also the types of adhesive contacts which will form.

(il) Molecular components of adhesion

Most of the evidence for the involvement of specific

molecular compounds in cell adhesion has come from direct

attempts to isolate such substances. These have been



obtainea from several sources: disaggregation and
conditioned media; sera and ascltic fluids; cellular
microexudates; and cell membrane- or surface- derived
fractions.

Most of the gubstances which have been isoclated
belong to ome of four groups: 1) acldic mucopclysaccharides
and collagen, 2) glycosyl transferases, %) lectins,

L} posslble components of the cytoskeletal systen,
including LETS protein (see below). In some cell types,
several different types of tentative adhesive substance
have been studied, although in other cell types only one
of these groups of compounds has been proposed to mediate
adhesion. It i1s also possible that these substances could
exert their effects on adhesion indirectly, for example

by modifying the bulk adhesive properties of the cell

suriface.

Cell types :

Sponges. ‘the species~speclfic aggregation of sponge cells
has been proposed to be mediated by specific adhesive
factors. Moscona (1963) and Humphreys (1963) found that

cells of Microciona prolifera and Haliclona occluda which

were dispersed in calcium- and magnesium- free media did
[ ' . o .

not reaggregate at 4 °C, but that the disaggregation media

contained factors which would promote the aggregation at

4] X R
4 °C of cells from homologous species. The factors



L.

obtained from these two sponges were partially purified

by Margoliash et al (1965) and the Microciona factor also
by Humphreys (1965). In both studies the factors were
shown to be acidic proteoglycans, although the two reports
differed in their estimates of the molecular weight of the

Microciona factor.

Henkart et al (1973) chasracterized the Microciona

parthena factor as a proteoglycan with & molecular weight
of several million daltons, and as having approximately
equal amounts of protein and carbohydrate. The purified
factor appeared in electron micrographs as an inner ring
with radiating arms. Both the proposed size and shape of
the factor were consistent with its physical properties,
examined in a separate study (Cauldwell et al, 1973). The

Microciona factor was proposed to act as a bridging agent

between cells, bound to the cell surfaces with calcium ions.
An alternative éxplanation of the species-specific

aggregation of sponge cells was provided by Curtis and

Van De Vyver (1971). They showed that two strains of the

freshwater sponge Ephydatia fluviata produced soluble

factors which promoted strain-specific aggregation by
decreasing the adhesliveness of heterologous cells. In the
absence of these factors, no strain-specificity of
aggregation was observed.

Hemagglutining have also been isolated from sponge
cells, although there is little evidence for their
involvement in cell adhesion.(see Van De Vyver, 1975).

Moscona (1968) found that rabbit antisera to the Microciona

factor agglutinated cells from Microciogna but not from



uging cells taken from six species of sponge, and also
found that this specilficity was retalned by antisera made
to glycopeptide extracts prepared from whole sponges.

The above results are sugypestive that specific factors
may participate in speciles~ or strain- specific interactions
between sponges, for example in non-confluence or in graft
rejection, however, it is not known whether these may also
be involved in morphogenetic interactions between sponge

cells,

Cellular slime moulds., ‘rhe highly specles~specific

aggregation of cellular slime moulds during the onset of
thelr cohesive phase may to some extent be mediated by
developmental ly-~regulated lectins and lectin-receptors,
present on the surfaces of these cells. Rosen et &l (1973)
isolated a glycoproteln from cohesive~phase cells of

Dictyostelium discoideum which agglutinated sheep erythrocytes.

The agglutinin was found to be absent in vegetative cells,
increasing about L40O~fold between 3-9 hours after the
starvation of the cells, the period during which these cells
gain thelr cohesive properties. lntact cohesive cells

could be rosetted by erythrocytes, indicating that the
agglutinin was present on the cell surface.

Frazier et al (1975) showed that this agglutinin
could be separated into two active components with gquite
distinct properties and which appeared at different times
during development. Reitherman et al (1975) found that
both of these lectins would agglutinate glutaraldehyde~Ifixed

Dictyostelium cells, and that the numbers of receptors for
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the agglutinins present on the surfeces of the cells
increased markedly during the onset of cohesiveness,
paralleling the appearances of the agglutinins. The

agglutinins of Dictyostelium and Polysphondylium were also

found to show higher affinities for the receptors of
homologous cells, suggesting that this lectin=receptor
system could possibly be involved in the species-specific
aggregation.

Beug et al (1973) found that a class of univalent
antibodies specific for the cohesive-phase cells of

Dictyostelium discoideum inhibited aggregation completely

when only bound to 2% of the surface, whereas non~specific
univalent antibodies which covered 80% of the surface did
not affect aggregation. The binding sites for these
antibodies were completely absent in vegetative cells,
suggesting a similarity with the lectins isolated by Rosen
et al, however, there is no evidence that these compounds
are related. In another study, Sussman and Boschwitz (1975a)
showed that membrane ghosts prepared from vegetative~ and

cohesive~ phase Dictyostelium cells can retain the

aggregative properties of the cells from which they are
isgolated, although it was not tested that this is also true

of specles-~gpecific cell argregation.



Embryonic chick neural cells, Most of the attempts to

isolate adhesive factors from vertebrate cells capable of
showing specific adhesion have been made using embryonic
chick neural cells. foscona (1962) obtained a factor from
the conditioned media of NR (neural retina) cells.whiah
specifically ennsnced the aggregation of houologous cells.
Lilien and Moscona (1967) were able to obtain larger yields of
this factor by collecting the medium from .onolayers of NR
cells which had been incubated for 24 hours in serum-free
medium, and obtained similar results. Garber and
Moscona (1972b) also isolated a factor from Qerebrum cells,
using the same method, which specifically increasged the
diameter of cerzbrum aggregates. A4 srall degree of species-
specific activity of the factor was found when chick and
mouse -C2razbral cell aggregates were coavared,

The Nk fector was purified by idausman and Moscona
(1973,1975) ans fcund to be a glycovrotein of about 50,000
daltons and containing about 10-~15% carbohydrate. The
factor was inactivated by trypsin, but ncet by hyaluronidase,
neuraminidase, salactose oxicase or periodate, suggesting
that the protein but aot the carbeohydrate portion of the
molecule is required for zctivity. oOne criticism of this
work would be that the size of 24 hour aggregates is not a
direct reflection of celli azthesiveness, and it is difficult
to know what cellular prorerty is being affected by the
factor, Another problexn s that the incubation of the cells
- in serum=-free medium during the preparation of the factor
is likely to cause cell lezkage, as well as other cell

damage, and to increase i22 extent of proteolytic activity.
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Roth (1968) found that conditioned media obtained
from cultures of chick NR, liver and heart ventricle cells
increased the collection rates of cells by homologous
aggregates, but did so both when homologous and heterologous
conditioned media were used, curtis (1974) prepared
conditioned media from monolayers of chick NR and liver
cells, ilncubated in the presence of serum . He found that
these cells released soluble factors into the media which
decreased the adhesiveness of the other cell type.
Adhesivenegs was measured using the cell lawn (monolayer)
collection assay. nowever, the factors present in the
conditioned media were not characterized in either of these
studies.

Rutishauser et al (1976, prepared antibodies to
proteins purified from the conditioned media obtained
from both monolayer cultures and intact tissues of chick
neural retina, Using immunofluorescence microscopy to test
tne binding of the antibodies, they found theat two proteins,
with molecular welghts of 140,000 (F1) andg 110,000 (#2, a dimer),
were oresent on the coll surface. These appearcd to be
proteolytic cleavage products of cell surface precursor
molecules having wolecular weights of 240,000 and 150,000,
respectively. The former anpesred to be converted to the
latter in norual tissues and in suspensioa, bul not in
monolayer,culture, Antibodies to ¥2, but not to ¥Fl,inhibited
cell-to~cell adhesion, both when neural retinal and when
cerebral cells were tested. Antibodies to Fl ond to F2 also
stalned embryonic chiclk fibroblests, but not thymocytes or
erythrocytes. The zuthors suggested that adhesion misht be
mediatec b, ddentical F2 monomers on adjacent cells and be

controlled by proteolyltic cleavege of the orecursor molecules.
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Lilien (1908) isolated aggregation promoting
materials from the growth media of Ni
mionolayer cultures. ‘hese were reported to bind
specifically to ana to speciiically enhance the
aggregation of homologous cells. malsamo and Lilien
(1975) found that the abilities of the NR and cerebral
factors to bind to homologous cells were relatively
insensitive to treatment witn pronase, but were reduced
by treatment with P ~N-Acetylhexosaminidase or &-mannosidase,
respectively. Pronasé digestion of the two factors showed
that these contained N-Acetylgalactosaminyl and
mannosaminyl residues. ‘[he factor-induced aggregation of
homologous cells appeared to be more complex and to require
the participation of a third, more labile component
(Balsamo and Lilien, 1974).

Merrell and Glaser (1973) found that plasma
membranes isolated from NR and cerebellar itissues
specifically bound to and inhibited the initial rates of
aggregation of homologous cells. Gottlieb et al (1974)
obtained similar results with membranes prepared from NR
and optic lobe tissues, and also found an age specificity
between membranes from tissues of 7,8,and 9 day embryos.
Merrell et &l .€19Y5) were able to solubilize these
membranes in lithium diiodosalicyclate, and obtained
protein fractions shbwing the same tissue and age specificity
as the membranes from which they were isolated., However, it
is possible that these factors are altering the surfaces in
an indirect way, for example by steric hindrance.
Preliminary attempts to determine the molecular weights of

the solubilized proteins gave contradictory results.
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There is some evidence for the involvement of
galactosyl transferases in the adhesion of NR cells.
Roseman (1970) proposed that the formation and breakage of
bonds between glycosyliransferases and their substrates
on the surfaces of adjacent cells could provide a general
means of controlling cell adhesion. Roth et al (1971b)
showed that NR cells catalysed the transfer of labelled
UDP-~-galactose to both exogenous and endogenous acceptors,
indicating the presence of externally exposed galactosyl
transferases on these cells. Roth et al (1971a) found that
treatment of NR aggregates with a glycosidase-rich extract

of Diplococcus pneumoniae abolished the 25 minute lag

pericd found in the collection of homologous cells by these
aggregates, 'Treatment with two partially purified
P-~galactosidases increased the non-specific collection

of both NR and liver cells.. These results pointed to a
possible role of terminal P~galactoside groups in the
specific adhesion of NR cells. A similar treatment of
liver cell aggregates did not have this effect.

The effects shown by the transferases could have
resulted primarily from thelr biosynthetic activity, rather
than from a direct interference with a specific adhesive
process., Roth and Shur (1973 ) showed by autoradiography
that the activities of several glycosyl transferases in
early chick embryos had different patterns of distribution
which could in some cases be related to known morphogenetic
events, However, the same criticism could apply to this

finding.



A number of adhesive factors have been isolated
from other types of non-fibroblastic cells, but very few
of these have been characterized in any detail. Two

examples will be mentioned here.

Mouse teratoma cells., Oppenheimer and Humphries (1971)

isolated an aggregation factor from mouse teratoma cells
which was capable of binding the cells together without

a requirement for cellular metabolism and which showed a
preference for homologousg cells. Oppenheimer (1972) showed
that there appeared to be a specific carbohydrate
requirement for the factor-mediated adhesion. A similar
factor was partially purified by Meyer and Oppenheimer
(L97Y6) who found that at least two components of the factor
were responsible for the aggregation-promoting activity, one
of which showed sowme activity by itself and asnother which
enhanced the activity of the first. Mouse teratoma cells
have been reported to show specific adhesion with secondary

culture mouse kidney adult cells (Walther et al, 1973).

Mammalian lymphocytes. Curtis and De Sousa (1973) showed

that mouse B and T lymphocytes maintained in short term
cultures released factors into the medium which decreased
the adhesiveness of the heterotypic cell type. These were
found to have molecular weights of 3000 and 9000 daltons
respectively (Curtis and De Sousa, 19Y5), and their dose~
response curves of binding to the cells suggested that they
were acting indirectly by modifying the adhesive properties
of the cell surfaces. No specieg-speciflicity was found
between the factors prepared from a variety of cell types.
It was also found that these factors could redirect

lymphocyte positioning when administered in vivo.



Fibroblasts., Several different types oif substance have

been provosed to play a role in the adhesion of ribrobiasts,
One of these has been termed LETS (large external
trénsformation sensitive) protein by Hynes (1973). Hynes
exposed HIL-8 namster fibroblasts to.(1251)—lactoper0xidase,
which selectively labels the tyrosine residues of

externally exposed proteins. He rfound that one strongly
labelled band, corresponding to the LELS protein, was
absent in sarcoma virus~transformed NIL ceils and was also
very sensitive to small doses of trypsin. It was later
found that LETS protein decreased in normal NIL cells
during mitosis, increased as the cells aprrcached confluence
and could be reduced by serum stimulavion of the confluent
cultures (Hynes and Bye, 1974).

Large glycproteins which may be identical with or
very similar to LETS protein have been isolated from the
membranes or surfaces of a.number of tibrobliast cell lines
and also embryonic fibroblasts. These appear in each case
to be lost after viral transformation enc raage in
molecular weights from about 210,000-2?05000'(revi&wed by
Hynes, 1976). Chen et al (1977) also found a cor:cliation
between the tumorigenicities of seversl adenovirns-
transiormed cell lLlines and their reduciions in LETS
protein, although this correlaticn has nct been fcouad in
some other cases (Hogg, L1974; Pearlstein et al, 19/G).

There is some evidence that LETS proteins oy be
involved, either directly or indirectly, in
cell-to-substrate and cell-to-cell adhesion. VYamada et al

(1976a; 1976b) and Ali et al (1977) showed that the addition
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of LETS protein to transformed fibroblasts both increased
the adhesiveness of the cells to the substrate and

restored their morphologies to those of their untransformed
counterparts, Yamada et al (1976a) suggested that the CSP
(cell surface protein) acted primarily on the adhesiveness
of the cells and that the changes in cell morphology were

a consequence of this,

Wartiovaara et al (1974) found that the binding of
antibodies made to the SF (surface antigen) human
fibroblasts was restricted to membrane processes and
ridges and appeared to be assoclated with sites of adhesion
of the cells to the substrate., The binding sites for the
antibodies were removed by trypsinization of the cells, but
reappeared one hour after the reattachment of the cells, in
correspondance with the appearance of new membrane processes.

Mautner and Hynes (1977) presented some evidence
for the presence of LETS protein on the ventral surfaces
of attached fibroblasts, at sites of close appositi.n To
the substrate. Ihe LETS protein could be observed
underneath the cells as early as 4-5 hours after
trypsinization and replating of the cells. Attached cells
which were removed with EDTA left behind footprints
containing LETS protein, but only if the cells had bheen
cultured in low levels of serum (0.3%) as opposed to in 5%
serum, possibly due to the higher adhesiveness of the cells
to the substrate in the first case. The footprints were
similar in size to the footpads described by wrevel et al

(19743 see Introduction 2).
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Mbrecht-Buehler and Chen (1977) showed that in
cultures of 3T3% cells, LETS protein appeared to
accunulate at sites of intercellular contact. Cheﬁ et al
(1977) reported that the small aﬁounts of LETS protein
that could be detected in several highly tumorigenic cells
were found mainly in fibrils interconnecting the cells.
Mautner and Hynes (1977) mentioned that in some cases
continuous fibers of LETS pr;tein could be seen running
through two cells. The numbers of fibers in these cells
increased with time during culturing until the fibers
completely surrounded the cells in conflvent cultures.

These findings and also thne correlation often
found between the appearances of LETS prctein and of
microfilement bundles, as well as the detention of actin
in immuno-precipitates of LETS protein (VWartivacra et al,
1974), suggest that this protein may be involved in the
coupling of adhesive contacfs to the cytcsikeletal systemn.
- However, there is very little evideance that LETS protein
contributes to the adhesive contacts fTheunselves.

The euwbryonic chick fibroblast LETS vroteia {CSP)
has been shown to agglutinate sheep erythrocytes, and
also several types of tissue cells., The hemagglutinaiion
required divsalent cations and was inhibited by L~iysine
but not by simple sugars, and is therefore quite distinct
from lectin-mediatzsd hemagglutination. (Yamada et 2l, 1975).
Pearlstein (1976) showed that the cell adnesion facter
(CAF) of 3HK fibroblasts was secreted into the medium by
both the normal and virus-transformed cells, but that the

latter were unable to retain CAF on their surfaces.



The addition of CAF to cultures of the traunsformed
cells restored the abilities of these cells to attach to
and spread on collagen. JLhe CAF-mediated attachment of
the cells was inhibited by L-lysine and required divalent
cations, similar to the hemagglutination properties of
the embryonic chick CSP, and was therefore quite distinct
from the galactosyl transferase-mediated altachment of
platelets to collagen (Jamieson et al, 1971). It is
therefore possible that LETS protein may be regquired for
the attachment of fibroblasts to collagen, and possibly
also to the surface~bound collagen of other cells,

It is not clear to what extent the LETS proteins
of different cell types share the same properties. There
have been three reports of the isolation of LETS protein
from membranes (Hogg, 1973%; Bussell and Robinson, 1973;
Stone et al, 1974). However, Graham et al (1975) showed
that the LETS protein of NIL cells sedimented in a high
density fraction, distinct from the plasma membrane fraction,
during differential centrifugation. This fraction was
enriched in carbohydrates and appeared in electron
micrographs as an amorphous meshwork, and was suggested to
have been derived from the surface coat. The findings
that LETS protein is not solubilized in non-ionic detergents
(Hynes et al, 1976) and that it does not patch following
the binding of antibodies (Mautner and Hynes, 1977) also
indicate that it is unlikely to be an integral membrane
component, No studlies have been made of LETS proteins in
cell types which show specific adhesion. Rutishauser et al
(1976) found that the chick neural retinal cell adhesion

molecule (CAM) differed from LETS protein in the sizes of



Sli.

its cleavage products, and also found no immunological
cross=-reachion between the two molecules, but did not
rule out the possibility fthat these were related,

Dysart and Edwards (1977) isolated a lectin
(hemagglutinin) from BHK fibroblasts. The lectin was
present in both endoplasmic reticulum and plasma
membranes, the latter having the highest activity.
Hemagglutination was not affected by solubiligation of
the membranes in 1% deoxycholate, but was inhibited by
two derivatives of D-galactose (D-fucose and
N~acetylgalactosamine), although D-galactose itself
showed very little inhibition.

Some evidence has been found for the possible
involvement of galactosyl or H-acetylgalactosaminyl groups
in BHK cell adhesion. Vicker and Edwards (1972) showed
that treatment with neuraminidase stimulated the aggregation
of these cells but not of the poorly aggregating polyoma
virus-transformed derivatives, and suggested that this
could be explained by the exposure of the above sugar
groups on the cell surface following treatment. Vicker
(1976) further showed that BHK cell aggregation was
inhibited by galactose oxidase-sensitive tryptic
glycopeptides prepared from the same cells. Rdwards et al
(19/6) also found that a series of ricin-resistant
mutants of these cells showed a reduced adhesiveness to
gsupstrates and a decreased rate of aggregation. wthis was
onty found in mutants which were deficrent 1n ricin
oiLuoing. Ricin binds to galactosyl and N-acetlyparactosaminyl

ETOUDS.



55.

The evidence that animal cell lectins are
involved in cell adhesion is only aindirect, with the
possible exception of the slime mould lectius (see eariier),
Hemagglutinins have been isolated frowm L6 wmyobLasts
(Gartner anu Podleski, 197/5) and embryonic chick myoblasts
(Den et al, 1vy76). 1In both or these studies,
hemagglutination was found to be inhibited by lactose
and tniodigalactuside, and i1n tne first case, but not in
the second, thiodigalactoside was shown to inhiplLt
nyonlast fusion, apparently by preventing tne rormations
of adhesions between tne myoblasts. The lack of agreement
between tnese two reports could be due to the diiferent
cell types used.

Ithe possible role of these hemagglutinins in
normal myoblast rusion i1s suggested by the findings
(Nowak et al, 1976; Den et al, 1y76) tnat the appearance
or hemagglutinin activity ru embryonic chick myoblasts
paralleled the cessation uf wltousis znd the onset of
Tusion or these cells. Terichberg et al (1975) also
snowed that tactose-~ and thiodigalactoside- sensitive
leciing were present in a number of tissues and cell lines,
but appezred cvo snow the highest activity .n rapidly
differentiating ueural and muscular tissues.

Lt is idxkely that lectins in aiiferent cell types
and also ditferent lectins in the same cells may nave
diverse functrons. <the characteristic presence of lectins
in ceil membranes (eg. stockert ev al,197)4; Teichberg et al,
1975; Dysart and Edwards, L977) suggests that sowme of

these functions may be assoclated witn interactiouns



between cells, Stockert et al (1974) described a rabbit
hepatic lectin which appeared likely to play a role in
the recognition of liver cells by serum aslialogiycoproteins.
Terchberg et al (1y75) showed that the binding oi the
electric eel lectin to erythrocytes was rapialy reversed
by the addition of lactose, indicating the possibility of
the control of cell adhesion by lectins in an analogous
manner to that proposed by Roseman (1970) for
glycosyltransferase-mediated adhesion. In some cases,
lectins may act primarily as glycosyltransferases or
glycosidases, although Teichberg et al mention that the
former 1s unlikely to be the case for the lectins
described in their study.

Lectins differ from LETS protein in several
respects, Thelr sensitivities to inhibitors of
hemagglutination are quite distinct (see above). The
BHK cell lectin was found not to be decreased after viral
transformation or after treaiment with trypsin (Dysart and
Bdwards, 1976), in contrast to LETS protein. These two
molecules are also likely to have very different molecular
weights., Teichberg et al (1975) estimated the molecular
weight of the electric eel lectin to be about 33,000
daltons.

Acidic mucopolysaccharides (AMP'S) may also play
a role in the adhesions of fibroblasts. Culp and Black
(1972) showed that 373 cells and flat revertants of
sarcoma virus-transformed 3T3% cells deposited 3-6 times
more microexudate than did the transformed cells. ‘lerry

and Culp (1974) found that the microexudates of the
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normal and transformed cells were similar in composition,
in both cases consisting mainly of small amounts of
protein linked to hyaluronic acid chains of high molecular
welght.

Moore (1976) similarly reported that Rous sarcoma
virus-transformed rat fibroblasts produced 3-6 times
less substrate-coating material than the normal fibroblasts,
but that this amount was increased 7-fold by the addition
of aibutyryl cyclic AMP, which also increased the
adhesiveness of the cells to the substrate. Kraemer
(1976) found that variants of CHQO cells which had been
selected for increased resistance to detachment from the
substrate also produced higher amounts of hyaluronic acid.

Pessac and Defendi (1972a) showed that mouse
lywnphoblasts were aggregated by MPS factors present in
serum and in the conditioned media obtained from the
cultures of a number of different cell types. The
factors had hyaluronic acid as a major component and were
inactilvated by hyaluronidase. Hyaluronic acid was also
effective in stimulating aggregation. Pessac and Defendil
also suggested that some of the previously described
aggregation factors, for example the sea urchin factor
described by Kondo and Sakai (1971) might also be
hyaluronic acid., However, BEdwards et al (1975)
mentioned that L2.5 g/ml povine testicular hyaluronidase
did nov inhiplt the aggregation oi sHK cells,

With the exception of the sponge iactors, there is
no evidence that AMP's are involved 1an specililic cell
adhesion, However, the selective relLease or cegradation

of AMP's could contribute tc the contro. of cell



movements, for example in wmorphogenesis (Toole, 1975)

and in the invasiveness of wetastatic tumour cells.
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MALERIALS AND METHODS

Media

The most freguently used mediz were:
ECT, wmFL. Eagles minimal essential medium {Glasgow
modification), supplemented with 10% bovine serum (ECT)
or 10% foetal bovine serum and 10% tryptose phosphaie
broth,

Hanks BSS, Hanks-HEPES., Hanks balanced salt solution, pH

7.4, buffered with Iris (BSS) or with 10 m HEPES (Hanks-
HEPES). In some adhesion assays the lattar was supplemented
with 10% bovine serum or 10% foetal bovine serum.

UMF-HEPES, Calcium- and magnesiﬁmn free Hanks-HEPES,
Contained per litre: NaCl 8.0 gm, KCL G.n gm, Glucose 1.0gm,
nHBPO4 0.5 gm, HEPES 2.38 gm, rhenol red (0.5%) 2.0 ml,

pH 7.4,

PBS. Phosphate~buffered saline. Contained per litre:

NaCl 8.0 gm, KCL 0.2 gn, KH2904 0.2 gm, Na HPO4.ZHZO 1.15 gnm,

e
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gell lines

the following cell lines were useds
Henster. BHK-~Cl3 (Baby Hamster Kiduney), PyCl (Polyoma
virus-transformed €13 cells, recloned), IPyAL (¢ sub.lone of
PyCl cells, selected for resistance to aza=-sdenine’d. CHC-K1
(Chinese unamster Ovary cells, proline suxotroprhs, wiadly
provided by Dr. x. %Wilson), HEF {(dsmster Embryc rivroblasts),
and HAX {(Ramster Adult Kidney evithelial <ells; 3. Afr. J.
red, sci. (1963) Zy, 81)). Primary Hdamster Lmbryo Fibroblest

(HEP) were alsc used.

4

Mouse. &$-180, L929 and 3T3 (Swiss mouse).



Culture of Cell Lines

The cell lines were routinely cultured in ECT in

2 2y, A 500 mM

glass culture bottles (area 60 cm~ or 120 cm
.L—proline supplement was required for the CHO-K1 cells.,
vells from confluent or nearly confluent cultures were
removed with 0.05% Trypsin (Difco 1:250) in Tris-buffered
saline and collzcted in ECY{. In order to obtain confluent
cultures of the cells atter two days the appropriate
numbers of cells seeded were (per 120 cma): for CL3, HEF,
and HAK cells, 5%106 cells and for the other cell types,
3X106 cells. The cells were subcultured at 2-4 day
intervals and were discarded aftef 4-5 weeks. Cell stocks
were stored at ~70°C or in liquid nitrogen in a glycerol-
based freezing medium (Eagles 65%, Foetal Calf Serum 30%,
Glycerol 5%). The stocks were thawed at 37 °C and plated in
EFT for cne day, or until enough cells had attached, after

which the cells were cultured by the above method,

Embryonic Chick Cells

Dissections were performed under aseptic conditions
in a laminar fiow hood. The tissues were placed in Hanks-
HLPES at rcoom temperature and were collected in ice-cold
PP after the dissociation of the tissues. Tissues which
J4id not require tryptic dissociation were placed directly
ir ¢old EFT. Fibroblasts, glial and neural cells were
ieulated from 10 day, 10-11l day and 7 day embryos,

respectively.

Fbroblasts.

Fibroblasts were prepared skin, heart, limbs and



meninges. A similar procedure was used in each case, with
the exception of the meningeal cells which were isolated
without tryptic dissociation,

Skin. Skin was peeled from the anterior head region
starting at the periocular end, takiﬁg care to avoid
contamination by the underlying tissues. The most heavily
vascularized areas were also removed, The tissues were cut
into small pieces (2-3 mm across) and were incubated in
0.25% Trypsin (Difcov1:250) in Tris-buffered saline,
containing 0.1 Mg/ml DNAase for 25 mins at 3790. The tissues
were then aspirated 100 times using & Pasteur pipette, and
were spun at 300 g for 5 mins. Most of tlhe undissociated
tissue, including much of the epitneliun, formed a fluffy
layer which floated on the medium and could be removed,

The pellet was dispersed in 20 mls EFT, collected in a 5 nl
disposable syringe and passed gently throogh a strip of 53p-
mesh Nitex (nylon bolting) placed insicde a «illlipore filter
assembly. A 100}1mesh Nitex prefilter was often necessary.
The cells obtained were plated in plastic tissue culture
flasks (area 25 cma) or in glass hottles and checked
microscopically for the absence of epithelisl cellas.

Heart. Heart ventricles were removed, parts of the
pericardia were peeled off and the blood was sqgueeszed out.
The ventricles were cut into 1 mm2 pieces and were
trypsinized for 30 mins at 37°C, All other aspects of the
dissociation and plating procedures were the same as ior
skin fibroblasts. 1he cultures were washed twice at about

60-90 mins after being plated in order to remove most of the
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mydblasts, and were subcultured at least twice before
being used.

Limbs. Upper thighs were cleaned of bones and skia and
cut into small pieces (1-2 mm across). The same procedure
was followed as for the heart cells except that the limb
tissue often became sticky and had to be diluted before
being passed through the Nitex cloth.

Meninges. Meninges were removed from the cerebral lobes
and cleaned of surrounding tissues. Fibroblastic cells
were obtained by gentle aspiration of the whole tissues
using a Pasteur pipette. ‘Ireatment of the tissues with

the standard dose of trypsin appeared to damége the cells.

Neural celis., eural retinas were trypsinized (0.25%

Trypsin, Difco 1:250, in Yris-buffered saline) for 30 mins
at 37 °C. The dissociated tissues were diluted with BI'T,
aspirated 40 times using a Pasteur pipette, spun at 300 g
for 5 mins and c¢cllected in 20 mls EFT, Optic and cerebral
lobes were dispersed by aspirating the tissues-using a
Pasteur pipette and removing the clumps of cells either by
sedimentation at 1 g or by filtration through a 50 mesh
Nitex cloth., Predominantly single cell suspensions were

obtained usine this mevhod.

Glial cells. 1ial cells vwere prepared from neural retinal,

optic lobe aznd cerebral tissues, using the same method in
each case, three or four eabryos were usually sufficient
for the preparation of all three tissues. Meningeal and

other sﬁrrounding tissues, including vascular areas, were

carefully removed. 'The neural tissues were aspirated
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gently using a Pasteur pipette: 40, 25 and 20 times,
respectively, for neural retinal, cerebral and optic lobe
tissues, in order of their increasing brittleness. ‘the
suspensions were passed through a 50M mesh Nitex cloth
and examined by phase contrast microscopy. Depending on
the degree of tissue disruption, approximately 6, 8and &

X106 cells were plated in plastic tissue culture flasks

(area 75 cmz} in EFT. A larger number of cells was
required if the suspensions consisted mainly of single
cells. The flasks were shaken inside the incubator to
prevent the cell aggregates from cluétering in the
centers of the flasks.

Monolayers of glial cells formed after 3-6 days
and were detached by adding 4.5 mls of 0.05% Trypsin
(Difco 1:250) for one minute and collecting the cells in
EFT after a further 3-5 minutes, The monclayers came
off as large sheets of cells which were then aspirated
using a Pasteur pipette and replated in smaller plastic
tissue culture flasks (area 25 cma) to total about 1-3
times the area from which they were taken, the amount
depending on the sizes of the cell sheets., A larger

wrea was required if the sheets could not be well

(92}

disperszd. The cells were subcultured 2-3 times over
2 6=10 day period before being used in experiments.
Predominantly single cell suspensions were obtained

after the second passage.

Tt
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Radioactive Labelling

Cells were labelled in glass culture bottles (are=
60 sz) with 100MCL of (BZP)-orthophosphate (obtained as
1.0 mCi/ml in dilute HCl, Radiochemical Centre, Amcrsham)

for 8 hours and chased overnight in EFT. This normally
gave counts of 0.03-0.1 cpm/cell. Cerebral cells were
labelled as large tissue pieces in suspension and were
dissociated by aspiration using a Pasteur pipette after
being chased., Neural retinal cells were plated at 4x107
cells per bottle for labelling. All other cell types were
plated so as to be confluent 1-3 days after the addition

of label,

~Cell Sheet Coliection Assey

A modificaticn of the assay described by Walther et
al (1973) was used. Monolayers or multilayers of the
different c2ll types were plated in Linbro multiwell
dishes (area of well 1.5 cm®) about 15-20 hours before- the
assay. The numbers of cells sceeded per well were: 6X1O5 for
Cl3%, HEF and HAK cells; q.5x105 for CHO, 1929 and PyAhA cells
1.2X106 for emoryonic chick fibroblasts; 8x106 for neural
revinal cellis; 6x10° for glial cells. Prior to the assay
the snéets were inspeéted visually for the presence of
gayps and were wéshed twice in Hanks-HEPES or Hanks-HEPES
rlis 10% serum,

Labelled cells were remcved with 0.05% trypsin
by the same procedure as for subculturing and were washed
3 times at 200 g for 3 mins in Henks-HEPES plus 10% serun
in order to remove all traces of trypsin from the mediunm
and any'label released from Lrypsin-damaged cells. The

single cell suspensions were diluted to 1-2x107 cells/ul



and added to the sheets in 0.9 ml aliguots. After a
given time interval, non-~adherent or weakly attached cells
were removed by three standardized washes using a water-
"driven suction pump. ‘'I'wo standards of washing rorce were
used: a strong wash of 1 ml, delivered from a 10 ml
disposable syringe, and a weak wash of 0.5 ml, in which the
CMF- HEFPES at 37°C,

mediun was gently emptied from an automatic pipette.

the attachment of Labelled cells to serum-coated
plastic was also measured using this technique. The wells
were precoated with 0.5 ml of 100% bovine or foeftal bovine
serum and rinsed with CMF-HEPES or saline prior to the
assay. In some experiments, serum-coated wells were used

as controls for the attachment of cells to monolayers.,

Cell Fixation

Cell gheets were fixed for 30 mins in 2%
formaldehyde,or in 1% glutaraldehyde, in ¢BS and washed 10
times with PBS and once with Hanks-HEPES, In some
experiments, fixed monolayers were treated with sodiunm
periodate (25 ad) for four hours or overnight followed by
Z washes in 0.,5% glycerol and two washes in Hanks-HERES.
Zell suspengicus were fixed in the same manner and were

wrzshed %2 times in Hanks-HEPES at 200 g for 3 mins.

Tue Lavse Filming

Secondary culture glial cells were plated onto
22x%2 ma glass coverslips (2.5 or 5.Ox105 cells/coverslip)
wad were incubated overnizht in 60mm Petri dishes. Prior to
filming, a filming chamber was prepasred by sealing a clean

woverslip onto one side of 2 lam thick steel plate having a
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circular aperture of 17 mm, using a 1:1 aixture of
paraffin wax and vaseline. The chamber was filled with
Hanks-~-HEPES and the coversliip bearing the cells was scaled
onto the opéosite gide of the pvlate, using the same wex
mixture, The filming was carried out in the presence of
an air curtain incubator set at 37 °C, using 2 Leitz

Ortholux microscope with zn attached Bolex camera set at

[oF

15 secs per frame. Kodak Plus-X reversal film was used, an

was developed by BErent Laboratories Ltd.

Prevaration of Hemsgglutinating Activity

0

Whole neural retinal, optic lobe or ce srebral orgens
were placed ia ice-cold Hanks-HEPES, carefully cleaned of
all surrounding vissuves and rinsed twice with cold Henks-
HEPES to remove the remaining blood cells. ‘The

homogenizationr and fraciicnation orocedures were based on

&

the methods of mervell and Glaser {1273} and Dysart and
Edwards (1977). The tissues were diluted with 7 volumzs of
PBS and pliaced ia & PottermrLVOJhem homogenizer with =
close~Iitting Teflon pestlis set at 2000 rpm. About 30
strokes were needed to disrunt a2bout 904 of the cells as
judged by phase contrasi microscopy. Ia sows cases, the PR3

wae supdlemented with 50 big/al Dii=se, 13w EDTA, or 1.0 mM

i ==
Camz-fld)m{MqﬂaiﬁéL
The homogenate wag spun at 2500 g for 5 mins in an

MSE 25 bench cenirifuge (tals step was optional) and at
%,500 g for 15 mins in an MSE 65 suncersseed centrifuge

set at 2 C, using the 10 ml rotor. Tae pellet was

resuspenaed in 1.0 ml PR3 aav the suvpernatant was spun at

Q0,000 g for 90 mins under tne same conditions. The
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resulting supernatant was collected and the nellet
redispersed in 0.1-0.3% mls PBS. The various freactions
were kept on ice and either assayed immediately or stored

in 1.0 ml aliquots at -20 C.

Preparation of Conditioned Mecium

Neural retinal, optic lobe and cerebreal cells were
incubated for 24 hours in EFT, either as pieces of
tissue in suspensioh or as cell monolayers (neural retina
'only). The conditiconed media were obtained during a further
incubation of the ceils or tissues for 2) hours in either

Eagles medium or EF, supvlemented in some cases with

n

- Trasylol (200 units/ml), and were assayed directly, or after
low speed centrifugation (300 g for 5 ming) to remove

suspended cells.

Hemagslutination Assay

Rebbit, sheep and chicken red blood cells were fixed
by the method of Butler (1963). The cells vere washed
three tisies in 20 volumes of P38, diluted 131 with 3%
formaldehyde and incubated for 18 hours at B?CC 0 &
gyratory shaker, The fixed cells were washed Yive tines

in 2.5 volumes of PRS and stored as a 105 suspeunsion in P5HS.
by the nmethod used by Den et =l (1975
]

o) e s oa
for 1 hour at 207C. The trusinized cells were washed five
tinmes in P3S prior to fixation in formaldenyde. Tue
hemzgglutination assay wazs performed by adding a 5C ¢ L

aliguot of the fraction to be tested to V-shaped microtitre

.....



wells, and meking serial two-fold dilutions in the wells.
Followla,. this, 50 B1L of a2 2.5% suspension of erythrocytes
wag adace Lo each well, When sugar inbibition was to be
testew, 25 M1 of sugar solutiown was added prior to the red
blood cells to wmalke a total of 100 Yl per well., The wells
vere sealed with paraffin, shaken briefly ana left for at

least two hours before the determinations were made,

Statistical Test

The Wilcoxon-Mann-Whitney test was used., This test
has the advantage of being non~parametric, and is quite
accurrate for »4 samples frow each group. The formula used
1s as follows:

7 = Rl— n{n+m+l) /2

von. m(n+m+l) /12

where Rl = Rank sum for n samples

1, = numbers of samples in each group
— A - b . - .
When P = 0,05, 7Zz=t, = 1.96. Values >1.96 are significant.
dhen P o= 0,01, Zet, = 2,50
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RESULTS AND DISCUSSION

I, Adhesion oi Fibroblasts

The adhesive interactions between a number of
fibroblastic cell types were examined in order to determine:
1) Whether fibroblastic cells have the capacity to show
specific adhesion with other fibroblasts, znd whether
there is any evidence that different fibroblasts have
different adhesive mechanisms; and

2) The range of adhesiveness that can be foﬁnd between
different types of fibroblast, both between fibroblasts
from different embryonic tissues and between normal

and transformed fibroblastic cell lines.

RESULTS

1.fmbryonic Chick Iibroblasts

Fibroblasts were ilsolated from four embryonic chick
tissues, chosen to give a fairly representative selection
of different regions of the embryo: anterior head skin,
cerebrum meninges, heart ventricle and thighs. During the
culturing of the cells, it was found that theré were in
some cases distinct morphological differences between
fibroblasts from different tissues, both in growth phase
and in confluent cultures. Heart fibroblasts in growth
. phase cultures could be readily identified by their smooth
contours (Plate la), in contrast to the more jagged
appearances of skin and meningeal (Plate 1b) fibroblasts.

Confluent cultures of heart fibroblasits were characterized
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by poorly oriented cells with large overlapping processes
(Plate 1lc), whereas skin and 1imb fibroblasts were more
elongated and were oriented in parallel arrays in confluent
cultures,

The adhesive interactions between the four types of
fibroblast were measured using the cell sheet collection
assay (see Materials and Methods). This assay can be used
to examine the adhesive interactions between reciprocal
combinations of different cell types, and therefore
provides a meansg of testing for the occurrence of specific
cell adhesion, and also of determining the relative
strengths of adhesion of different cell types under the
same conditions. Some of the features of this assay will
be described later,

The results of 3 assays are shown in Table 1. The
fibroblagts did not show any specific adhesion, and the
cell sheets of the different fibroblasts appeared to differ
guantitatively in adhesiveness, such that Skiﬂ??limb77hearto
In all cases, the skin fibroblast cell sheets were more
adhesive than those of heart cells. It is more difficult
to compare the relative adhesivities of the seeded cells
since these are likely to be influenced by extrinsic
variables, such ag the viability of the cells or the
extents of their recovery from trypsinization.

Table 1 shows that the adhesivities of the cell
sheets were generally very consistent within each
experiment, but that there could be substantial dlfferences

between their adhesivities on different days. These



Table 1

Adhesion of Embryonic Chick Fibroblasts

Cell Sheerts

Seeded
Cells Expt Skin Limb Heart
1 978.2 Lfo.2 68.3 = 0.6
Skin 2 60.9 f2.5 50,1 To.1 46.7 %1.6
3 62.9 T o1 62.6 1.9 47.9 Ty
Ave 67.% 8.4  56.3 L 9.3 54,3 11,1
i 2 574 50.0 % 5.5  48.6 = 2.0
1m N
3 65.9 1.1 69.7 L7.1  58.5 X 3.5
Ave  63.8 = 4.3  59.8 L 12.5 52,5 L6.1
1 74,1 8.0 67.8 0.3
Heart 2 55.9 Y 3.3 4.7 3.6 L 2.7
3 61.2 L 5.4  71.6 ~1.1 48.3 5.2
Ave 63.7 ~ 9.6 62.6 +~15.5 5l.2 *14.0
e 2 60.7 1.6 59.7 = 4.3
N Thes
geal 3 36.9 L 2,0 33,1 +19.7
Ave 48.8 13,2 nb. 19,2

4 o aa s .
Values are means —S.D. based on individual duplicate or
triplicate cell sheets in each experiment.

+ .
Averaged values ~3.D, are based on the total numbers of

cell sheels used in the separate experiments.

Values are percentages of total radiocactive counts iin the
cell suspenslons which have attached to the cell sheets,

Assays were performed in HH + 10% Fetal Calf Serun.

Time =

40 mins.,



differences could depend to a large degrec on the extents

to which the seeded cells had been damaged by trypsinization.
Yhe results obtained suggest that fibroblasts from

different embryvonlc chick tissues are likely to differ

only to small extents in adhesiveness. Therefore, 1t was

decided to test whether larger adhesgive differences

could be found between normal and trensformed fibroblasts,

and for this purpose a number of fibroblastic cell lines

with marked morphological differences were examined. The

avallability of a series of fibroblastic cell types

showing a wide range of adhesiveness would make 1t possible

to test whether these cells adhered to each other in an

additive manner (see Discussion 6), or whether there was

evidence for the presence of different mechanisms of adhesion

in different types of fibroblast.

2. Selection of Cell Lines

The normal and transformed fibroblastic cell lines
which were tested could bhe grouped into 3 categories
with respect to adhesiveness and morphology (Table 2).
The most striking finding was a large difference in
adhesiveness beltween two classes of transformed cell.
IThese have been designated Uype II and Type III fibroblasts,
and the untransformed cells as Type I fibroblasts.
The Type IT and Type III fibroblasts Had very different
morphologles, the most notlceable difference being the
lack or reduction of lamellar cytoplasm in the latter (Plates
2a~c), In order to test whether the restoration of the
lamellar cytoplasm of Type III fibroblasts would increase

thelr adhesiveness, sheets of CHO cells were treated with



Table 2

Phenotypes of Fibroblastic Lines

Type Morphology Adhesiveness Examples
I Normal High to Ci3%, HEF
Very High
11 Transformed, High to PyCl, 8180
Criss-~crossed Very High
111 Transformed, Low CHO, PyAA,
Rounded L-929
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1.0 mM dibutyryl cyclic AMP during the overnight incubation
used for the preparation of the sheets. This drug has been
shown to revert the morphology of CHO cells to that of Type

I fibroblasts (Heie and Puck, 1971).

%, Wifect of Cyclic AMP

Treatment of CHO cell sheets overnight with dibutyryl
cyclic AMP increased their adhegiveness by about 2.0-2.5
times (Table %a). The rates of attachment of CHO cells to
homologous cell sheets were approximately linear for at
least the first 40 mins, both in the absence and in the
presence of the drug. ‘'he degrees of stimulation of
adhesion by this drug were similar at 20 and at 40 minsg, and
were comparable in the 3 experiments.

Although the adhegiveness of the cell sheets was only
partially restored by treatment with dibutyryl cyclic AMP,
it was also found that it was possible to obtain only a
partial morphological transformation of the cells by this
drug under the conditions in which 1t was administered,

This was most 1likely due to the very high densities at which
the CHO cells were plated in order to prepare the cell sheets.
A complete degree of morphological transformation was
obtained when relatively sparse cultures of the cells were
used. These results therefore point to an apparently direct
correspondance between the adhesiveness of the cell sheets
and the amount of lamellar cytoplasm present.

The addition of dibutyryl cyclic AMP during the
courses of the assays had no effect on the results obtained
{Table 3b), indicating that the adhesive transformation

required a relatively long period of treatment with the drug



Table %a
Effect of Cyclic AMP on CHO Cell Adhesion

t 20 CHO Cell Sheets

Expt Control bchMP* Ratio
2 5.8 £1.9 17.5 & 4.1 0.33
3 12.5 £ 0.6 2L.7 6.3 0.51

F N

.AV@ 902 - 508 2O»L|- - [708 O¢}+5

t 40
l 790 :f:" Ll-.l 3507 i 8‘0 0920
2 19.7 1.6 2.8 T 1,1 046
3 29.7 1.0 55,1 = 2.4 0. 5l

Ave 18.7 *10.0 L3.2 S 9,2 0.43

Values are means iﬁnD, as for Table 1; expressed
as per cent of attachment to serum-coated plastic,
#*1,0 mM Dibutyryl Cyclic AMP added to cells
overnight during the formation of the cell sheets.

dable 2b
Effect of Cyclic AMP on Seeded Cells

CHO Cell Sheets

Seeded

Cells Control bZCAMP Plastic

+ +

Control 7.0 * 4.1 35,7 8.0  100.0 %38.6

beaip™™ 9.8 5.5 37,7 29,9 82.6 12.1

+ . .

Values are means —S.D, 1in one experiment.

#% 1.0 mM Dibutyryl Cyclic AMP added to suspension of
labelled cells for duration of assay (40 mins).



in order to be brought about, but was stable for at least

the 40 min period of the assays.

L, Adhesive Interactions Between Cell lLidinesg

In order to test whether different fibroblasts
show quantitative (additive) adhesive interactions, four
fibroblast lines were chosen to give as wide a range of
adhesiveness as possible; Cl3, HEF, PyAhA, and CHO cells.
These cells were all derived from hamsters, and therefore
the posesibility of adhesive differences caused by
phylogenetically~dependent properties was mininmized, The
rationale of this test is that if fibroblasts share the same
mechanisms of adhesion, then thelr adhesive interactlons
should be quantitative, whereas 1f there are different types
of adhesive mechanisms shared by different types of fibroblast,
then these adhesive interactions would depend on the extents
to which the adhesive mechanisms of the fibroblasts were
matched, In the first case, it should be nossible to arrange
fibroblasts in a hierarchy of adhesiveness, in which adhesions
between highly and weakly adhesive fibroblasts would be of
intermediate value,

The possible relationship between the low adhesgiveness
of Type II fibroblasts and their epitheloid shape suggested
that it might be possible to obtain en epithelial cell line
which was further reduced in adhesiveness (see Discussion 4).
A hamster-derived epithelial cell line, HAK cells, was found
to form very poorly adhesive cell sheets, and was also used
in the following experiments.,

Preliminary experiments showed that the rates of

attachment of both Type I and Type IIT fibroblasts to



homologous monolayers were approximately constant for

the first 40 mins, and that the maximal differences
between the adhesive rates of the different cell types
were Iound at this time. Larger differences were found
when a stronger washing procedure was used (see Materials
and Methods). The leakage of radioactive material from
the seeded cells during the courses of the assays was
usually not more than 2-5% of the total label present.

The adhesive interactions between the 5 cell types
are summarized in Table La. The cells appeared to show
additive interactions, and the monolayers of the 5 types of
cells could be arranged in a hierarchy of adhesiveness,
such that CLl3 ) HEF > PyAAy CHOY HAK. The hierarchy was
recognized by each of the cell types when used as seeded
cells, and also by 4 other types of fibroblast (Table Lc),
Table 4b shows that the relative adhesivities of the
different monolayers were similar in each experiment. The
absolute rates of attachment, however, differed somewhat
between experiments, as was found previously when this
assay was used (Table 1). Although the adhesive interactions
appeared in each case to be additive, the adhesivities of
the monolayers were more determining than those of the
seeded cells. This was most striking in the case of HAK
cells, which were able to attach well to fibroblast
monolayers, but which formed very non-adhesive monolayers,
It was found in subsequent experiments (eg. Table 5c) that
the rates of attachment of cells to HAK monolayers could be
increased by decreasing the strength of the washing
procedure, suggesting that these monolayers will only

support the formation of weak adhesions.



Table La

Adhesion of Cell Lines

Seeded Cell Sheets
Cells HAK CHO PyAA HEF Cl3
3.7 12.2 21.0 Liy. 7 73.5
HAK + o+ + o +
~1.7(1L) —4.4(9) —-9.0(12) -15.2(12) —23.4(6)
6.1 15.7 31,3 62.7 84.2
CHO 4 - e : R +. . , + -
—2.5(6) —2.1(9) ~10.3%(9) ~17.8(9) =6.6(3)
5.7 26.5 42,8 61,7 91.9
PyAA + + + + +
-2,9(15) —17.5(9) -21.0(13) -14.4(12) ~25.1(8)
— 8.8 3ol 394 58.5 e ?
HET + + + + .y
~5.5(15) ~14.1(9) —22.0(15) —16.8(15) —32.4(9)
15.2 72,1 63%.1 100.9 110.8
cl3

110.3(15)515.2(15)%22.9(9) T5.5(12) *21.0(9)

Values are means —-S.D, as for Table 1; expressed as
per cent of attachment to serum~coated plastic.

Total numbers of cell sheets shown in brackets.
Individual experiments shown in Table 4b.

Attachment to »lesstic = 50~90% of total sceded cells.
Time = 40 mins,



Adhegion of Cell Lines:

e Y
T=ble L4d

Individusl Evvnerimentis

Seeded Cell Sheets
cotis HAX CEO PyAL HEF L3
1 5.2 T1.4 0 17.7 T2.3  26.3 7.6 67.% Tz,
2 1.9 0.1 8.2 £0.6 10.9 2.7 37.2 3.9  52.4 £.4.8
fa 3 4.8 1.3  10.9 ¥1.7 16.0 Fs.4 Wi 5 % 7.1
5 2.8 0.4 30.2 1.8 29.8 * L.1 o4.6 2.9
Ave 3.7 £1.7  12.2 Tu.4 21.0 £9.0 W7 B15.2 73,5 Y23,
1 16.3 £1.7  35.0 ~10.3 1.1 ¥12.8
CHO 2 7.7 £2.8 16.0 3.2 38,5 t 5,7 55.8 T3.9  sn.2 *e.6
3 b6 FO.h 1.9 1.7 20.3 T1.1 61.4 8.9
ave 6.1 £2.5 15.7 T2.1 3.3 0.3 62.7 ¥17.8  8h.2 *6.6
1 5.1 1.7  33.7%15.7  46.5 T 4.1 81.0 6.9
2 3.8 1.5 35.7 b2.6 *10.9 52.1 ¥1.1  58.6 ~5.6
PyAA 3 5.8 0.8 9.8 *1.3 13.5 t2.9 w7.2 1.2
L 2.7 *o.y 41.2 = 15.9 65.4 ~6.3
5 8.0 ¥2.7 70.6 £ 5.4 66.5 £5.6 109.5 8.4




Table 4b Cont,

Adhesion of Cell Lines: Individuval Experiments

Seeded Cell Sheets
Expt
Cells HAK CHO PyAd HER Cl3
4
1 15,9 ¥1.5  wo.n¥12,0 60.6 Tu.h 65.4 — 2.3
2 12,9 ¥ 2.8 50.9 F 7.6 2h,5 ¥ 1.7 61.2 ¥1.6 77.7 = 3.6
HEF 3 3.0 ©0.5  25.3%¥10.5  17.7 ¥ 3.3 41.0 Y6.5
L L3 0,7 25.6 2.3 411.9 = 6.2 70.0 ¥ 0.8
5 7.0 ¥0.3 68.8 £ 7.4 83.1 T5.6 136.6 *1L.2
Ave 8.8 ¥5.5 37,0 10,1 9.4 ¥22.0 5.5 ¥16.8 ou,7 32,4
1 28.6 T11.9  86.8 ¥ 8.1 65.z ¥s.9 1012 F .1
2 18.4 ¥10.1 65.1 B R.9  6%.0 T 5.2 102.9 *2.0 102.8 6.8
+ +
13 3 6.1 ¥ 1.7  6z.1 %123 23.2 T 5.2 80.5 ~ 4.0
. + X
L 8.5 ~ 3.5 51.5 = 3,4 88.4 2.1
5 Tl T 1.5 06.9 ¥ 5.7 119.0 ¥12.0 141.2 3.3
Ave 15.2 ¥10.3  72.1%15.2  63.1%22.9 100.9 ¥15.5 110.8 ¥24.0

- +
Values are means —S,D, es for Table 1.



Table Lc

Adhesion of QOther Fibroblast Lines

Seeded Cell Sheets
Cells HAK CHO Pyah HEF C13 Homotypic
1929 3.5 $0.51 28.6 *2.3132.9 5.7 | 87.0 *18.1 | 38.5 T2.9
M
. w

5180 3,8 T1.21 91.1 *3.8151.8 *4.8 l102.4 £ 2.3 87.9 *2.3

o4 Ti.h 7.8 T3.2 | g87.3 ¥£1.21108.1 T14.6/105.8 Fu.7
HEP 61.2 £9.3163.1 2.7 | 95.7 ¥ 2.5

5 * . = £3

PyCl o3 ~ Lob i 100.0 = L.7F 99.3 T 4.5

- - ; \ . o

Values are means —S,D., based on duplicate or triplicate cell

sheets; expressed as per cent of attachment to serum-coated
plastic.
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5. Effect of iMixation

The effect of formaldéhyde fixation on the
adhesiveness of Cl3 cells is shown in able 5a. It can be
seen that Cl3% cells were able to attach to fixed
monolayers, although at « redﬁced rate. rixation of the
cell suspensions resulted in a somewhat larger degree of
inhibition of attachment. Fixation of both cell suspensions
and monolayers completely inhibited attachuent. Table 5b
shows that periodate treatment of fixed monolayers of Cl3,
¥, and HAK cells increased, rather than iﬁhibited, the
rates of attachment of Cl% cells to these monolayers.

A comparison of the effects of bolth formaldehyde
and glutaraldehyde fixation on the adhesiveness of these
3 cell types is shown in Table 5c¢. ''he Cl3 cells retained
their relatively high adhesiveness after fixstion, whereas
the adhesiveness of the HEF cells appeared to be quite
sensitive to fixation. The monolayers were in each case
slightly more adhesive after glutaraldehyde than after

formaldehyde treatment.



Teble 5z
Fixation of Cl3 Cells

Seeded Cell Sheets
Cells Expt Control Fixed
1 100.0 * 4.3 82.5 £ 9,3
Control - +
Ave 100.0 % 4.1 73.9 Tap.7
1 45.8 Fin.y 7.1 £ 4.3
Fixed 2 5.8 4.9 1.8 Lo.2
ave 40.8 1.0 .8 Xy

e . +
Values of individual experiments — S.D, ag for Table 1.

Cell shects or eeeded cells fixed with 275 formaldehyde.

Table 5b

Periodate Treatment of Fixed Monolavers

Type Cell Sheets
of Exot

Sheet Control Fixed Periocdate ¥
1 100.0 f1u.2 48.2 X 6.5 57.7 % 7.3
Cl13 2 100.0 L £.2 62.6 110.5 74,1 £ 6.1
3 100.0 L 2,2 g9.2 X12.5 80.6 *17.7
Ave 100.0 X 7.3 572.0 F11.0 70.8 T, 3
HEF 25,0 X 2,7 49.4 E 7.6
| HAK 21.7 ¥ 3.9 51.1 * 9.4

. + - .
Values are means —S5.0D. 28 for Table 1.

* Fixed .cell sheets tre=ated with 25 mM Scdium Periodaste.



Table Sc

Adhesion of CL3% Cells to Fixed Cell Shects

Fixation ) Cell Sheets
of ~ i
Sheets Ixpt c13 HEF HAK
1 100.0 Y11, 96.3 Fi3.3 52.1 X 8.8
2 100.0 * 5.4 95.2 £5,2 69.L £ 5.5
Control .
3 82.0 * L.k 22.2 ¥ 3,1
4 97.5 Bg.0 = 3.5+ 9.3
Ave 100.0 £ 7.8 g2.2 F14.5 L5.3 19,1
1 hho6 X 4.7 23,4 ¥ 4.5 1%3.4 £ 2.7
Formal- 2 65.4 *0.0 331 T2 33.1 F 3.5
dehyde 4.8 £ 8.0 16.2 Y 6.2 21.3 ¥ 0.8
L 53,5 & 2 4 3.9 ¥ 2.5 20.6 ¥ 0.6
Ave 50.9 ¥12.2 25.6 £9,7 22.1 ¥ 9.6
Glutaral 3 56.8 T1.0 3.4 Y0 42.9 * 1.9
“denyde 51.% £2.% 22.1 T 2.7 20.6 ¥ 7.2
Ave 54,1 F 3.0 20.2 ¥ 9,5 31,7 ¥ 13,1

- vanmr a e —— o

e . - -
Values of individual experiments —5.D, as for Table 1.
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DILSCUSSION

l. Cell Sheet Collection Assay

The main features of the cell sheel collection
assay have been described by Walther et al (1973). They
found that the attachment of fibroblasts to sheets of
homologous cells proceeded at an eapproximately linear rate
for the first %0 mins, after an initial lag period of 5
ming., Similar results were obtained in this work, although
no lag period was observed, possibly due to the different
conditions under which the assays were performed (see below).
walther et al showed that the settling times of the seeded
cells appeared to be negligible, that the degree of
detachment of cells from the cell sheets during the courses
of the assays was minimal, and that the release of
radiocactive material by the seeded cells into the medium
was very low. Therefore the results obtained using this
assay are likely to be a direct reflection of the
adhesiveness of the seeded cells for the cell sheets.

It is important to know that the seeded cells are
attaching directly to the cell sheets and not to the
substrate through gaps in the cell sheet., There is a
substantial amount of evidence in support of this.

Howard et al (1975) showed by scanning electron microscopy
that seeded 3T3 cells made direct contacts with the upper
surfaces of the cells in the cell sheets. In this work,
the cell sheets (for most cell types, multilayers) were
formed by seeding the cells into wells at very high

dengities, making it unlikely that the labelled cells
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would have access to the substrate during the course of
the assay. No gaps could be detected in the cell sheets
when these were monitored by phase contrast microscopy.

In addition to this, the neural cells which were used in
subgequent experiments adhered very poorly to the substrate,
and were therefore evidently attaching To the cell sheets
(eg. Plate 3c). However, it is possible that the dorsal
surfaces of the cells in the cell sheets are predominantly
non-adhesive, and that the seeded cells are attaching
mainly to the exposed lamellar regilons of these cells
(DiPasquale and Bell, 1974).

The collection assay used in this work was modified
slightly from the method introduced by Walther et al (1973),
mainly in that the cells were allowed to attach under
statlonary conditions, as opposed to in a reciprocating
sheker, A similar modification was used by Buultjens and
Rdwards (1977). In the stationary assay, the rate of
attachment is likely to be determined solely by the numbers
of cells which can form adhesions of z given strength
after a given time interval, whereas when the assay is
performed in a reclprocating shaker the results may depend
to some extent on the abilities of the cells to form rapid
adhesions, and under poorly defined flow conditions.
Therefore, the results obtained using the former method
should be more easily interpretable. It is also relevant
to note that, with only a few exceptions, normai adhesive
interactions between cells do not take place under
conditionsg of flow. Two possible disadvantages of the

stationary method which were mentioned by Walther et al
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are that the variability of the results may be greater and
the degrees of specific adhesion found may be less when this

method is used,

2. bBmbryonic Chick Iibroblasts

Very few comparative studies have been made on the
behavioural properties of fibroblasts cultured from different
tissues. Two recent reports suggest that distinct
aifferences between such fibroblasts are likely to exist.
Conrad et al (1977) found guantitative differences between
the saturation densities and sensitivities to detachment of
embryonic chick skin, heart and corneal fibroblasts. They
also described morphological differences between the skin
and the heart fibroblasts, similar to those which were found
in this study (see Results 1), and ln addition to this,
showed that corneal fibroblasts formed monolayers of
polygonally~shaped cells, which could be readily
distinguished from the multilayers formed by skin and heart
fibroblasts. It is possible that the quantitative adhesive
differences found between, for example skin and heart
fibroblasts (Table 1), could account to some extent for the
morphological differences observed between these cell types.
Brunette et al (1977) obtained preliminary results that
mouse gingival and periodontal ligament fibroblasts might
show adhesive preferences for homologous epithelia, although
only small numbers of cells were examined.

The diversity of the fibroblastic types which were
used in this study suggests that only relatively small
differences in adhesiveness are likely to be found between

most types of embryonic chick fibroblast, in terms of their
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interactions witn other fibroblastic cell types. However,
one way in which such quantitative dirfferences could play
a signifaicant role in cell positioning will be described

later (Discussion II).

3, Adhesion oi Transformed Fibroblasts

Several workers have proposed that alterations in
adhesgive properties may be responsible for much of the
abnormal behaviour of malignant cells. Cell transformation
has been found to both increase and decrease cell-to~cell
adhesion, Coman (1961l) reported that the malignant
transformation of rabbit epithelial cells decreased their
mutual adhesiveness, measured by the forces needed to pull
the cells apart by micromanipulation, but appeared to
increase the adhesiveness of the cells to the culture
substrate. RBdwards et al (1971) showed that transformation
of BHK fibroblasts with polyoma virus markedly decreased
the abilities of the cells to aggregate, however, Halpern
et al (1966) found that the transformation of a rat cell
line with Rous sarcoma virus increased the aggregability
of these cells, Dorsey and Roth (1973) found that 31T3%
cell aggregates collected many SV4O 3T3 cells but few 3TL2
cells, whereas aggregates of the two transformed cell types
did not show this selectivity, collecting only high or low
numbers of cells, respectively. The authors suggested that
in these cases the transformation of 373 cells had resulted
in a decreased degree of cellular recogunition, however,
thesge results could be more easily explained by quantitative
differences 1n the adhesiveness of the three cell types,

where SV4O 3T3 > 3T3 > 3012,



Cell transformation appears to lead more
congistently to a reduction in cell-to-substrate adhesion.
This has been shown to be the case for BHK-CL? fibroblasts
following transformation by polyoma virus (Shields and
Pollock, 1974) and for embryonic chick fibroblasts
transformed by Rous sarcoma virus (Yamada et al, 1976a).
Tumour cells are thought to be generally more readily

Bnd can ofden grow i~ suspension
detachable from culture substratesA(Clarke et al, 1970;
Nomura et al, 1973%). Culp (1974) found that the adhesiveness
of the microexudate deposited by 313 cells decreased after
the transformation of the cells by Rous sarcoma virus,

It is possible that some of the changes in the
adhesive properties of cells following transformation could
involve specific alterations In the recognition properties
of these cells. This has not been reported for fibroblastic
cells, but Nicholson and Winkelhake (1975) have presented
some evidence for altered adhesive recognition properties
of metastatic variants of a melanoma cell line. One variant
which showed a high tendency to form lung metastases,
Bl6~F10, was found to have a high adhesive affinity for
disaggregated lung cells, but adhered poorly tc liver,
heart, spleen and some other cell types. A low metastatic
variant, Bl6-Fl, adﬁered moderately to all of the above
cell types.

It would be useful to have assays which could be
used to distinguish betweén different types of transformed
cell, inﬁerms of their adhesive and other behavioural
properties, The cell sheet collection assay is potentially

well suited to this because of the possibility it offers of



making direct comparisons between adnesive, morphological
and behaviourali properties of different transformed cell
vypes. In the work described here, I have shown that the
cell sheet collection assay can be used to detect major
gifferences in the adhesive propérties of two types of
transformed fibroblast. These differences may ve directly
relatea to tne different morphologies of these cell types
(see Table 2).

The adhegive difierences between Type II and Type LII
fioroblasts coulLd be due tu: 1) quantitative differences
in tne same altered property, or 2) two distinct types of
alteravion, following transformation.

The first possibility is suggested oy the relatively
permissive conditions of the cell snheet collection assay,
when compared to other adnesive assays. For example, PyCl
cells are counsiderably reduced in their ablility to aggregate
(BEdwards et al, 197L) but not in their rate of attachment to
homologous cell sheeus, when compared to untransformed BHK
cells. One explanation for this could be the reduced ability
of these ceils to form rapid adhesions, as this alteration
would be less detectanle in the cell sheet collection assay.
It is possible, if this 1s the case, that Type III
fibroblasts are quantitatively more altered in this same
property such that their decreased adhesiveness can be
readily measured using this assay.

However, there are some reasons for thinking that
the second of these two possibilities is the more likely.
Cyclic AMP treatment reverts Type LII fibroblasts directly

into cells having the phenotype of Type I fibroblasts,
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indicating that the Type II phenotype is not intermediate
to the phenotypes of Type 1 and Type III cells. In some
cases, Type II fibroblasts can be reverted to Type I cells
by the addition of LETS protein (see Introduction 4).
However, although Type III fibroblasts may also be reduced
in LETS protein, the extremely low levels of LETS protein
in some Type LI fibroblasts meke it unlikely that the
different phenotypical properties of Type III fibroblasts
are caused by quantitatively lower amounte of this protein.
In the following two sections, the possibility of a direct
relationship between the decreasged adhesiveness and the
reduction of lamellar cytoplasm of Wype III fibroblasts will

be discussed.

L. Relationship of Adhesiveness to Lamellar Cytoplasm

A number of studies have suggested That the adhesive
sites of fibroblastic and epithelial cells may be restricted
to the lamellar regions of these cells. Bragnina et al
(1976) and Heaysman and Pegrum (1976) have shown that the
avility of fibroblasts to form stable adhesive structures
may be restricted to lamellar arcas, both in celi-to-substrate
and in cell=-to~cell adhesion. DiPasquale and Bell (1974)
found that latex particles end concanavalin A-treated red
blood cells, as well as seeded cells and microspikes and
processes of adjacent cells, did not attach to the upper
surfaces of spread fibroblasts or epltheiial cells, but
could adhere to the free margins of these cells and
subsequently be transported centripetally onto their upper
surfaces, Abercrombile et al (1970) and Harris (19/%c)
postulated that membrane is inserted at the leading edge,

transnorted centrivetally backwards over the dorsal surfaces



of the cells and disassembled over the nucleus.
The low adhesiveness of some epithelial cell
monolayers may be a direct consequence of the restriction

of adhesive surface to lamellar regions. DeRidcer et al

\

(1974) seeded grafts of fibroblastic lines onto various
epithelial organ fregments taken from the chick embryo.
They found thet the apical surfsces of iimiting epitheliz

were very nocn-adhesive for th

(4]

seeced cells, but that the
basal surfaces of these tissues, as well as the surfaces of
parenchymal epithelia, would support the attachmente of the
grafte, . This fiuding is compatible with the report of
DiPasquale anuy Beli (1974) of tne non-zdnesiveness of the
dorsal (upper) surfaces or eumdbryouirc chick skin, guh and
corneal epiltnelial ¢ells, wWhen cultured as explants.
Vasitiev et al (1975%) also found that only the celis at ihe
free margins ot epithelial cell wmonolayers shbwed a capacity
for phagocytosis, aud suggested that this might be due Lo
in inabilities of the other cells-to form adhesive cvontacts
with the seeded parvicles. 'the authors mentioned that tne
non-adhesiveness of the emntherial unonolayers could be due
to tne aahesive sites of tis cells peing usged up in ratersl
contacis petween the cglli-,

The peseiviiity of o relatiouship between the
reduced adhesiveness of Ty pe III fibroblasus and their
epltheloid mornaoclogy is suvszested by tne report of
Vasiliev et al (1975) tnat the adhesivities of monolayers
of a series o1 normal and trensformed epithelial ccli lines

were inversery correlated with tihe extents to which ths

o

230

cells snowved typical Meplihelipid® properties. Ceils whnich



were less tigntLy bound together in monulayers and which
could move as single cells, formed monolayers of intermediate
adhesiveness (16-42% attachment), whereas more typical
epithelial cells which moved as a coherent cell sheet, were
very non-adhesive (0~12% attacmnment), when fibroovlasts were
seeded onto the monolayers. The adhesiveness of the first of
these cell types is very similar .to that of Type III
fibroblasts, which also have very similer morphological
properties, Therefore, in terms of adhesiveness, wmorpholog
and cell behaviour on culture substrates, there may be
intermediate forms between epithelial and fibroblastic cells.
Cell sheets of Type I and Type II fibroblasts would
be 1likely to have sufficient amounts of exposed lamellar
cytoplasm in order to be highly adhesive, if the dependence
of adhesiveness on lamellar regions of the cells proves to
be the case. Therefore, the differcnces in adhesgiveness
between Typve II 2nc Type III fibroblasts could be asttributed
to the lack of lamellar cytoplasm in the latter, However,
it is likely that this reduction of lamellar cytoplasm may
be a direct consequence of a defect in the acdhesive
properties of Type III fitroblasts. The finding (see Resultis
4) that the abilities of cells to attach to sheets of Type
I1II fibrovlasts viere coasiderably improved by reducing the
strength of the washing force, suggests that the Type II
cells may have a defect in ftheir ability to form stable
adhesive contacts., In relstica to this, Domnina et al (1972)
‘have reported that the reduction of lamellar cytonlasm in
L cells (Ty»ne III) avppeared tc be due to the disintezgration

of newly formed lamellar cylcplasm in these cells. Johnson
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and Pastan (1971) showed that L-929 cells did have an
absolute defiency of lamellar cytoplasm, but that these
cells showed temporal fluctuations in the production and
retraction of lamellae. At any given time, a certain fraction
of these cells had extended lamellar reglons. This finding
i1s in accord with the possibility of an inability of these
cells to form stable adhesion, T&pe II fibroblasts have
been shown to have a reduced adhesiveness to the substrate
(eg. Yamada et al, 1976a; Shields and Pollock, 197#) and
also to aggregate poorly (Edwards.et al, 1971), however, the
adhesive defects responsible for these altered properties
are likely to be qualitatively different from the adhesive
defects present in Type III cells, for example, in being

decreased but stable, as opposed to unstable.

5. bifect of Cyclic AMP

Further evidence for the relationship between
the reduced adhesiveness and lack of lamellar cytoplasm in
Lype III cells was the finding that dibutyryl cyclic AMP
partially restored both of these properties, to similar
extents. fHowever, it is possible that this relationship
could in this case be an indirect one., Hsle et al (1971)
showed that the reverse transformation of CHO cells by
cyclic AMP resulted in the alterations of several cellular
properties, including the increased production of collagen
and the abilities of the cells to be agglutinated by
- concanavalin A, However, evidence has beegwgfesented that
cyclic AMP can increase cell adhesivehess by stabilizing
the cyvoskeletal support for adhesive sites. This has been

suggésned by Shields and Pollock (1974) for the ability of
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cyclic AMP to increase the adhesiveness of attached
fibroblasts to the substrate (Johnson and Pastan, 1972;
Shields and Pollock, 1974). Willinghan and Pasten (1975)
proposed that cyclic AMP stimulated microtubure assembly in
L-929 cells, preventing the retraction of processes put out
by these cells., The possibility that the altered properties
of Type III fibroblasts result from a defect in the coupling
of microtubule assembly to newly formed adhesive contacts is
suggested by the morphological similarities between thnese
cells and colchicine~treated Type I cells. The importance
of microtubule assembly in stabilizing or permitting the
formation of adhesive contacts between cells has also been
shown by the inhibition of cell aggregation by microtubule-
disrupting plant alkaloids (Waddell et al, 1974; Lackie, 1974).
The ability of cyclic AMP to increase the adhesiveness
of CHO cells after long term (overnight) but not after short
term (40 mins) treatment (Table 3b), indicates that the
increase parallels the induction of the formation of lamellar
cytoplasm, and is not due to artefactual side effects of the

drug.

6. Quantitative Adhesion of Fibroblasts

It would be of interest to know whether diflferent .
types of fibroblast, both normal and transformed, have the
same mechaniswu(s) of adhesion, or whether some of the
morphological and behavioural differences bhetween different
fibroblasts result from the existence of distinct types of
adhesive mechanism, specific for different classes of these
cells, In the second case, it would be expected that

fibroblasts which have similar mechanisms of adhesion would
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show strong adhesive affinities four each other, but would
adhere poorly to other types of fibroblast. On the other
hand, if different fibroblasts share in common very similar,
if not identical, adhesive mechanismsg, and differ only
quantitatively in adhesiveness, then it should be possible
to place these cells in a hierarchy of adhnesiveness, such
that the adhesive interactions between any two types of
fibroblast would be an additive function of the adhesivities
of the individual cell types.

‘Ihe ability to assign different cell types relative,
or absolute (Curtis, 1969) adhesive values would be useful
in terms of understanding other properties of these cells
which may be related to adhesiveness. Curtis (13969) was
able to obtain values for the collision efficiencies of
different embryonic chick cell types using a modified
Couette viscometer, however, the use of this technique to
determine the relative adhesivities of cells based on thelr
mutual adhesive interactions would involve & considerable
amount of time., Steinberg (1970) showed that several
embryonic chick cell types could be arranged in a hierarchy
of sorting out, but the relationship between this property
and adhesiveness is not clear.

The results obtained in this work (Tables L1,4a,c)
argue strongly for quantitative differences in the
adhesiveness of different fibroblsstic cell types, although
it is not nossible to generalise that this would alec be
true of other [{ibroblasts not tested in this study. There
appeared to be no alteration in the quantitative adhesive
interactions of these cells after two types of transiocrumation.
The dilferent mechnanisms of fibroblLastic cell adhesion which

have peen proposed are discussed in Introduction 4.



7. Bffects of Fixation and Periodate Treatment

A few previous reports have been made of the effects
of fixation on cell adhesion, and the results sugpgest that
these effects can vary both between different cell types
and between different types of fixative. Walther and
Roseman (1975) found that glutaraldehyde treatment of 313
cell sheets completely abolished thelr adhesiveness for
homologous cells, whereas a similar ltreatment of the seeded
cells reduced their rates of attachment to normal cell
sheets by 60%. DeBono (1976), in a study of the attachment
of pig lymphocytes to monolayers of pig aortic endothelial
cells, showed that the adhesiveness of the monolayers was
completely inhibited by fixation with 2% glutaraldehyde,
but was not affected by fixation with 4% formaldehyde,
Fixation of the lymphocytes with 4% formaldehyde inhibited
their adhesiveness by 90%. Vasiliev et al (197L) reported
that the fixation of wery poorly adhesive monolayers of
MPTR epithelial cells increased lLheir adhesiveness, whereas
a similar treatment of highly adhesive fibroblast monolayers
gsomewhat decreased their adheslveness, although they still
remained 2-3 times more adhesive than the fixed MPTR cell
monolayers, In both cases, 2% glutaraldehyde was used.

Roth (1968), using tne collecting aggregate assay,
founa that when elther the labelled cells or the aggregates
were fixed with 8% glutaraldehyde the rates ol collection of
the cells were considerably reduced, although there
appeared to be a small degree of retention of the preference
for homotypic over heterutypic adhesions after fixation,

when neural retinal and liver cells were used. Cassiman
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and Bernfield (1976) seeded 24 hour aggregates of chnick
neurat retinal, heart and liver cells onto honologous or
heterologous cell sheets. They found that sheets of neural
retinal cells were very sensitive to fixation with
giutaraldehyde, but that the adhesiveness of heart and liver
cell sheets was ilucreased by treatment with Low concentrations
of glutaraldenyde and decreased when higher concentratious

of plutaraldehyde were used. It was also found that the
ppecificity of adhesion between neurai retinzl and heart
cells was abolished oy treatment of either of the cell types
with glutaraldehyde. Heaysman and Turin (1976) snowed that
zinc-fixed chick heart fibronlasts were capable of eliciting
a contact inhibition response in living fibrovlasts, whereas
this hag wnot peen observed wiih glutaraldehyde-fixed ceils
(Vegely and Wewrss, 1973). It is possinle that some degree of
specific adhesion could be found if one of the cell types
used was gzinc-fixed.

The results presented .n Tables 5a and 5c¢ show that
the relative degrees of adhesiveness of Cl3, HEF and HAK
cells were to some extenlt preserved after fixation, put that
tne HEF cells appeared to be considerably more sensitive to
fixation than the other two cell types. The effects of
formaldehyde and glutaraldehyde were very similar, in all
three cell types. It is possible that the non~adhesiveness
of glutaraldehyde=treated fibroblastic cell sheets found
by Walther and Roseman (1975) could have resulted from the
use of a reciprocating shaker. The results obtained in this
work, and also those reported by Vasiliev et al (1974) were

based on adhegive assays performed under stationary
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conditions,

The effects of fixation on the adhesiveness of Cl3,
HEF and HAK cells could be accounted for in two ways: 1)
These cells have two types of adhesive site, fixation-
sensitive and fixation-insensitive, If this is the case,
the HEF cells would appear to have relatively few of the
latter, and therefore be more sensitive to fixation. 2)

The adhesion of cells to fixed cell sheets is analogous to
the attachment of the cells to solid substrates of moderate
wettability (see Introduction 2). Vasiliev et al (1974)
suggested that the effect of fixation of cell sheets was to
form a leathery coat covering the surfaces of the cells,

and that the relative abilities of seeded cells to attach to
the fixed cell sheets depended on the extents to which the
fixed cell surfaces were supported by cytoskeletal structures.
Electrostatic differences between the fixed surfaces of
different cell types could also explain some of the results
obtained. 1In the latter two cases, the cytoskeletal or
electrostatic properties of different cell types could be
partially preserved after fixation.

Periodate treatment has been reported to inhibit
cell aggregation (Moscona, 1965; Glaeser et al, 1968) and
collection of cells by aggrepates (McGuire, 1976), however,
in these cases the periodate would have been likely to
have indirect effects on cell adhesiown, for examwple, by
reacting with the glucose in the medium (sece Edwards, 1977).
The use of fixed cell sheets, on the other hand, avoids
the possibility of artefactual elfects o1 perrodate

treatment, and can be used as a direct test of the possible



role of carbohydrate groups in cetl adhesion. The finding
that seeded cells could attach to cell sheets waich nhad
been treated with both formaldenyde and periodate makes 1t
very uhilxely that the adhesion of live cells to fixed cell
sheets 1nvolives auy degree of molecular bonding. The three
types of molecular bonds wnich could form between cells,
protein-protein, protein-carbohydrate ana carbohydrate-
carponydrate, shouid all be inhibited under tuese conditions.
The fixed cells wouid also be unlikely to secrete any
adhesive microexudates during the course ol tne assay.
However, it is not clear wnether the adhesion of cells to
fixed and to normal cell sheets procede by the same

mecnanisms.



1I. Adhesion Between Neural Retinal and Fibroblastic Cells

The finding of Buultjens and Edwards (1977) that
embryonic chick choroid cells could show adhesive
specificity with neural retinal cells suggested that
fibroblasts in general might show poor adhesive assocliations
with neural cells., Alternatively, this specificity could
reflect a unique adaptation of choroid cells for cells of the
adjacent neural retinal tissue. In order to test these
possibilities, a study was made of the adhesive interactions
between neural retinal cells and three types of fibroblast:
embryonic chick skin fibroblasts and two cell lines, Cl3% and

HE# cells.

The results of several cell sheel collection assays
are shown in Tables 6a and 6b. The NR (neural retina) cells
did not show any specific adhesion with either Cl% cells or
chick skin fibroblasts, but an approximately twofold degree
of specificity was found between NR and HEF cells. The lack
of specificity shown by the Cl3 cells provided a good control
for the NR~IEF specificity, indicating that the latter was
unlikely to be due to differences in the sizes of the NR
and HEF cells., The adhesive interactions between the NR and
HEF cells in the individual experiments are shown in Table 6¢
and a statistical analysis of the specific adhesion between
these cells is given in Table 6d. The standard deviations
given for each experiment are based on the duplicate or
triplicate cell sheets which were used for each cell type,

and are generally quite low. There was more variation in



the rates of attachment of the cells between experiments,
however, in only one expericent wae there en overlap in

the adhesiveness of tie NR and the HEF cell sheets (Table 64).
Using the Wilcoxon-Mann~Whitney test the degrees of adhesive
specificity were found fo be highly significant, both when

NR and when HEF cells were seeded onto the cell sheets, In
several additlonal experiments, in vhich only one of the cell
types was sceded onto sheets of both cell types, a similar

degree of specificity wes obteined.



Table ba

Adhesion Petween N2 cnd Fibroblast Lines

Seeded Cell Sheets
Cells NR . HERF Cl3
98.1 26,5 100.0
NR . . N
-22.5 (15) ~13.4 (20) 9.6 (20)
Ly Iy 77.5 100.0
HEF 18,5 (16) 4.6 (20) 2h.y (19)
105.8 97.0 100.0
CL3 15,3 ¢(0) 8.1 () 29,9 (15)

Values are mesns 2f 7 experiments - S.D., based on the
total numbers of cell sheets used (shown in bracksts).

Table 6b

Adhesion Between MR and Skin Fibroblests

Seeded Cell Sheets
Expt —— e
Cells IR Siin C1l=
o c .. - K& o A
1 80.8 L g.2 7.0 % 100.0 f14.8
NR .o+ + ' +
2 75.6 % 3.2 0.1 T13,9  100.0 ¥ 3.6
- s J + 1 - [ + +
Ave /8.2 — 5.0 8L,9 -12.8 100.0 — 9.6
_ 1 84.9 L 5.3 102.1 100.0 * 3,7
lij‘n -~ - '}‘ P . ~ + _— + .
z ?b..’.l R 8.‘( Lula o — j.? :‘LOO-O “'l0.0
Ave 80.7 £ 5.2 9.1 L 5.2 100.0 X 6.8

o & == . + 4
Values of inaivicduzl excerimentis — 3.D. as above.



Table 6¢

Specific Adhesion Between INR and HEF Cells

Seeded : Cell Sheets
Cells DXPt NR . HEF Ratio
1 99.1 £ 5,1 §5.2 = 5.4 0.45
2 121.1 * 2.1 25.3 £ 2.1 0.21
3 123.9 ~ 5.6 28.8 L 7.5 0.23
NR N .
b 97.4 12,8 28.5 % 6.4 0.29
5 73.1 *10.7 $39.6 T19.4 0. 54
6 104.6 y1.4 f19.0 0.40
7 71.1 9.2 49.6 < 9,2 0.70
Ave 96,1 Z22.5 36.5 X135.4 0.37
1 37.0 £ 5.7 93.0 = 2.4 0.40
2 z2.h T3y 67.1 = 3.9 L 0.48
3 28.3 £ 0.6 52.7 = 1.1 0.53%
HEF Y 48.2 X17.3 86.6 = 2.1 0.56
5 72.9 F27.4 78.6 110.5 0.92
6 §5.2 = 5.2 85.5 L 6.3 0.52
7 49.9 L22.0 83.1 T15,2 0.60
i kv bk %185 77.5 1.6 0.57

- e s . + n
Jalues of individual exzneriments --S.D., as for Table 1,

~

Data expressed as 7 attachment to Cl?% cell sheets.



Table 6d

Stastical Analysis of HWR/EZF Adhesive Sveciiicity®

Seeded Cells

NR HEF
RANK Cell Sheets Cell Sheets
HEF NR 'NR HEF
1 25.3 28.3
2 28.5 : 2.4
5 28.8 37.0
L 29.6 4.2
5 L1,k 48,2
6 4.2 49.9
7 49.6 52.7
8 71.1 67.1
9 73.1 72.9
10 | 974 78.6
11 99.1 82.1
12 104, 5 86.5
13 123,.% 86.6
14 123.9 93.0

r——

* The Vilcowon-iann-initrey test. Sce Materizls 2 Methods.

NR HEF
Rl = 28 Rl = 30
n o= 1L n = 1.4
7 = 3,14 7 = 2.88

p__<0.01 p 0.0z
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DISCUSSICN

It has previously been reported that choroid
fibroblasts and NR (neural retina) cells cen show specific
adhesion (Buultjens and Edwards, 1977). The results
obtained in this work (Tables 6a,b) show that HEF (Hamster
Embryo Fibroblast) cells also have the capacity to show
soecific adhesion with NR cells, but that this capacity
appears to be restricted to certain types of fibroblast.
Two other studies have suggested that neural cells may have
low adhesive affinities for meningeal fibroblasts.
Sensenbrenner and Mandel (1974) found that embryonic chick
cerebrum cells adhered very poorly to monolayers of
meningeal, as well as of 6 day embryonic chick,fibroblasts.
Nichols and Weston (1976) reported that meningeal cell
monolayers were a poor adhesive substrate for chick dorsal
root ganglion neuroblasts. However, no quantitative
adhesive measurements were made or reciprocal combinations
tested in these studies. 1In contrast to this, Luduena (1L973)
showed that dorsal root ganglion neuroblasts adhered well to
the upper surfaces of cultured chick heart fibroblasts.

It may be significant that the fibroblasts which appear to
show a poor adhesive association with neural cells, for
example, choroid and meningeal cells, are those which
normally interact with neural tissues during develonment,
as opposed to, for example, skin and heart fibroblasts,
In this respect, it may be surprising thst ;wfibroblastic
cell line, HEF cells, can also show specific adhesion with

neural cells, however, Gottlieb and Glaser (1975) have zlso
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found that another fibroblast line, CHO cells, did not
attach to monolayers of cerebrum cells., These results
could vpe explained in two ways:
‘ 1) It is possible that the poor adhesive association
between neural and fibroblastic cells is a general property
of these cell types, but that some fibroblasts are too
generally sticky for any degree of specific adhesion to bhe
detectable in edhesive assays. This possibility woula be
consistent with the ability of HEF, znd possibly CHO,cells,
but not of CL3 cells, to show spefific adhesion with neural
cells, he resulls obtained in this work suggest that skin
fibroblasts are a generally very adhesive cell type (Tables
1,7), althoupk it¢ is not known whether choroid or meningeal
cells are generally less adhesive than skin fibroblasts, for
example, in thelr quantitative adhesive interactions with
other fivproblasstic cell types.

2) Alternatively, the ability to show specific

adhesion with neural cells may be restricted to certain
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ibroblast. This possibility is sugzgested by the
enparent relationship between fibrovlastz which have this

ability and thelr positiosning with respect to neursl tissues
= ] i
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(see abovs), iLadicaiing that this specific adhesion could

heve a funcilonal role in fhc satterningz or in the

raintenance of neural organs. It would clecrly be ol interest
tc imow the extents to which diiferent fibroblestic, end also
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different neural,cell tyvpes can show snecific adhesion.
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The findings described above sugzest tha
types, including HR, cerebrus and dorsal root genglion cells,

have this ability, and that it is the fibroblastic cell types
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which are restricted in this capacity. The ability of HEF
cells to show speciflc adhesion witih neural retina cells
could be explained by the former haviayp retained the
proverties responsgible for the specificity in culture. If
this is the case, 1t misht be expected Thatl otner cell lines
could he found which also show specific adinesion with neurzl
cells. It would be a2 considerable advantage to bhe able to
work with cell lines in the study of acdhesive swnecificity,
because of the large numbers of cells which could be
obtained, and therefore the neural-fibroblast systen could
be useful in this resvect,

The finding of specific adhesion between kR and HERF
cells is the first demonstration of the ability of a cell
line to show specificity, however, Pesgac and Defendi (1972Db
obtained evidence for the oresence of aggregation factors
and receptors in several mammalisn cell lines, suggesting
that these cells might aiso be able to show soecificity.

Pegsac and Defendi found that one cell line, P388, did not

i

produce a factor but thst its aggregation was stimulated by
factors secreted by other cell lines, Another cell line,
HCT2555, produced a factor which stimulated the aggregation
of heterologous cells, but was unable to aggregate in the
presence of its own factor. These resulis were taken as
indicating the presence of distinct factors and receptors.
The pronosed factors and receptors were inactivated by
hyaluronidase and trypsin, respectively. Although these
findings support the occurrence of bridging mechesnlsms of
adhegion between these cell lines, it 1s lesms likely thet

adhesive specificity would be found in a hyaluronic acld-
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mediated adhesive system. Although most studies of
specific adhesion have been made uslng embryconic cell tynes
(see Introduction %), Walther et al (1373) described an
adhesive gpecificity between adult mouse kidney cells and
mouse teratoma cells.

Ihe neural-{ibroblast system also provides & clear
demonstration of the abllities of cells to adhere by both
speciflc and noon-~specific means. ''he HEF cells show specific
adhesion with R cells but only guantitcsiive adhesion with
other fibroblestic cell types. Lhe HR cells appear to show
specific adhesion with some fibhroblasts but not with others.
A similar dual adhesive capacity was founa for mouse adlult
kidney and mouse teratoma cells which showed specific adhesion
with each other but not with several fibroblasts. These
findings argue against the suggestion of Roth (1968) that
cells which had regained their states of being able to show
specific adhesion following trypsinization would only be
able to adhere to other cell types having the same adhesive
mechanism, However, it is possible that the ability to
adhere non-specifically to cells capable of showing specific
adhesion is restricted to fibroblasts.

The relationship between specific and non-specific
adhegion is not clear, although it appears that the first of
these involves a decrease in the adhesiveness of one cell
type in the presence of ahother cell type. However, this
deerease may be a general one, affecting the non-specific
adhesive properties of the responsive cells, or it may be
speclfic for the formation of adhesive conlacts between the two

cell types.
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e approximately two-fold degree of speci

o

=

icity
between HEF and NR cells is comparable to that found between
choroid fibroblasts ana NR cells (Buultjens end Edwarde,
1977). “These authors suggested that the poor acdhesive
association of these two cell tyvpes could pnlay a role in
maintalning the segregation of choroid and neural retina
tissues, and also in the seperation of these tissues during

development, The striking segregetion of these

o

issucs, as
well as of meningeal and neural tissues, which can be seen
during dissection could be explained by specific adhesive
differences butween these cell types. The possible

significance of the relatively small differences in

adhesiveness found in thesge assays in cell positioning is
indicated by the experiments of Carter (1967b) snd Harris
(1973a), who found that cell patterning was determined by

guantitative adhesive differences in the cubstirate.
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ITT A, Culturing of Glial Cells

The ability to isoliate and culture glial cells
would provide & valuable mesns of analysing some of the
possgible roles that adhesive and other behavioural
interactions between different cell types might play in the
patterning of the nervous system. The evidence that
adhesive interactions between neural and glial cells may
contribute to the histogenesis of neural organs will be
discussed later (mee General Discussion).

Previous studies using cultured explants of
vertebrate neural tissues have shown that in most or in all
cages outgrowths of flattened, epithelioid cells appear in
the cultures after a few days and usually grow to form a
monolayer underneath the neural cells. Similar cells have
also been described in cultures of dispersed neural tissues.
These epithelinid cells have been found in a large number of
neural tissues, including in fetal (Shein, 1965) and adult
(Ponten et al, 1969) human brain, rat brain (Lim et al,
1973), embryonic chick cerebrum (Varon and Raiborn, 1969;
Sensenbrenner et al, 1972) and neural retina (Itoh et al,
1975), and in embryonic chick and mouse peripheral neural
tissues (Spooner et al, 1971; Varon et al, 1974; Letourneau,
1975a), In the above studies, the epithelioid cells were
either referred to directly as glial cells (Ponten et al,
1969; Sensenbrenner et al,1972; Spooner et al, 1971;
Letourneau, 1975%a) or were thought very likely to be glial
cells (Shein, 1965; Lim et al, 1973%; Varon and Raiborn,

1969; Varon et al, 1974; Itoh et al, 1975). However, there



is likely to be a certain degree of contamination with
mesenchymal cells in these cultures, and it would be
important to be able to differentiate between these two
cell types. The evidence for the identification of these

cells as glial will be considered in the Discussion.

The glial cells used in this study were isolated
from embryonic chick neural retina, optic lobe and cerebrum.
The glial cells were obtained by plating clumps of tissue
of about 254 in diameter (see Materials and Methods). Very
few glial cells were observed in cultures of single cell
suspensions, and cultures made of larger pleces were too
heavily contaminated with neural cells. Almost every clump
of tissue of moderate size (25-50W in diameter) gave rise to
an outgrowth of glial cells after 2-4 days. A typical
ouvutgrowth is shown in Plate %a. It can be seen that the
neuroblasts, having originated from a relatively small
clump of tissue, have been carried outwards on the dorsal
surfaces of the glial cells during the formation of the
outgrowths. This suggests that the neural cells are likely
to have a higher adhesgive affinity for the glial cells than
for other neural cells in the tissue clumps. The neural
cells also appear to spread well on the glial outgrowths.

A similar degree of spréding was found when mechanically
dispersed neural cells were seeded onto monolayers of
secondary culture glial cells. In contrast to this, neural
cells were found to neither migrate out of tissue clumps
onto the culture substrate in the absence of a glial cell

outgrowth , nor to vislbly spread when seeded onto the
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culture substrate. Evidence that this was due to the
relatively higher adhesiveness of the glial cell surfaces

for the neural cells was obtained by seeding disaggregated
neural cells onto sparse cultures of glial cells. FPlate 3c
shows that the seeded neural cells attached predominantly to
the glial cells and avoided large areas of culture substrate.

The neural cells appeared to be firmly attached to
the glial cell outgrowths and monolayers in primary cultures,
but became detached during subculturing. After 2-3
subcultures, the cell cultures were substantially free of
neural cell contaminants (Plate %b). The growth rates,
detachabilities and morphology of the glial cells did not
appear to alter for at least 6 subcultures. After the
second, or in some cases third, subculture predominantly
single cell suspensions of the glial cells could be obtained,.

The glial cells obtained from cultures of all three
neural tissues appeared to have the same properties. The
morphological features of these cultures were intermediate
to those of cultures of epithelial and fibroblastic cells.
Very few free cells were observed, either during the initial
outgrowths of the cells or during the growth of the cells
in secondary cultures. Jhis observation indicates that the
degree of contamination of the culiures with mesenchymal
cells i1s likely to be low.

The presence of some mesenchymal cells in these
cultures was dndlcated by two sets of observations. In both
cases, 1t appeared that the mesenchymal-like cells were
restricted to a relatively small proportion of the cultured

cells, It was found by time lapse filming that a small
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fraction of the cells, apparently only present at the edges
of the glial cell sheets, migrated out of the sheets at
intervals., The migration was often preceeded by a

vigorous blebbing activity at the anterior end of the cell,
and in some cases the cells appeared to move entirely by the
translocation of blebbed membrane. In such cases, new blebs
were formed at the anterior ends of the cells at approximately
15 second intervals. The blebs were not likely to be
artefacts caused by the conditions of_time lapse filming,
since small numbers of migrating, blebbed cells were also
observed in normal cultures. During their migration, the
blebbed cells generally became elongated and appeared to be
distinct from what were thought to be glial cells, which
showed a fibroblast-like movement. The blebbed cells were
guite likely contaminant macrophages. These cells showed
stonned movement upon contacting a cell sheet, and
during such contacts the blebbing immediately ceased and

the macrophage-like cells gradually spread oul along the
adjacent cells in the cell sheet. Blebbing was occasionally
seen in peripheral cells, but appeared to be withdrawn 1if
the cells did not leave the sheet,.

It was also found that in some cultures of glial
cells in which the medium had not been changed and which
were likely to have contained some degree of necrotic cells,
a small proportion of the cultured cells appearsd to transform
into another type of macrophage~like cell., These were
characterized by thelir small size and by having several very
large, rapidly moving membraneous expansions. These cells

moved repidly on and off the glial cell sheets, and showed a
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striking tendency to align along grooves in the culture
surface or along cellular fibrillar processes. They were
identified as microglial cells, a mesenchymally-derived
macrophage of the nervous sysbtem (see Nakai, 1963).
Olsscon et al (1965) reported the appearance of differentiated
mast cells in necrotic cultures of mammalian neural retinal
cells, however, similar cells were not seen in this study.
The presence of the mast cells was most likely due to the
vascularity of the mammalian neural retinal tissues, whereas
the chick neural retina is avascular,

No glial cells were found in cultures made of the
dissecting medium or of surrounding tissues, indicating
that the epitheloid cells were derived exclusively from the
neural tissues. The large numbers of epithelioid cells
obtained from each neural tissue make it unlikely that many
of these cells were derived from the residual mesenchymal
cells present in the neural tissues. No glial cells could
be obtained from embryos younger than 4 days, but large
numbers of these cells were found in cultures of 15 day
embryos. Hansson and Sourander (1964) showed that these cells
could be readily obtained from adult neural .tissues.
Therefore, it is unlikely that the épitheﬂoid cells are
dedifferentiated neural cells or residual undifferentiated
ependymal cells, The presence of at least some glial cells
in the cultures was indicated by the appearance,after a few
days of culturing, of a thin, membraneous sheath which
appeared to cover a substantial portion of the cultures. This
was also found in similar cultures by Hansson (1971), although
he attributed the sheath to a small aumber of morphologically

differentiated glial cells.
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DISCUSSION

Detailed studies of the epitheloid cells derived
from the embryonic rat brain and from embryonic chick and
mouse peripheral neural tissues have provided evidence that
these are predominantly glial cells.

The embryonic rat brain epithelioid cells have been
shown to contain two glial cell-specific proteins: S$-~100
(Iim et al, 1977a) and glial fibrillar acidic protein (Bock
et al, 1975; Lim et al, 1977bh, unpublished results). It has
also been found that monobutyryl (Shapiro, 1973%) and
dibutyryl (Lim et al, 1973) cyclic AMP, and also a "glial
maturation factor® prepared from rat brain extracts (Lim et 21,
1973), will transform the morphology of these cells from a
thinly spread, epithelioid shape to that of a typical fibrous
astrocyte, having several long processes radiating from a
thickened cell body and forming cultures of interconnected
cellular processes. Using time lapse filming, Lim et al
(1L976) found that these astrocyte-like cells showed pulsating
and tugging activity, a characteristic of differentiated
glial cells in culture (Nakai, 1963).

The transformation of the epithelioid cells by the
glial maturation factor has been studied by scanning and
transmission electron microscopy (Lim et al, 1977b). The
main changes which were observed during the transformation
were from bundles of microfilaments to 10 nm filaments and

from desmosomes to a variation of the zonula adherens. NoO

change was tound in the number of microtubules present,
however, in the transformed cells these were reoriented to

be parallel to the 10 nm filaments,
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Lim et al (19/7b) also found that the same
morphological changes occurred afier a few weeks in
aggregates of the epitheliold cells 1n the absence of the
maturation factor. Glycogen granules were also found in
these cells, providing further evidence for their glial
nature. ILim et al suggested that the maturation of the cells
in aggregates in the absence of the factor could be
explained by the requirement of this process for either a
high degree of intercellular contact or for a certain
extracellular concentration of some factor. They also
proposed that the maturation factor was likely to be a
membrane-bound protein, based on its molecular weight of
350,000 (Lim and Mitsunobu, 1974).

The morphological transformation of the epithelioid
cells has also been found to occur in serum=free media (Lim
et al, 1973). However, Moonen et al (1976) showed that in
this case the transformation was not accompanied by
vltrastructural differentiation, and attributed it to
changes in the shapes of the cells caused passively by the
greater adhegiveness of the substrate in serum~free media.
On the other hand, cells transformed by cyclic AMP
underwent similar ultrastructural changes as those which
were transformed by the maturation tactor, including the
formation of 9 nm filaments. The transformations of the
cells by dibutyryl cyclic AMP and by the maturation factor
differed in thelr time courses, requiring 2-3 hours and
3 days respectively (Lim et al, 1973), indicating that the
factor is unlikely to act by increasing the levels of cyclic

AMP. Moonen et al (1975) found that the transforming activity
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of the cyclic aMP was dependent on the composition of the
medium, in a way that is difficult to explain,

Sensenbrenner et al (1972) showed that embryonic
chick brain extracts had a similar ability to induce the
glial-like differentiation of the epithelioid cells
obtained irom cultures of homologous tissues, indicating
that these cells, the same as those used in this study,
are very likely to be homologous with the rat brain
epithelioid cells. The characteristic presence of epitheloid
cells in cutbures of most or of a1l neural tissues, but not
of other tissues, with the possible exception of some
endothelial cell cultures (eg. Maruyama, 1963), rurther
suggests that these cells are homologous in different
neural tissues, although the possibility of some differences
cannot be ruled out,.

Varon et al (1974) have provided evidence that
the epitheliodid cells found in cultures of peripheral
neural tilssues also have glial cell-specific properties.
They have shown that these cells have a selective capacity
to enhance the differentiation of neuroblasts from
homologous tissues, and that this capacity is present in
the epithelioid cells in their morphologically partially
undifferentiated state. Varon et al also found that
secondary cultures of dorsal root gaenglia, which consisted
exclusively of epitheloid cells, were equally effective in
the selective capacity to support neuroblasts as the more
heterogenous primary cultures, indicating that this glial-
gspecific property is preserved in these cells during

culturing. Therefore, the epithelicid cells used in this
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study could be expected to have some glial-specific
properties. The epithelioid cells are perhaps best described
as incompletely differentiated glioblasts, some of the
dedifferentiation being an artefact of the conditions of
culturing.

However, it would be useful to have a means of
monitoring the epithelioid cell cultures for the presence of
mesenchymal cells, and of selectively enriching these
cultures for glial cells. Brockes et al (1977) found that
the addition of Thy~1l antibody plus complement did not
affect Schwann cells whereas this treatment had been shown
to kill fibroblasts (Stern, 1973), and suggested that this
could be used to select for Schwenn cells., A similar
immunological. approach could be useful for the isolation of
different cell types from the central nervous system, for
example for the Muller glial cells of the neural retina,
which make up almost the entire glial cell population of
this tissue (Meller and (lees, 1965).

Hansson (1971) reported that the epithelioid cells of
the rabbit neural retina appeared to be mainly mesenchymal,
based on their histochemical properties, but that a small
number of histochemically differentiated glial (Muller)
cells could be distinguished as well. However, these
results could be accounted for by the low degree of
differentiation of the epitheloid glisl cells. For example,
it is likely that the epithelioid cells would stain for
phosphorylase when cultured in aggregates, since the cells
contain glycogen granules under these conditions (Lim et al,

1977b), but not when grown as monolayers, It is difficult to
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account for the presence of differentiated gliz-like

cells in the cultures described by Hansson, a2s these have

not been reported by other workers. However, the presence

of these cells may have resulted from the use of newborn rabbit
neural retina, in which case some of the mature glial cells

may not have dedifferentiated. In‘addition to the likely
_presence of some mesenchymal cells in the epithéloid cell
cultures, Itoh et al (1975) have shown that swall numbers

of cells, presumcd to be part of the epitheloid cell
population, have the capacity to transform onto pigumented

retinal epithelisl cells.
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ITT B, Adhesion of Gli=l Cells
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Some preliminary experiments were carried out to
examine the adhesive interactions between glial cells and
neural and fibroblastic cells, using the cell sheet
collection agcsay. ‘L'he resulls of several assays are shown
in Table 7. The attachmert of the cells to cell sheets of
skin fibroblasts was used as a control since all of the cell
types showed optimal rates of adhesion to these sheets. For
example, NR cells adhered equally well to sheets of gikin
fibroblasts and NR cells (Table 6b) but attached poorly to

serum~-coated vlastic (Table 7).

Table 7 shows that NR and cerebrum cells achered to
glial cell sheets approximately two-fold better than did
three types of fibroblast, The glial ccll sheets may be
the first cage of a substrate to which neurcl cells will
attach better than will fibroblasts. Although the
two-fold degree of selectivity is relatively low, it is
similar to other cases where gpecific adhesion has been
detected using this assay (Table 6a; Buultjens and Edwards,
1977}, and there are several reasons for thinking that this
could be increased considerably by making some alterations
in the conditions of the assays

1) Purification of the glial cell cultures should
improve the degree of selectivity shown. It is possible

that the seeded fibroblastic cells were adhering to some



Table 7

Acdhesion of Gliacl Cells

Seeded ' Cell Sheets

Cells Skin Fibroblast G;}al Cellﬁ‘ Plastic
Skin Fib  100.0 T 2.1(1ly) 52.1 Z2L.2(12)  93.4.(6)
Heart Fib  100.0 £ 7.8 (6) 642 T 4.5 (3)

Limb Fib  100.0 & 1.6 (3) Bho2 T 3.2 (2)

NR 100.0 T1.2.5 (4) 38.4 i33,? ()  69.5 (2)
Cerebrum  100.0 = 3.0 (3) 18%:% T 2:% Egg% 16.2 (3)
@ial” 100.0 £ 5.1 ¢5) 32.1 % 6.7 (5)  99.1 (5)

Values are means iﬁnD, (n) based on total numbers of cell
sheets used in separate assays.

* Cerebral glial cells were used in all assays; HR glial cells
were also used as cell sheets in one assay, see asterisk,
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extent to contaminant mesenchymal cells. The proportions
of these cells present in the cultures may have increased
during the several subcultures that were made prior to the
assays.

2) The experiments shown in Table 7 were made using
fibroblastic cell types which may be non-specifically
highly adhesive. It is likely that a considerably larger
degree of selectivity would be obtained if fibroblasts
which are normally contiguous with neural tissues, for
example choroid or possibly meningeal fibroblasts, were
used (see Discussion II).

3) The degrees of selectivity obtained may have been
limited by some of the features of the cell sheet collection
assay. The neural cells appeared to attach to the glial
cell sheets at approximately their optimal rates under the
conditions of this assay. Therefore, more stringent
attachment conditions would be required to demonstrate
larger adhesive differences between the seeded neural and
fibroblastic cells. The use of the collecting aggregate
techniqgue, for example, might increase the degree of
selectivity (see Introduction 3), and would have the
additional advantage of allowing the differentiation of the
glial cells prior to the assay (Idm et al, 1977b).

The low adhesiveness of glial cells for homologous
cell sheets was striking (Table 7). Most cell types adhere
well to homologous cell sheets, with the exception of some
epithelial and transformed fibroblastic cell types (see
Results 1), and in the latter two cases, the cell sheets
formed are generally non-adhesive for other cell types.

Tt is possible that the surfaces of glial cells may be
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specialized for interactions with neural cells, rather
than with other glial cells, as might be expected from the
ndispersed distribution of glial cells in neural tissues.
The low rates of attachment of glial cells to glial cell
sheets appeared to be dependent on the organization of the
cell sheets (in the case of gliasl cells, monolayers). In
separate experiments, it was found that when glial cells

were seeded into wells at high densities (1.0-1.5X106

cells/
well), a monolayer of flattened cells was rapidly formed,
with numerous rounded cells attached. After 2-3% hours of
incubation, at least 90% of these cells were strongly
attached to the monolayer cells, and could not be removed
by moderate shaking. However, after overnight incubation
about 60;70% of the cells were either loose in the medium
or could be detached by gentle stirring of the medium.
This may have resulted from the recovery of the monolayer
cells from trypsinization or from some aspect of the
organization of the spread cells into monolayers. It is
unlikely that the detachment or decreased adhesion of the
rounded cells after overnight incubation was due to
changes in the adhesive properties of these cells since
freshly seeded cells showed a comparable degree of
non-adhesiveness for monolayers which had been lncubated

overnight.
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DISCUSSTON

Very few previous studies have been made of the
adhesive properties of glial cells, and none of these, as
far as 1 am aware of, have attempted to make guantitative
measurements of these properties. Sensenbrenner and Mandel
(1974) reported that mechanically disaggregated embryonic
chick cerebrum cclls were able to attach to monolayers of
homologous glial cells by 2 hours, but not to sheets of
meningeal or 6 day embryonic chick fiproblasts for 24 hours.
This report demonstrates another example of a low adhesive
affinity oi neural for fibroblastic cells (see Discussion II1),
however, no reciprocal cell combinations were tested. The
main difierence between this report and the results
obtained in this work 1s likely to be in the different
fibropvlastic cell types that were used. Considerably
higher rates of attachment of the cerebrum cells were found
in this work , and it is possible that this may have been
due to some degree of cellular damage caused to the cerebrum
cel.ls by the disaggregation procedure used by Sensenbrenner
and Mandel (1974). Care was taken in the work described
here to minimize the forces used to disperse the cerebral
tissues, since excess tissue disruption was found to
markedly decrease the abllity of the cells to attach to the
culture substrate. Sensenbrenner and Mandel also mentioned
that trypsinization of the cerebrum cells prevented their
attachment to the glial monolayers.

Since no reciprocal cell combinations were tcsted in

the report described above, the results could be explained



by the glial cell monolayers having & non~gpecifically
high adhesiveness, or the fibroblastic cells a
non-specifically low adhesiveness, under the conditions

of the assay. The work described here both indicates that
neural cells appear to show some degree of selective
adhesive affinity for glial cell sheets, even under
conditions of high rates of cell attachment, and that
fibroblasts may show poor adhesive associations with glial
cells.

Letourneau (1975a, b) suggested that dorsal root
ganglion neural cells were likely to adhere strongly to
the dorsal surfaces of homologous gilial cells, as the
patterns of axonal growth on the glial cells corresponded
to those found on surfaces of high adhesivity. Luduena
(1973%) also showed that the attachment of the same neural
cells to cultured glial cells enhanced the differentiation
of the neural cells, but found that chick heart fibroblasts
were equally effective in promoting the differentiation.
However, in both of these studies, only small numbers of
cells were tested, and no attempis were made to identify

the spread cells as glial or mesenchymal.
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GENERAL DISCUSSION

1) Specific Cell Adhesion in Neural Organogenesis

Although the dimportance of both temporal and spatial
gradients in the patterning of the vertebrate nervous
system is well established (see Jacobsen, 1970), very little
is known about which cellular properties cause or respond to
these gradients. The migration of neural cells prior to their
morphological differentiation and the formation of specific
synapses are two processes which involve adhesive interactions
between cells, however,it has nol been possible to show
whether these interactions play causal or secondary roles in
the regulation of these processes. Some of the proposed
mechanisms of cell positioning which emphasize the role of
cell adhesion have already been discussed (Introduction 1).
It is also possible that different mechanisms may control
different aspects of neural organogenesis, for example the
migration and the final positioning of neural cells could
be under separate controls,.

Most of the evidence for specific cell adhesion has
been obtained using cells which have no relation to each
other in terms of tissue patterning (see Introduction 3).
The embryonic chick central nervous system is well suited to
the study of the possible role of adhesive interactions
in organogenesis in that séveral different types of
normally interacting cell types can be isolated, and in
addition to this, large numbers of cells can be obtained.

The results obtained in this work support the

possibility that selective adhesive interactions between
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neural, glial and fibroblastic cells could contribute to
the positioning of these cells. Fibroblasts appear to show
a relatively low adhesive affinity for glial cells (Table 7),
and a second example of specific adhesion between
fibroblastic and neural cells has been described (Table 6a;
see also Buultjens and Edwards, 1977). It is possible that
the lack of invasiveness of neural by fibroblastic tissues
and the distinct segregation of these two types of tissue
during development (see Discussion II) could be determined
by specific adhesive interactions. The apparently high
affinity of glial for neural cells, but not for other glial
cells, could be sgignificant for the organization of neural
tissues. These findings provide a further demonstration of
the potential usefulness of relatively well-deiined adhesive
assays in analysing the nature of the behavicural interactions
between contiguous tissue cells.

The results described in this work also show that
the adhesive properties of cells may to a large extent be
shared by cells of the same general type, for example,
by different neural or by different fibroblastic cells.
This is suggested by the demonstration of quantitative
adhesive interactions between different fibroblastic cell
types (Tables 1, La) and by the apparently similar affinities
of different fibroblastic and different neural cell types
for glial cells (Table 7). If cell adhesion does play a
role in morphogenesis, then the occurrence of such generally
shared adhesive properties would suggest that similar types
of adhesive interactiions are involved in the patterning of
analogous organs, for example, different neural or different

glandular organs. However, there also appear to be sone
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gignificant exceptions to this rule, for example, in the
restriction of the ability of fibroblasts to show
selective adhesion with neural cells to some types of
fibroblast (Tables 6a,b). These restrictions could also
be relevant to the possible role of cell adhesion in cell
positioning (see Discussion II), and if so, would provide
a useful means of examining the nature of this role.

Some attempts have been made to further isolate
subpopulations of neural cells, for example from embryonic
chick cerebrum (Varon and Raiborn, 1969), mammalian
cerebrum (Giorgi, 197L) and cerebellum (Barkeley et al,
1973) and turtle neural retina (Lam et al, 1972), in all
cages using differential centrifugation. McClay and Baker
(1975) fractionated embryonic chick cerebellum on a IFicoll
gradient, but the fractions were not characterized.
Schachner and Hammerling (1976) were able to separate
different mouse brain cells by a mixed adsorption hybrid
antibody test, in which subpopulations of neural cells
which became rosetted by sheep red blood cells in a
discontinuous gradient could then be readily separated
from the remainder of the cells. Other possible means
of obtaining purified populations of neural cells could
be the exploitation of their differential sensitivities
to toxins (Hansson, 1966), or the irradiation of whole
tissues with X-rays at different stages of development

(Hicks and D'Amato, 1y66). {
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2) Adhesive Interaciions Between Neural and Glial Cells

There is evidence from several sources that adhesive
interactions between neural and glial cells, which may
involve some degree of specificity, may be important both
in the histogenesis of the nervous system and in the
differentiation of neural cells. It is also possible that
the types of adhesive interaction involved in these two
processes may be related (see later).

Autoradiographic and electron microscopic studies
have shown that the patterning of both the mammalian (see
Sidman, 1973) and the avian (Fujita and Horii, 1963) nervous
gystem is achieved largely by the migrations of neuroblasts
from the germinative neuroepithelium to the positions they
will occupy in adult tissues. These migrations appear to be
normally oriented along the radial processes of either
neural or glial cells, and there is some evidence that these
processes may direct the nmigrating cells by means of
contact guildance.

This possibility has been most clearly demonstrated
to be likely in the mammelian cerebrum and cerebellum,

Rakic (1972) studied the migration of neuroblasts to the
cortical layer of the rhesus monkey cerebrum. He found

that the migrating cells followed the radially-oriented
processes of glial cells, which span the entire molecular
layer of the cerebrum, and that at all times the neuroblasts
were attached to the glial cell processes but apparently

not to tne adjacent neural cell processes or blood vessels.

1"his was taken to be some indication that the neuroblasts
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might be melectively adhering to the glial cells, although
the possibility could be not ruled out that the migrating
neuroblasts were simply taking taking the path of least
registance through the tissue. In a more detailed study
of this migration using serial reconstruction of electron
micrographs, Rekic et al (1974) found that the neuroblasts
were in ail cases attached to the glial cell processes by
several filipodial extensions which were intertwined about
the processes. This is highly suggestive of the occurrence
of contact guidance by the glial cells, being analogous to
the mechanism of guided movement of neural cells on
culture substrates (Bunge, 1975; Letourneau, 1975b).

Some evidence for the contact guldance of migrating
neuroblasts by glial cells has also come from studies on
the development of the mouse cerebellum., The latter process
is characterized by a double migration across the molecular
layer of the neuroblasts which are destined to become
granule cells. The migrating cells appear to be at all
times closely applied to the Bergman glial iibers wnich
span the molecular layer. Rakic and Sidman (1973) proposed
that the failure of the pre-granule neurcblasts to take up
their correct positions in the granule layer in Weaver
mutant mice could be due to a primary defect in the
Bergmann cells. They showed that in heterozygotes, granule
cells which were adjacent to normally oriented glial cells
were correctly aligned, whereas those which were next to
abnormal glial cells were incorrectly aligned or had in
some cases detached from the glial cells., Rakic and

Sidman argued that the primary lesion was likely to be in
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the glial cells, both because a dose response was found
between the degrees of abnormality of the glial cell
morphology in heterozygotes and in homozygotes, and

because the morphological alterations of the glial cells
were quite distinct from those those found when these cells
atrophy as a result of extrinegic factors. This study also
provides some indilcation that the migration and the final
positioning or alignment of neuroblasts may be to sone
extent controlled in different ways. Sidman (1973) has
also suggested that glial cell processes might serve to
orient the radially-directed axons of the T-shaped granule
cells of the cerebellum, as these axons grow out along the
Bergmann glial cell fibers. In some cases, glial fibers do
not appear to be necegsary for the guided migration of
neuroblasts. For example, Das et al (1974) reported that
in the mouse cerebellum the glial fibers are not well
differentiated at the time of the migration of the
pre-cortical neuroblasts, and that the latter appear to be
able to migrate along neural fibers and blood vessels as
well as along glial fibers. Hinds and Hinds (1974) found
that during the differentiation of the gaunglion cells in
embryonic mouse retina, the migrating growth cones of these
cells were wrapped around radially-oriented axon shaftls.
The migrations of different neuroblasts may occur by more
than one mechanism, since three morphologically distinct
types of growth cone have been observed during the
migrations of different neuroblasts (see Hinds and Hinds,
19747 .

The process of the reconstruction of neural tissues



in cellular reaggregates may also involve specific
adhesive 1lnteractions, both between different types of
neural cell and between neural and glial cells. Embryonic
mouse (Delong, 1970) and chick (Adler, 1970; Garber and
Moscona, 1972a) neural cell&\reaggregate and reconstruct
tissues of an approximately normal morphology, although
these workers have shown That these processes are very
dependent on the stages of differentiation of the tissues
from which the cells are taken. In some cases, the
capacities of disaggregated cells to reconstruct tissues
appears to be narrowly restricted to certain stages of
development, for example, between 17.5-18.5 days for the
mouse cerebrum (DelLong and Sidman, 1970). The relevance
of reconstruction to normal tissue patterning is indicated
by the formation of disoriented patterns by Reeler mutant
mice cerebellar cells in reaggregates, similar to the
abnormal patterning that occurs in vivo (DeLong and Sidman,
1970) .

The process of reconstruction of the chick neural
retina has been studled in detail. The first stages of
this process are the random aggregation of the cells,
followed by the the development of cell polarity and
rosetve formation, and later by the fusion of rosgettes
and the radial layering of the different cell types
(Shetfield and moscona, 1969; Sheffield, 1970; Fujisawa
et al, 1974). The formation of rosettes appears to depend
on the polarization of adhesive sites on the surfaces of
the neural cells, and may also involve some degree of

gpecific adhesion between different cell types.
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Electron microscopic observations have provided
some evidence that the initial adhesions formed between
the disaggregated cells are rancdom with respect both to
cell type (Sheffieid, 1970) and to the arrangement of
adhesive sites on the cell surfaces (Sheffield, 1970;
Fujisawa, 1975). In both studies, it was found that after
a few hours the sites of intercellular contact had become
polarized in the cells, leading to the formation of
rosettes with the same side of each cell facing inwards.
This occurred both with 7-14 day embryonic cells aggregating
in suspension (Sheffield, 1970) and with 5% day embryonic
cells aggregating on a culture substrate (Fujisawa, 1975).
Sheffield and Fujisawa described two types of rosette:
lumicentric, found in aggregates of cells taken from 5%, 7
and 10 day embryos, and axocentric, formed by 10 and 14 day
embryonic cells. The different cell types which formed
these two types of rosette appeared not to mix in aggregates
of 10 day embryonic cells, suggesting the possibility that
gome form of specific cell adhesion may have taken place.
The relevance of rosette formation to normal
histogenetic processes is suggested by the finding that
the lumicentric rosette~forming cells, thought to be derived
from the outer limiting membrane, adhere to each other by

zonula adherentes junctlions once the polarized adhesive

contacts have formed, These cells form similar junctions
in vivo (Sheffield, 1970; Fujisawa, 1975). Hicks and
D'Amato (1966) have also found thzt the process of recovery
of the mouse neural retina from irradietion with X-rays

involves the initial organization of the remaining viable
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cells into rosettes. This shows that the formation of
rosettes can occur in situ and indicates that the cellular
properties determining rosette formation, which may
involve some degree of specific adhesion (see above),

must be interconvertible with the properties that
underlie normal histogenesis. The polarigzation of
adhesive gsites in neural cells may be of general
importance in the development . ‘This is,for example,
indicated by the specific localization of acetylcholine
receptors at the pre-synaptic sites of cultured

embryonic chick neural retinal cells (Wirenbirg and Vogel,
1976) .

Gliel cells eppear to show high adhesive affinities
for early rosettes, and may play an important role in the
radial patterning of the neural cells after the rosettes
have formed. Iujisawa et al (1974) showed that Muller
glial cells were ultrastructurally well differentiated
during the reconstruction of the neural retina, and
proposed that these cells were required for the radial
layering of the neural cells. Muller cells have been shown
to be associated with newly formed rosettes, both.in
aggregates (Sheffield, 1970; Fujisawa et al, 1974) and
on a culture substrate (Hansson and Sourander, 1964).

The fact that this association can take place when the

cells are seeded onto a substrate indicates the glial

cells are likely to attach to the rosettes prior to the
radial organisation of the neural cells. If the glial cells
also have polarized adhesive sites, these cells could play

a direct role in radially organising the neural cells.
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Recent studies on cultures of the peripheral
nervous system have shown that glial cells appear to have
the ability to selectively enhance the differentiation of
isolated neural cells. Two criteria whiich have been
commonly used to measure neural cell differentiation in
culture are the capacity of these cells for long term
survival and the rate of fiber production. Varon and
Raiborn (1972) showed that the presence of NGF (Nerve Growth
Factor) was not in itself sufficient to maintain the long
term survival of embryonic chick sympathetic ganglion
neuroblasts, but that the presence of some non-neural cells
was also required. Burnham et al (1972) found that, in
addition to this, the requirement for NGF could be reduced
or completely abolished if the numbers of non-neural cells
were increased, the amount of reduction being determined by
the numbers of cells added. ‘his indicated that the
non-neural cells could perform two functions in the
maintenance of neural cell differentiatiocon, one NGF-like
role and another role which could not bhe replaced by NGF.
Burnham et al suggested that the normal function of NGF
might be to supplement the supportive capacity of glial
cells when these were present in insufficient numbers, for
example, in early development. It was also shown that
embryonic chick fibroblasts could not be substituted for
the non-neural cells in their NGF-like role.

Varon et al (1974) found that the ability of
non-neural cells to substitute for NGF was highly tissue
specific, They showed that the NGF-like capacity of

mouse DRG (dorsal root ganglion) cells for supporting
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homologous neuroblasts was greater by several orders of
magnitude than that of heterologous non-neural cells,
tested from over 20 different ftissues. A slight amount of
gspecies~ and age- specificlty wes also found. Varon et al
concluded that the effective cells in the non-neural cell
cultures were presumably glial cells. On the other hand,
heterologous non-neural cells, as well as fibroblasts, were
found to be equally effective in providing NGF-independent
supioort°

Varon et al (1974) also found that mouse DRG
neuroblasts required either NGI or the presence of
non-neural cells in order to attach to the collagen
gubstrate, although in this case heterologous and
fibroblastic cells could be substituted for the homologous
cells. The NGIF or non-neural cell requirement for the
attachment of the mouse DRG cells appeared to be a property
of the majority of these cells, but some other types of
neural cell did not have this requirement.

There have been several reports of factors which
enhance the differentiation of cultured neural cells, as
well as of glial cells (see Discussion III A), although
their relationships to the activities of NGF or non-neural
cells are not known. HMonard et al (1973) found that the
morphological differentiation of a neuroblastoma line was
induced by the conditioned media of several cell lines, the
most effective cell line being a glioma. The extent of
differentiation of tThe neuroblastoma cells, measured by the
rate ol fiber production, increased linearly with the

amount of conditioned medium added. However, high emounts
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of activity were also found in the conditioned media of
several fibroblastic lines, indicating that the active
factor was likely to have had a non-specific effect.

Luduena (1973%) showed that the conditioned medium
obtained from mixed cultures of embryonic chick DRG cells
enhanced the differentiation of DRG neural cells taken from
8 day, but not from 3.5 day, embryos. It was not tested
whether this activity was derived from the neural or from
the glial cells present in the cultures, although it was
found that the age-specific activity was shown by NGF,
sensenbrenner et al (1972) showed that the morphological
differentiation of cultured embryonic chick cerebrum cells
was enhanced by a cerebrum extract.

It is not known whether these factors are derived
from the cell surface, however, this possiblility is
suggested by the finding of Gombos et al (1972) that
the differentiati n of neural cells in culture could bhe
enhanced by membrane~derived glycopéptides extracted from
the same cells. Also, Varon et al (1974) mentioned that
NGF=like molecules appeared to be present on the surfaces
of mouse DRG non-neural, or most likely glial, cells. This
suggests that the effects of NGIF on cultured cells may be
to mimic a cell-cell contact interaction between neural
and glial cells which normally is present under
physiological conditions. Lim and Mitsunobu (1974) also
proposed that a glisl maturation tractor was likely to be
a cell membrane proctesn.

It is possible that one mode of action of these

factors in enhancing neural cell aifrerentiation could be
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to increase the adhesiveness of the neural cells or of

the substrate to which the neural cells are attached.
Letourneau (1975a) showed that the rate of fiber production
of DRG neural cells varied directly with the adhesiveness

of the substrate, measured by detaching the cells with
blasts of air. However, i1t has not been studied
ultrastructurally whether this type of enhancement is
similar to that induced by NG¥F, glial cells or other factors.
The stimulation of the differentiation of glial cells by
highly adhesive substrates was found to not lead to
ultrastructural changes in these cells (see Discussion III A).
Monard et al (1973) have suggested that the enhancements of
neural cell differentiation by highly adhesive substrates

or by cyclic AMP are unphysiological in that they decrease
the growth rates of the neural cells.

It is not clear how NGF acts to promote the attachment
of mouse DRG neural cells to the substrate, Varon et al
(1974) suggested that NGF might exert its effect by adsorbing
to the substrate, since this compound has been shown to
adsorb to a variety of other substrates (Pearce et al, 1972).
Alternatively, NGF might act directly on the adhesiveness of
the neural cells. In elther case, it is possible that a
gradient of adheslve substances, analogous to NGF, present
on the surfaces of glial cells,could provide one means of
contact guidance for neural cells, either 1f bound to the
cell surface or if released locally. If secreted into the
medium, these substances could guide neural cells by
chemotaxis, Varon et al (1974) suggested that the tissue

specificity of the NGF-like glial cell activity could be
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explained by the presence of a class of NGF-~-like proteins
distributed between the cells of different neural tissues.
This could be compatible with the role of adhesive gradients
in the interactions between neural and glial cells during
development,

Several previous studies have indicated that
speclific adhesive affinities of neural for glial cells are
likely. Abercrombie et al (1949) described an apparently
high affinity of rabbit Schwann cells for peripheral neural
cells. Several workers (eg. Varon et al, 1974) have
commented on the tendency of many DRG neural cells to have
satellite (glial) cells strongly attached to them after the
tissues have been dispersed. These satellite cells have
also been shown to have a high affinity for dispersed
neural cells when these celltypes are coaggregated (Meller,
1974), Meller and Waelsch (1975) showed that if the
glial membranes encapsulating DRG neural cells in culture
were destroyed by treatment with puromycin, the membranes
would be resynthesized and would reassociate with the neural
cells after the removal of the drug. The newly formed
glial cell membranes were found to adhere closely to and to
show numerous interdigitations with the neural cells,
similar to the interactions between the membranes of these
cell types which is found In vive. 1t is likely that this
capaclity of the glial cells to encapsulate neural cells
is specific for neural cells, and it is also possible that
some tissue specificity of this capacity might be shown.
varon and Raivorn (1969) fractionated embryonic chick

cerebrum cells by differential centrifugation. They
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obgerved thzst one class of small neurzsl cell appeared to

be strongly attached to the epitheloid non-neural cells,
which the authors suggested to be glial-like cells.

Koenig (1967) was able to isolate the different cell types
of the rabbit neural retina by microdissection after
fixation of the tissue. He found that Muller cells which
had been dissected free of the neural retina had clusters of
photoreceptor cells tightly bound to one end, suggesting a
paticularily high adhesive affinity of these cells for the
Muller cells. Hansson (1971) also reported that differentiated
Muller cells in cultures of adult neural retina tended to
become associated with photoreceptor cells which could also

be distinguished in these cultures.
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IV. Cell-to-Substrate Adhesion

The previous three sections have pointed to some
differences between the adhesive properities of neural,
glial and fibroblastic cells. In this section it will be
examined whether there are differences in the mechanisms by
which these three cell types attach to culture-type
substrates, in terms of their requirements for divalent
cations and their sensitivities to cytochalasin B. Previous
studies by other workers on cell-~to-substrate adhesion have
used almost exclusively mesenchymally-derived cells, and it
would be of interest to know whether the relatively iow
raves 01 attachment of nR cells, aund even more mo of cerebrum
cells (see Table 7), are due to quantitatively or
qualitatively different adhesive properties of these cell

types.
RESULTS

1. BEffects of Divalent Catlons

The effects of Ca2+, Mg2+ and Mn®" ions on the

cell-to=substrate attachment of NR, glial and fibroblastic

cells are shown in Table 8a. Details of the individual

2+

experiments are given in Tavle 8c. The effect of Mn lons

on the attachment of cerebrum ceils in one experiment is
shown iu Table 8b.

Table 8a shows that zor each celLl type 1077 M Mn="

] ~ . » . '—7
ions was wmore erfective in promoting atvtacament than 1077 M

ot

Mg2* or Ca2Tions. The Mn“' ions were optimally effective

at 10«4 M, but did not stimulate attachment at Zl.{)"3 M.



Table 8Sa

et

liffects of Divaelent Cations on Adhesion

Molarity MnZt Cast pgSt

NR Cells (4)

10~0 0.6 = 0.3

1072 48.8 T22.1 0.7 0.3 0.8 — 0.6
10~k 64.5 S15.8 7.5 510.2 1.1 Y 0.8
1072 | 25,7 w224 34,0 ~15.7
2x1077 38,4 k.2 59.8% T 6.7
Skin Fibroblasts (5)

107° 8.6 19,4

10?2 50,3 “23.4 §.3 % 6.0 5.0 = 2.9
107H /7.2 9.1 17.2%0.2 21,0 f16.y
1072 23,0 F14.7 64,0 33.2
2X1077 20.3% L1h.7 41,5 “26.4
Glial Cells (1)

1070 2.9 X 0.8

1072 op.8 1.5  1.p%on 1.3 Loz
10k 46.7 4.7 41309 g5 T 1.0
10~7 6.5 1.0 28.1% % 1.0

Vzlues are % attachment to serum-coated plastic
after 20 mins. Means of several experiments (Table 8c).
# 1072 M Mget + 1077 u ca®t



Table 8b

Adhesion of Cerebrum Cells

40 mins 80 mins
0H 5.6 £ 0.7 T S 1.5
+ Mnet 7.0 £ 0.6 2.7 X 2.

Per cent attachment to serum~coated plastic

*10"% M MpSF added to HH,



b e et

MR Ce u_, o

— 7 oy -
Ton Expt 107° 1077 1074 1077 2% 10”2
Mne" 1 L5.6 o5 a0 2.0
& -
2 0.4, 0.1 46.3 % 3.3 69.5 *g.5
3 0.9 0.4 75.2 * 3,% 84,6 * 5.3
4 0.5 Yo.z  24.6 f4.9  58.2 F 3.6
Ave 0.6 *0.3 148.8 Te2.1 66.5 £15.8
ca®* 1 5.0 T 0.4 9.8 *2.0
> 0.5 * 0.1 1.0 £ 0.2 22.1 % 4.0 43.0 ¥4.2
. - - *x
3 0.9 ¥o.2 2L, * 3,5 57,4 %15.3 63,3 “7.4
b 0.7 *o.2 1.1 ¥ 0.1 s.3% 2,2 8.9 *2.0
Ave 0.7 £ 0.3 7.5 ¥10.2  23.7 Feo.n 28,4 Faoull
24 + - .+ + +
M=t 2 0.7 = 0.3 0.5 £ 0.2 29.7 ¥2.6 5uL.L ¥2.9
3 1.3 £ 0.9 2.0 T o 53.7 Y1.7 65.4 3.2
I 0.5 fo.z 0.6 = 0.2 18.5 * 2.3
Ave 0.8 £0.56 1.2 ¥ 0.3 24,0 25,7 539.8 ¥ 5.7

+ ) - § * -
Values are means —S.D. as for Table l; expresscd as per cent of total
radicactive counts in cell suspensions.



Divalent Cationg: Individual Eioeldnents
Sgin Fibroblasts
Ton Exob 1070 1077 1074 10772 2X 10>
st 1 72.7 4.3 81.8 ¥3.7  11.7 fa.1
2 5., 0.8 34,0 Foos 78.7 T7.4
3 6.9 *1.6 0.1 Fi.s 77.0 T 5.4
L 1.4 fo.7  17.8 2.6 19.0 ¥10.5
5 6.8 ¥r.0 96.8 F.1 1005 % 5.1
Ave 8.6 *9.4 50.3 *23.4 77.2 ¥19.1 -
ca®t 1 10.5 3.1 4.5 ¥ 4.3 16.7 £ 3.6
2 | 1.y £ 2.8 37.8 10,3
3 5.1 *1. 15.7 £1.7 22,4 ®2.2  26.3 25,1
Ly 1.5 0.9 1.7 £0.8 1.8 * 0.5 L.5 £ 3.5
5 16,2 F0.8  29.n fs.6  z6 7.5 32,3 %0,9
vgct 1 22.0 £ 6.6
2 2.3 ¥1.1 12,4 ¥ 3.5 56.1%6,3  17.3 £1.6
3 by Toon 15.4 £ 1,5  74.5 ¥19.7 42,6 T 8.6
I 2.9 *1.5 7. ¥1.4  19.8 ¥ 5.0 9.4 * 3.3
5 9.3 £0.3 57,0 .0 103.9 £3.0 6.2 T3
Ave 5.0 2.9 21.0 ¥6.5 64,0 £33.2  41.5 ¥26.14
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2+ . . . . L2t
Lhe Mgd ions were in all cases wmore effective thnan baa

ions, although the ratves of attachment in the presence of
these two lons varied considerably between experiments
(Table 3c). There appeared to be less variation when }n<*
ions were used. The variation was wmost likely due largely
to damage to the cells caused by their preincubation in
Ca2+- and Mg2+— free medium prior to the assays. This can
also explain the low rates of attachment of the cells in
ZLO"3 M Ca2+ + 1()"3 M Mg2+ ions, the concentrations of these
ions present in balanced salt solutions.

In contrast to these results, Mn2t ions at 107H M
failed to stimulate the attachment of cerebrum cells, either
at 40 or at 80 mins.(Table 8b). These cells were consistently
found to have very low rates of attachment to the substrate
during the éourse of this work (see also fable 7). The same
appeared to be true of optic lobe cells, but was not as
marked in the case of NR cells. It was also found that
cerebrum and optic lobe tissues were very brittle and cduld
be dispersed into predominantly single cell suspensions by
a mild mechanical dispersive treatment. Neural retinal
tissues were somewhat more resistant to the same mechanical
treatment, and substantial trypsinization was required in
order to obtain good single cell suspensions from these

tissues.

2. Effect of Cytochalasin B

lable 9 shows that cytochalasin B inhibited the
attachment of neural, glial, fibroblastic and also liver

epithelial cells, both at 1.0 Hg/ml and at 5.0r4g/ml.



The neural cells were conglderably more sengltive to
inhibition by this drug than the other cell types,

although the glial cells were also strongly affected by

this drug when added at the higher of the two doses. The
effects of cytochalasin B appeared to be similar after 20
and after 40 mins. The DMSO in which the drug was dissolved
was shown to not be responsible for the inhibition of

attachment.



Effect of Cylochelasin B

Cell ‘ne Control 0.5% UWWQ%: :mw,HMo Yg /rnl CB 5.0 ug /ml
20 100.0 f1u4,7(2) 27.6 L 6.4(3) 29.3 £ 5.9(3)
NR . . 4
40 100.0 24.5(5)  99.4 £ 7.5(3)  43.1 $10.9(5) 21.4 $16.4(6)
20 100.0 = 8.6(3) 81l.L = 6,8(3) 55.7 H.E,NGV
Skin . -
40 100.0 = L.4(3) 83,2 — 5.4(3) 75.4 £11.3(3)
20 100.0 $11.0(3) 102.5 X 0.9(2) 72.4 2 7.3%(2) 22.0 £ 8.1(3)
Glial . . .
Lo 100.0 = 2.4(3) 100.8 = 9.4(3) 73,1 L 4.8(3) 28.9 Z21.4(3)
Liver 20 100.0 T 7.6(6) 110.3 F12.L(5)  76.3 12.9(6) 55.2 212.5(5)

==
1

Velues are means —5.0. based on total numbers of wells. Abttachment of cells
to serum-coated plastic expressed as per cent of total counts in cell suepensgions.
Time in mins.

=ar

CB = Cytochalasin B (dissolved in a finsl volume of 0.5% DMSO).



DISCUSSION

The finding that neural, glial and skin fibroblastic
cells appear to have very similar divalent cation
reguirements for cell-to-gubstrate attachment suggests
that these ions are likely to be exerting their effects in
the same way in each cell type.

The results {see Table 8a) show that Mg8+ ions were
somewhat more effective than Ca2+ ions in promoting cell
attachment and that Mn2+ ions were highly effective at very
low concentrations. Similar results have been reported for
other cell types. Rabinowitch and DeStefano (1973a,b)
first showed that Mn2+ ions at very low concentrations
stimulated both the attachment to and the spreading on
culture substrafes of macrophages and Sarcoma I cells.
Similar findings were made by Pegrum and Maroudas (1975)
and by Witkowski and Brighton (1972) using fibroblasts,

rppa 7\&.1"(7

but, no previous reports have described the effecis of Mn2

ions on the rates of attachment of other cell types.

Takeichi and Qkada (1972) found that Mg2+ ions were

s . 2
more effective than Ca

ions in stimulating the attachment

of chick scleral fibroblasts to serum-coated plastic. This
was also found by Rabinowitch and DeStefano (1973b) for
Sarcoma I cells and by Garvin (1968) for rat polymorphonuclear
neutrophils, attaching to serum-~coated glass beads.,

Therefore, it is possible that this may be the general case
for the attachment of cells to culture substrates.

The effects of divalent cations on cell-to~cell

adhesion appear to be more variable. Cultures of chick
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scleral cells were found to have a higher index of
dispersion in the presence of Mg2+ ions than ia that of
ca" ions (see QOkada et al, 1974). The index of dispersion
is a measure of the extent to which cells grown on a
substrate are randomly dispersed or are grouped together in
clusters, and this result was taken to mean that Mga+ ions
preferentially increased cell-to~substrate adheslion whereasg
Ca2+ ions had a greater effect on cell-to-cell adhesion, in
the case of scleral cells.

Some cell Ltypes have been shown to aggregate in the
apparent absence of divalent cations (Beug et al, 1973;
Edwards et al, 1975)., Armstrong (1966) found that the
ablilities of several divalent cations to stimulate the
aggregation of chick 1limb bud cells, when used at
concentrations which resulted in similar electrophoretic
mobilities of these cells, were, in order of decreasing
effectiveness, Mg2+, ca®t, srf*= Ba®", Although Armstrong
suggested that these results could not be explained on
electrostatic grounds, this conclusion is not valid if the
effects of the different concentrations of the ilons used on
the degrees of double layer repulsion of the cells are taken
into consideration.

There have been some reports of a specific
requirement for Ca2+ ions in c¢ell adhesion. McGuire (1976)
found that this appeared to be the case for the collection
of chick liver cells by liver aggregates. Culp (1974)
described a Ca®" ion specificity for the attachment of 313

fibroblasts to substrate-attached material, which was shown

to congist mainly of hyaluronic acid. However, VWateson et al,



(1973) showed that the hyaluronic acid-~dependent
aggregation of feline lymphoma cells occurred in the
absence of divalent cations. Grinnell (1976b) reported
that the attachment of BHK cells to a culture surface
coated With a cell spreacding factor isolated from serum
required Cea+ ions but not Mg2+ ions, Aramstrong and Jones
(1968) found that ca?t ions specifically prevented the

disaggregation of embryonic tissues of Rana »iviens in the
_J Py

5

presence oi EDTA. However, these different effects of
divalent cations do not necessarily indicate that these ions
affect cell adhesion by more than one mechanism (see below).

The eifecte of divalent cations on cell-Lo-substrate
adhesion, as well as on cell-to-cell azdhesion, could be
'explained in several ways: 1) The ions decreasse the
electrostatic forces of repulsion betwéen e ¢cclls and -
substrate, or between cells, Most of the offescts of
divalent cations on cell adhesion could Vve veacdily explainecd
by this wechanism. The relatively specific activities of
Mn2+ or,in sore cases, Ca2+ ions could be mainly dua to
the hizher cegrees of vinding of these ions to tae Stern
layers of the cells. In other cases, dif{izrences lin the
effects of different divalent cations could be zccounitad for
by the extenis to which the ioas recucc the
negative slectric charges of the double layer (sec zbove).
However, it is also possible that divalent cations woald
have effects on other properties related Lo cell zdhesion,
i addition to their elecirostatic effects.

2) The‘ions have general effects on cell spreadiag
movements, for example, by altering membrane rigidit; or

by regulating the sub-membraneous contractile systen.
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Grinnell (19Y74) presencved some evidence for the involvement
of divalent cations in spreading movements, rather than in
the formation of adhesive contacts, during .oe attachment of
BHK ribroblasts to serum—~coated plastic (see Introduction 2).

Rapinowitch and DeStefano (19v3b)found that Ca®’

ions

inhibiced tne stimulation of attachment of Sarcoma I cells
e _

by Mn~ ions, and suggested that the latter lons could be

2
replacing the normal function of Ca

+ions in controlling

the polymerizatiouw of microtubules and microfilements. One
argunent against this proposal 1s the finding that Mn~" ions
a.s50 show a stimulatory eifeci on the aggregation of

Dictyostel.oum cell ghosts (Sussman and Boswitch, 1lv75b).

In general, there appears to be a good correlation between
the requirements o1 cells for attachment and for spreading,
for example, as can be seen in the effects of Mn2+ ions (see
above), ca®t ang Mg2+ ions (Okada et al, L974), cytochalasin
B (Grinnell, 1y74Db), and of cationic anesthetics _
(Rabinowitch and Destefano, 1975 ). 1In addition to this,
cells which can be visually observed to spre«d poor.y, ior
example, neural, myoblastic and, to some extenl, epithelial
cells, also show low rates of attachment to serum-coated
plastic, whereas fibroblastic and giial cells, which spread
rapidly on this substrate, also attach rapidly (observed in
this study).

3) The ions bind sgpecifically to one or more
molecular components of the cell surface, possibly to a
molecule directly involved in the formation of adhesive
bonds. There is very little evidence for this, although

certain enzymes, for example, adenyl cyclases and glycosyl
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+o. .
2 ions. The similar

transferases, are activated by Mn
effects of divalent cations on the three cell types used in
this study indicate that if the ions are activating specific
surface components, then the latter must be present on the
surfaces of all three cell types.

The lack of a stimulatory effect on the attachment

of cerebrum cells by M=

lons could be explained either

by these cells being quantitatively very non-adhesive, and
outside the range in which the dlons could be effective, or
by the cells lacking some basic requirement of cell adhesion
which is not directly related to the reguirement for divalent
cations. The very strong stimulatory effects of Mn2+ ions
on the attachments of other cell types suggests that the
second possibility is the most likely, if the effects of
these ilons are electrostatic ones or are to ilncrease the
rate of spreading. The cerebrun cells appear to increase in
thelr abilities to attach to the substirate during a 1-3% day
period in culture (see also Sensenbrenner and Mandel, 1974).
This proceés may involve the sgynthesis of certain membrane
proteins, analogous to the induction of adhesiveness of rat
hepatoma cells by dexametnasone, a process taking several
hours and requiring protein syanthesis (Ballard and Toukins,
1970). 1In sharp contrast to their inabiliﬁy to attach to
substrates, newly dispersed cerebrum cells are able to
reapldly aggregate (observed in this study), indicating a
marked difference between cell-to-substrate and cell-to-cell

adhesion in this case.
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Cytochalasin B has previously been shown to ilnnibpit
the attachment of BHK fibroblasts to serum-coated plagtic
(Ga1L and Boone, 1l97/2; Grinnell, 1974b; Shields and Pollock,
1974) and to slightly reduce the ability of Bhrlich ascites
cells to attach to serum-coated glass or plastic (VWeiss,
1972). Miranda et al (1974) showed that cytochalasin D
annipited the cell-to-substirate attachment of several
fibroblastic cell lines. Both Shields and Pollock (1974)
and Miranda et al (1974) found that, in contrast to this,
cytochalasins B and D increased the adhesiveness of already
attached cells to the substrate. sanger (1ly74) observed
that 5 pg/ml cytocnalasin B, when added to cultures of
embryonic chick striated muscle myoblasts and fibroblasts,
selectively caused the detachment of the former after 24
hours. The fibroblasts became arborized and remained firmiy
attached., Cytochalasin B has also been shown to inhibit
the aggregation of blood platelets (Haslam, 1972) and
limpet hemocytes (Jones and Partridge, 1974).

In this study, it was found that NR cells, and
possibly also glial cells, which are also neuroectodermally
derived cells, appeared to be more sensitive to cyltochalasin
B than skin fibroblasts and epithelial cells., However, all
four cell types were affected by the drug, indicating that
a cytochalasin B-gensitive property is involved in the
attachment of all of these cell types, and that the differences
in sensitivity are likely to be quantitative ones.

The mechanism of action of cytochalasin B is not
known. Both cytochalasins B and D have been shown to

preferentially bind to cellular membranes (Mayhew et al, 19743
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Pannenbaum et a&l, 1973%), rindings which are conslstent

with the hydrophobic~-hydrophilic natures of tuecse molecules
and with the ability of c¢ytochalasin B to rapidly iahibit
slucose uptake (Estensen and Plageuesnn, 1972; Ziguwond and
Hirsch, 1972). Hauschka (1973) and Mayhew et al (1974)
obtained evidence apgainst the bindin:; of cytochalasin B to
specific surface components., Therefore, cytochalasins B
and D may act primarily by binding to the plaswa umeabrane.
Lt is unlikely that the inhibition of cell-to-substrate
attecnment by tnese drugs is a result of the innibition of
glucose transport, since Miranda et al (1974) found that
the latter drug was wore poteat tnan tae former in
preventing cell attachment, but had relatively little effect
on glucose uptake by tne cells.

However, there is much evidence whica suggests that
tne principal effects of cytocnalasins B and D are on the
cellular contractile system. Wessels et al (1971) proposead
that the effects of cytochalasin B on various cell types
were to interfere with the contraction of microfilaments.
Miranda et aL (1974) showed that the addition of
cytochalasgin D to attached fibroblasts, rather than
disruptaing cortical microfilaments, appeared to. cause the
mrcrofilsments to become organized into compact @asses
which were frozen into thneir insertion points iu the plasma
membrane, =zs 1f in a state of contracture. Cytochalasin B
_has also been shown to have erfecus on isolated actomyosin
anu actin (see Miranda et al, 1974, for discussion) and
cytochalasin D to bind to myosin (Puszkin et al,1973).

Therefore, most ot tne erfects of cytochaiasins B and D
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could be explained by thelr bindiuag to the insertion
points of actin or myosin in the plasma membrane, or

by binding directly to these two components 1if these are
present as normal integral membrane proteins. The eflects
of cytochalasins on cell attachment would then most likely
be on cellular spreading movements, eilither by interfering
with actomyosin-~linked spreading, or by disrupting the
control of membrane rigidity by the cytoskeletal system,
suggested by the induction of membrane blebbing by
cytochalasin D (Godman et al, 1975). It is less likely
that other effects of cytochalasins, for example, the
reduction of mucopolysaccharide synthesis (Sanger and
Holtzer, 1972), would inhibit cell attachment in a short

term assay.



V. Prenaration of Hemagzlutinating Lctivity

There 1s some incdirect evidence for the possible
involvement of carbohydrate~binding proteins, which may show
hemagrlutinating activity (HA), in cell adhesion (se
Introduction 4). Teichberg et al (1975) and more recently
Simpson et al (1977) described HA's in rat brain, and also in

the electric orgen of ¥lectroplax and in & neuroblastona cell

line., Yamsda et al (1975) showed that a cell surisce protein
present cn embryonic chickx fibroblaste also had HA, altacu h
this appeared to have different proverties in that iv was
inhibitea by EDTA and glutamine, but not by siunle sugars.
Therefore, it was examined whether HL wes present in
embryonic chick neural and glial cellsz, and whether any -

differences could be found in the types c¢f HA which might be

v B

present in different neural cell tynes.

RESULTS

Homcgenates of embryonic chick cerahrum, ontic lobe

=4

and neural retinal cells, and also 0

o

cerepvrz and optic loke
glial cells, agglutinated fixed rabbit ervtarccyhez (Teble 10

and Plate 4a). Approximately the sau
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obtained from each of the three neural tissues and tne

optimal activity appeared to be present in the sescont fraction
(Table La),vhich was thought to reoresent the crude meubrane
fraction. The homogenization procedure wnich wos used was
shown by Merrell ond Glaser (13732) to result in the formsiion
of small membrane vesicles, The second fraction would

therefore be expected to contain the crude membrane ifraction,



Table 10

bt e e Bl

Hemagglutinating Activity

Source Activity

Neursl Tlissues*

Homogenate - et

Fraction 1L (Pellet 13,500 g) 4t

Fraction 2 (Pellet 90,000 g) At

Fraction 3 (Supernatant) None

Glial Cells Sane as ahove
Fetal Calfl Serum None
Conditioned Media%“ None

# Slmilar ylelds obtained from cerebrum, optic

5w

lobe and neural retina. Fresh homogenates
diluted 1:7 with PBS had avpproximately 500~
1000 units HA. Fraction 2 appeared to be
about 4 times enriched in activity,allowing
for an estimation of the tissueimedium ratio,
Conditioned media were prepared from all three

neural tlssues and from glial cell cultures as
described in Materials and Methods.



Plate &4 (&2)

Cerebrun ‘HA :
Dilution” Row Wells 1-6 Wells 7-12

1/50 A Sheep erythrocytes +trypsin** ~trypsin
"B Chicken erythrocytes +trypsin ~trypsin
C Rabbit erythrocytes(-trypsin)
1/100 D Tactose 50 mM : EDTA 6 mM
B D-(+)-Galactose 50 mM p~Nitrophenyl B-D-Galactose 10
F Melibiose 50 mM N-Acetylmannosamine 25 ml
G L-Fucose 50 mM D-Fucose 50 mM
H N—Acetylgaiactosamine 25 mM tlutamine 50 mM

-,

# Dilution of HA in Well #1, followed by serial two-fold dilutic
*% Frythrocytes fixecd and trypsinized as in Materials and Methods

Plate 4 (b)

o Wells 1-6 Wells 7-12 "
Eoug Cerebrum HA Dilution 1/40 Optic Lobe HA Dilution 1/40

A - Control : Control

i) K ~pMrtnlymannoside 50 mM Same

c o N=fsetyluannosamine 25 uM , Same

L Contrcl _ Control

7 N-scetyleslactosanine 25 mi . ' Same

I Control , Control

£ D-Ficose 50 mM Same

H I--%ucose 50 mi Szme
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gimilar to the sedimentation of small membrane vesicles
prepsred form fibroblast cell lines (see Dysart and Edwards,
1977)., However, since no characterization of the fractions
was made in this work, it is possible that some degree of
crude membrane was also present in the first fraction. The
addition of 1% deoxycholate to the second fraction
lmmediately cleared the suspension and also dissolved
particles visible by phase contrast microscopy, indicating
that this fraction was likely to be predominantly membrane-—
derived. No activity was present in the supernatant, in
fetal calf serum, used to culture the glial cells, or in
conditioned media obtained from 24 hour cultures of neural
cells or pleces of neural tissue (see Materials and Methods).
In some cases, the conditioned medium was prevared in the
presence of 200 units/ml Trasylol to minimize proteolytic
degregation of possible HA (see Rutishauser et al, 1976), and
also in some cases in the presence of 10% fetal calf serum,
to rule out the possibility of toxic effects caused by the
serum-free medium.

Plate La, Row C shows the dose response of the HA
prepared from cerebrum tissue (fraction 2). Well #L2 shows
the control button of unagglutinated cells. Wells 1-8 show
the typical optimum dose response which was found at all times.
Serial dilutions of the HA were made starting at well #1, anc
the total activity ds about 6400 units, taking well # as the
endpolnt (where activity = reciprocal of the dilution at the
endpoint). Rows A and B show that both sheep and chicken

erythrocytes were not agglutinated by the cerebrum HA.
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Some tentative evidence was obtained for the inhibition
of the HA by specitic sugars. Plates La and 4b show that
N-Acetylmannosamine and N-Acetylgalactosamine at 25 mM, and to
a lesser extent D-Fucose and L=-Fucose at 50 mM, inhibited
hemageglutination, the former in the presence of large amounts
of HA, There was no detectable inhibition by D-Galactose or
by three derivatives of D-Galactose, used alt similar
concentrations, indicating that the inhibition by the above
sugars might be specific and not a non-specific effect of
sugars at high concentrations. However, confirmation of this
would require testing these sugars at lower concentrations.
Glutamine at 50 mM also inhibited hemagglutination (Plate 4a)
but BEDTA at 6 mM was ineffective, suggesting that the HA has
different properties from the hemagglutinin described by
Yamada et al (1975). The cerebrum and optic lobe HA's had
very similar sensitivities to the 5 sugars tested (Plate 4b),
making it likely that these are similar compounds.

The HA was unlikely to have been an artefact of the
homogenization or fractionation procedures., Similar yilelds of
activity were obtained when these procedures were carried out
in PBS, in HH or in PBS + 1.5 mM EDTA, The addition of 50 hg/ml
DNAase did not affect the yield. The HA was very reproducible
both on the same day (see Plate LDb) and after storage at -20°C.
However, the HA was very sensitive to warm temperatures and fell
off rapidly at room temperature (about 90% loss of activity
after 1~2 hours). Approximately 80% of the activity was lost

Q
by storage overnight at 4 C.
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DISCUSSION

The embryonic chick neural HA's described here appear
to have similar nroperties to previously reported vertebrate
cell hemagglutinins. These have been shown 1n most ceses to
be primarily membrane-bound (see Introduction L), and to show
erythrocyte specificity for hemegilutination (Teichberg et al,
1975; Dysart and Edwards, 1977; Stockert et al, 1974).
Although the evidence for specific sugar inhibition of the EA'S
described in this work is only preliminary, it is of interest
that Dysart and Bdwards (1977) similarly found specific
inhibition of a BHK cell HA by N-Acetylpalactosamine and D-Fucose,
but not by D~Galactose, when the same erythrocyte type was used.

Some evidence for the possible involvement of specific
carbohydrate-binding proteins in embryonic chick neural cell
adhesion has been described by Roth et 2l (1971) and by
Balsamo and Lilien (1975) (see Introduction 4}, however, the
apparent similarities of the HA's isolated from cerebrunm and
optic lobe (smee Results) indicate that these are not likely to
be related to the receptors for the factors described by
Balsamo and Lilien. In the above studies 1t i1s also possible
that the carbohydrate-binding proteins affected adhesion
indirectly, for example by thelr biosynthetic activity. However,
the dinvestigation of the possible roles of carbohydrate-bindins
proteins in neural-neural and neural-glial cell interactions
should be facilitated by the isolation of hemagzlutinating
activities from these cells. The hemagglutination assay allows
considerable more chemical precision than agpgregation assays,

and also provides a convenlent means of exemining the spatial and
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temporal disgtributions of at lcast one class of cerbohydrate-
binding protein in different neural tissues. Simpson et al
(1977) have recently shown that the appearance of a rat brain
hemagglutinating activity appears to be developmentally

regulated,
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