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Summary

Interactions hetween mammalian cells in tissue culture

by James W, Simwms, B.Sc,
Summary of a thesls presented for the degree of Doctor of

Philosophy at the Undiversity of Glasgow, Novenber, 1973,

In any animal the individual cells must iuteract to
co~ordinate and control their combined development, growth
and functions, These interactions are both direct, between
adjacent cells, and indirect by meauns othumoral factors.

Humoral or hormeonal responses have heen extensively studied,
but direct interaciions are only poorly understood.

One type of direct cell~cell interaction recently observed,
both 1p vivo and in tlssue culture, in many animal cells from a
wlde variety of specles has been termed metabolic co~operation,
Variant cells, lacking an enzyme function such as inosinic
pyrophosphorylase (IPP) or thymidine kinase (TK) and unabie to
incorperate a nucleotide precursor, do lncorporate the precursor
when cultured in contact with wildntyﬁe cells., However, the
change of the variant phenotype is not permanent, and reversion
is observed after separation of the two cell types.

The possible explanations for this phenotyplc modificaetion
of variant cells, growing in contact with wild-type cells, fall
into two classesi-

1) the transfer of the enzyme itself fron
wild-type to variant cells or trensfer of informatiom (DNA, mRNA)
to allow synthesis of the appropriate enzyme in the veriant cells,

2) the tranzfer of nucleotides, beyond the:
enzyme block, or of nucleic acid from wild-type to variant cells.

Tn the first class, the ability to incorporate the nucleotide

precursor is transferred, in the second it is not.

However, earlier work showed that, after separaticn of the
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variant cells from wild=type cells, no enzyme activity could

be detected in variant cells, This eliminates explanation 1).

It was therefore suggested, as DNA wes not thought to be
transferred between cells, that the most probable basls of
metabolic co=-operation was nucleotide transfer, However, a recent
report suggested that RNA; bul not nucleotides, is transferred
between cells, so the clarification of the basis of metabolic
co-operation (nucleotide transfer or nucleic .acid transfer)
required further investigation. In this present study the nature
of the molecules which can be transferred from cell to cell in
tissue culture has been examined in detail. Radioactive tracers
have been used to prelabel speclific classes of molecules in

donor célls, and the transfer of these labelled molecules to
unlabelled recipient cells during co-culture has been investigated
by auvtoradiography.

When[?éluridine is used to label the uridine nucleotides and
the RNA of donor cells, and such donor cells are coucultufed with
unlabelled cells, label is transferred to the recipient cells.
However, if the labelled uridine nucleotide pool is chased into
RNA, prior to addition of recipient cells, the extent of label
transferred to recipient cells is reduced by 97%. The label still
“transferred (3%) was shown to be due to transfer of residual
labelled nucleotide pool in the donor cells, produced by ﬁNA
turnover. This strongly suggests that RNA is not transferred from
cell to cell, but that RNA precursors are, These precursors must‘
be nucleotides, and not nucleosides, to explain the observations
on metabolic co~operation,

A similar conclusion can be drawn from quantitative
observations of the effect of actinomycin D on the transfer of
label from[?éluridine labelled donor‘cells to unlabelled recipient
cells., Actinomycin D prevents the appearance of labelled RNA in

recipient cells by blocking the synthesis of RNA from the



trensferred nucleotides,

] Similar observations on the transfer of label from
[%é]thymidine labelled donor cells to unlabelled recipieant cells,
before and after a chase to reduce the label in the DNA
precursor pools, showed that {hymine nucleotides; but not DNA,
are treusferred belween cells.

When douxor cells were prelabelled with glucosemawHS,
labelled acld soluble pools, but not labelled acid insoluble
material, were transferred to reciplient cells. This suggests
that phosphorylated sugars are also trensferred between cells,

Using donor cells prelabelled with[?%lamino zcids, it was
also shown that protein, like RNA, is not transferred in
detectable amounts from donoer to recipient cells.

To swmmarise, nucleotides, but nolt RNA, DNA or protein,
appear therefore to be transferred between cells. However,
nucleotides cannot cross the cytoplasmic membrane and it is

- necessary to propose that intercellular junctions are formed
with modified permeability properties.

Using RNA and protein inhibitors (actinomycin D and
cycloheximide respectively) to study the mechanism required for
metabolic co~operation, it was shown that neither prior
synthesis nor countinuous synthesis of either RNA or protgin
is required for nucleotide transfer to occur, This suggests
that a stable determinant(s) in or on the cell membrane is
involved in junction formation,

It has heen shown that it is possible to locate the
chromosomal locus (loci) for the protein(s) required for
metabolic co-operation by the analysis of mouse~human hybrid
cells.

Intercellular Junctions could pley an important role in
cowordination in multicellular systems by zllowing free passage

of small control molecules such as cyclic nucleotides. Junctions



with properties such as these have already been invoked as a
necessary route of intercellular communication during embryonic
development. Further work is required to define more clearly
the nature and properties of these junctions and to establish

their functions.
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(iidi)

These are laid down in the Bliochemical Journal Instructions

to futhors (revised, 1973) with the following additions:-

APP
BSS
Con A
G-6-PD

IPP

Pancreatic RNase

PHA
PHMB
SDhS
TCA

T

Adenine pyrophosphorylase,
Balanced Salt Solution.
Concanavalin A.
@Glucose=6~phosphate dehydrogenase.
Inosinic pyrophosphorylase.
Pancreatic ribonuclease.
Phytohaemagglutinin,
p~Hydroxymercuribenzoate.

Sodium dodecyl sulphate.
Trichloroacetic acid.

Thymidine kinase.

Cells (for detalls see Materials & Methods).

BHK
Py BEK
373
SV3T3
L

Helia

Baby hamster kidney cells,

Polyoma virus transformed BHK cells,

a mouse cell line.
quo transformed 377 cell line.
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-1, INTRODUCTION




1. General Introduction.

Interactions between cells are required for the normal
development, and for the continued normal functioning of
multicellular organisms, |

Such interactions between cells can be classified as elther
direct or indirect., A direct interaction reguires cell-to-cell
contact, and may be mediated by membrane-membrane interactions
or by fransfer of molecules from cell to cell. An indirect
interaction is mediated by a molecule which is released from a
cell into the extracellular fluid, and this either diffuses to,
or is transported to, a target cell., Although many of the
interactions between cells in a multicellular organism are lost
when cells are grown in tissue culture, direct and indirect
interactions between these cells are still observed (Stoker, 1967b).

Many of the molecules (e.g. hormones) which mediate indirect
jnteractions between cells have been isolated and characterised,

but the nature of the molecules which mediate direct lnteractions
between cells is unknown, However, studles on two examples of
direct interactiomn, the formation and function of low resistance
junctions hetween cells and metabollc co~operation between cells,
are helpinmg to elucidate the types of molecules which can be

transferred directly between cells.

1.1l. Tow resistance junctions between cells.,

The flow of elecirical current directly between the
cytoplasms of contiguous cells has been detected by
electrophysioclogical methods., It is mediated by a pathway (junmction)
between the cells which has a much lower resistance to ion flow .
than the cytoplasmic membrane (Loewenstein & Kanno, 1964).

Low resistance Junctions between cells, which were first

described between excitable cells such as nerve cells (Furshpan &



Potter, 1959), smooth muscle cells and heart muscle cells (see
Bennett et al., 1967a), can provide rapid co-ordination of
electrical activity in these tiésues.

Low resistance junctions are different from chemical
synapses, which also transmit electrical impulses between
excitable cells, Unlike excitation via low reslstance junctions,
no direct transfer of electric current across the chemical
synapse can be detected (Castillo & Katz, 1954; Haglwara &
fasaki, 1958), and a speclal chemical transmitter, which is not
transferred directly between the cells but diffuses écross the
synaptic cleft (Katz, 1966) frowm the excited cell to the adjacent
cell, has been shown to mediate the impulse.

Low resistance Junctions have also been detected between
non~excitable cells, both in embryonic and adult tissues and in

tissue culture,

1,1.1. Low resistance Jjunctions beltween non-excitable cells,

1.1.1.1, Low resistance junctions in embryonic and adult tissues,

Studies with embryonic tissues (Potter et QQ;, 1966; Ito &
Hori, 1966; Sheridan, 1966; Slack & Palmer, 1969; Tupper et al.,
1970) show that low resistance junctions are formed extensively
throughout the early embryo, although at later stages of growth
many of the tissues previously coupled may no longer be coupled
(Potter et al., 1966).

Studies with adult tissue have also shown that low resistance
Jjunctions are commom features 1n many tissues from widely

different origins (Table 1).
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Interaction bpetween cells in adult tissues.

Cell type

Gliml cells
of leech

Droscphila
salivary glands

Toad uwrinary
hladder

Mammalian
liver (mouse)

Amphibian skin

Mouse brown
fat cells

Newt white
fat cells

Chironomus
salivary glands

T.ow resistance

Junctions

+8

Dye btransfer

_:...

Gap junc

tions

a: Kuffler & Potter (1964); b: Loewenstein & Kanno (1964);

c: Loewenstein et al., (1965); d: Penn (1966); e: Loewenstein &

Penn (1967); f: Revel & Sheridan (1968); g: Sheridan (1971la);

h

h: Rose (1971); j: Revel & Karnovsky (1967); k: Revei et al. (1971).



1,1.1.2, YLow resistance junctions between cells in tissue culture,

Many cell types growing in tissue culture have been shown
to be electrically coupled. These include primary cells of spleen,
kidney and heart from new born mice, diploid human lung
fibroblasts, diploid minnow fibroblasts (Furshpan & Potter, 1968),
and others shown inm Table 2. O'Lague et al. (1970), using chick
embryo fibroblasts, have shown that mitotic cells, in contact
with interphase cells, are electrically coupled, suggesting that
coupling persists throughout mitosis.

Interaction between cells of different strains and species
has also been studied in tissue culture. Furshpan & Potter (1968)
showed electrical coupling between BHE cells (a baby hamster
kidney cell line isolated by Macpherson & Stoker, 1962) and
PyBHK cells (polyoma virus transformed BHK cells); between 3T3
cells ( a mouse fibroblast cell line isolated by Todaro &‘Green,
1963%) and PyBHK cells; and between BHK cells and polyoma virus
transformed 373 cell, Michalke & Loewenstein (1971) showed electrical
coupling between rabbit lens epithelial cells (lens) and rat
liver epithelial cells (liver), between lens cells and BHK cells,
between lens cells and SV3T3 cells, and between liver cells and
BHK cells, Therefore, both intraspecific and interspecific
mixtures of cells in tissue culture have been shown to be
electrically coupled.

L.l.1.3. Low resistance junctions between normal cells and

tumour cells,

Loewenstein & Kanno (1966, 1967) reported that although low
resistance Jjunctions were formed in vivo bhetween rat liver cells,
they were not detected in primary or transplantable tumours of
rat llver., Also, it was reported that cells in tumours of thyroid

epithelium (Jamakosmanovic & Loewenstein, 1968a,b), and in tumours



Table 2.

Interaction between cells in tissue culture,

Cell type Low resistance Fluorescein Gap Metabolic
junctions transfer junctions co-operation

BHK/BHK 48 & B +K
PyBHK/PyBHK +8 +8 WX
313/303 42 +t
SV3T3/SV3T3 +2 +
Chinese hamster b b b

cells * * +
L/L b _b bk
Chick emhryo +° +j +k
RSV~-chick embryo +j +j +k
.Iiver epithelial A4 I ' W4

cells/PyBHK

Liver tumour
epithelial -4 -d .4
cells/PyBHK
Novikoff L@ | K e
hepatoma cells
Reaggregated cells +f +f
from Xenopus laevis

embryo

a: Potter et al. (1966); b: Gilula et al. (1972); c: O'Lague et al. (1970);
d: Azarnia et al. (1972); e: Johnson & Sheridaﬁ (1971); f: Sheridan
(1971b); g: Furshpan & Potter (1968); h: Revel et al. (1971); .j:

Pinto da Silva & Gilula (1972); k: Pitts (1972); 1l: Pitts (Personal

communication).

For abbreviations see Pageifli; also, RSV-chick embryo = Rous sarcoma

virus transformed chick embryo cells.



of stomach epithelium (Kanno & Matusi, 1968), lack low resistance
5unctions although they are present in normal thyroid and normal
stomach epithelium,

Borek et al. (1969}, im a more detalled étudy of norhal and
tumour cells in tissue culture, assayed normal fibroblasts, normal
eplthelial cells, tumour fibroblasts and tumour epithelial cells
for low resistance Jjunctions. They found that both normal
fibroblasts (3T%, hamster embryo and rat) and tumour fibroblasts
[@ovikoff (rat), hamster embryc (x-ray induced), cells derived
from SV40 induced hamster tumours and SV3T3 cellgl were electrically
coupled, ium agreement with Potter et al. (196€). However, although
nrormal epithelial cells (rat liver and hamster embryo) were
electrically coupled, tumour epithelial cells [ﬁorris (rat liver),
.HnllEC (rat liver) and hamster embryo {x~ray inducedzl were not,
in agreement with the in vivo results of Loewenstein & Kanno
(1966, 1967).

Therefore, it appears from studies, in vivo and in vitro, on
cells from many different species, that, in general, normal
fibroblasté, tumour fibroblasts and normal epithelial cells do
form low resistance junctions, whereas tumour epithelial cells do

not form low resistance junctions,

l.1.2. Transfer of dyes between cells,

The transfer of molecules, larger than the lons involved in
current flow, between cells has been studied. The method used
Involves Injection of a tracer molecule into & ¢cell and studying
jits transfer to surroundinog cells. Fluorescein (mol.wt.33%2) has
been widely used as such a tracer, since it is detectable by
fluorescence on excitation with ulira-violet.light at
concentrations of 10"8 molar (Loewenstein & Kanno, 1964; Slack

& Palmer, 1969). Transfer of fluorescein has been observed between



cells in vive im Drosophila salivary glands (Loewenstein & Kanno,
1964), in crayfish (Pappas & Bennett, 1966), in lobsters (Furshpan
& Potter, 1968), im Cﬁironomus salivary glands (Rose, 1971),

and between cells in tissue culture (Table 2). Electrical coupling,
when tested for, was presenf in the cell populations studied abhove.
Slack & Palmer (1969), however, reported that, although cells

in the early embryos of Xenopus laevis were eleétrically coupled,
transfer of fluorescein between the cells was not observed.

Another tracer widely used is P:imion Yellow (mol.wt.500).
Transfer of Porcion Yellow was observed in vivo between cells of
crayfish septate axon (Payton et al., 1969), between cells of
dogfish retina (Kaneko, 1971), between cells of Chironomus
salivary gland (Rose, 1971), and in vitro between cells of Novikoff
heﬁatoma (Johnson & Sheridan, 1971). Electrical coupling between
all the cells studied above was aleo demonstrated, |

When cells are immersed in either fluorescein (Jéhnson &
Sheridan, 1971; Rose, 1971) or P8pcion Yellow (Johnson & Sheridan,
1971; Paytom et al., 1969), mo detectable dye penetrates into
the cells, although P¥pcion Yellow s£rongly stains the plasma
membrane (Payton et al.,, 1969). This shows that the cytoplasmic
membrane has a very limited permeability to these tracers. The
requlrement for cell-cell contacé for the transfer of fluorescein
‘between cells has been emphasised by Fursphan & Potter (1968)}..
They observed that the transfer of fluorescein between BHK cells
was never seen in the absehce of cell contact, but that effective
spread was seen between cells with only small areas'of contact.

Kanno & Loewenstein (1966) studied the transfer of a range
of tracers, with different molecular weights, between Drosophia
salivary gland cells which were electrically coupled. When .

fluorescein (mol.wt.332), orange G (mol.wt.452), Solantine



turquoise (mol.wt.700), trypan blue (mol.wt.960) or Evans blue
fmol.wt,96l) was injected 1into a cell, the tracer moved to
surrounding cells within minutes. Also, they reported that serum
albumin (mol.wt,69,000); conmjugated with fludrescein, spread
slowly between cells, although polylysime (mol.wt.127,000) was not
transferredo However, Burk has suggested that it was the transfer
of fluorescein,. and not the conjugated complex between cells,
which was detected (Pitts, 1971).

Reese et al., (1971) reported that although fluorescein
(mol.wt.%%2) and microperoxidase (mol,wt,1800) could cross the
septum of crayfish (electrically coupled), horseradish peroxidase
(mol.wt.40,000) could not.

It appears, therefore, that fluorescein and possibly larger
molecules can be transferred between cells, and that there may be
a correlation between dye transfer and the presence of low resistance

Jumctions between cells,

1.1,%, Nature of the junctions dnvolved inm Jon transfer and dyve

transfer between cells.

Although various types of contacts between cells have been
observed in thin sections, using the electron microscope (Furshpan
& Potter, 196¢), examination of excitable tissues, known to be
electrically coupled, has shown that tight Jjunctions were the only
forus of specific contact between cells seen invariably in all
the coupled tissues studied (Bennett et al., 1967a).

Revel & Karn&vaky (1967), usimg alkaline lanthanum nitrate
as a marker for extracellular space,could distinguish between two
types of tight Jjunctions:-

a) true tight junctions, where no
interstitial space is present, and where the external layers of

the two unit membranes appear to be fused, and



b) gap junctions where the two unit

membranes are separated by a 204° gap, the gap being detected
by the presence of a thin layer of lanthanum. The gap is also
characterised by the presence of a polygonal array of units,
which are seen in the occasional tangentially cut gap junction.

The lanthanum tracer technique has been used to investigate
the nature of the contacts between cells, which can form low
resistance junctions and exchange dyes, Payton et al. (1969)
showed that Pgncion Yellow is transferred between septate axons
of the crayfish, previously shown to be electrically coupled
(Watanabe & Grundfest, 1961; Bennett et al., 1967b). Since there
are only small areas where the axons are in contact and not
separated by the septal connective tissue, this suggested that
both dlons and tracer molecules were transferred betwsen axons
ét these sites, Analysis of electron micrographs of lanthanum
treated sections through septa, for Jjunctiouns between the axons,
- showed that only gap junctions could be detected. Pappas, Asada
& Bennett (1971) reported that a change of coupling resistance
between axons could be correlated with either the presence of
many gap junctions, only a few, or the complete absence of them,

Johnson & Sheridan (1971) reported that Novikoff hepatoma
cells, growing in clumps, or small chains, in suspension culture,
were electrically coupled and transferred dye tracers (mol.wt,
332-500). They found that intermediate junctions (zonula adhaerens:
uinlt membranes separated by EOOAO, with dense, amorphous material
on the cytoplasmic surfaces) and gap jumctions were the only
junctions frequently observed between these cells. They suggested
that intermediate junctions were probably partly responsible
for the adherence of the cells, and that gap junctions were the
sites for ion and tracer transfer,

These reports therefore suggest that gap junctions are the



sites of transfer for both ions and dye molecules between cells,

Although tight junctions and gap junctions may form the main
Junctional elementé of vertebrate epithelial cells (Revel &
Karnovsky, 1967; Brightman & Reesé, 1969), septate junctions
(septate desmosome: unit membranes.separated by lSOmZOOAO gap but
cross~linked by "septal, 60-80A° wide with a periodicity of
roughly EOOAO) are the main junctional element of many invertebrate
eplithelial cells (Satir & Gilula, 1970). The septate junction has
been suggested as a possible mediator of electrical coupling between
mussel gill cells (Satir & Gilula, 1970) and between Chironomus
salivary gland cells (Bullivant & Loewenstein, 1968) where gap
junctions were not observed., However, after several reports of the
presence of gap Jjunctions between otlier invertebrate cells (see
Gilula & Satir, 1971), Gilula & Satir (1971), using a freeze-
cleaving technique, which splits the plasma membrane im the plane
of the membrane and shows the fracture surfaces in relief by
heavy metal shadowing, showed clearly that gap junctions are present
between mussel gill cells, Rose (1971), using the lanthanum tracer
technique, also reported that gap Jjunctions were present between
Chironowmus salivary glands, but suggested, however, that gap
junctions alone may not be able to account guantitatively for the
electriéal coupling observed between these cells,

However, Revel et al, (1971), using the freeze-cleaving
technique to study Junctions between BHK cells and between brown
fat cells, both of which are electrically coupled, found that only
gap junctions are present, This strongly suggests that gap junctions
are the sites of electrical coupling between cells.

Gilula EE 3&. (1972) have emphaslsed the correlation between
" the presence of gap Jjunctions and electrical coupling between cells,

Gilula et al. (1972) reported that Chinese hamster cells were

~
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electrically coupled, and that several types of interactions

(gap junctions, possible focal tight junctions, close associations
of the unit membranes ((l}OAO), microvillar interactions and
pinocytosis) were present between these cells., L cells, on the
other hand, were not electrically coupled with each other or with
Chinese hamster cells and lacked gap junctions, whereas all other
forms of interaction were still observed.

In summary, it would appear that gap junctions are probably
the sites for ion and dye transfer between cells.

Staehelin (1972) has further shown, using the freezemcléaving
technique, that there are three types of gap junctions between rat
intestinal epithelial cells. He suggests that thess junctions,
which differ in the size of the particles (units) which form the
gap Jjunctions, may control the transfer of different types of
molecules between cells. This observation could therefore explain
the report of Slack & Palmer (1969), who found that, although
early Xenopus laevis ewbryo cells were electricelly coupled, they

did not allow fluoresceiln transfer,



1.2, Metabelic co-operation between cells,

Metabolic co~operation between cells in tissue culture was
first described by Subak-Sharpe et al. (1966). A culture (1:300)
of wild~type PyBHK cells and varlant PyBHK cells (PyBHKwIPP“),
lacking the enzyme inosinic pyrophosphorylase (IMP, GMP: pyrophosphate
pyrophosphoribosyl transferase; E.C.2.4.2.8.) and therefore unable
to incorporate hypoxanthine, was'grown in the presence of

[?é]hypoxanthine._It was shown by autoradiography that the wild-type
cells (heavily labelled) could be easily identified from the

variant cells (umlabelled). It was also noted that an intermediate
number of gralns was present im cells in contact with the heavily
labelled wild-type cells. These intermediately labelled cells could
either be wvariant cells, which had become labelled due to interaction
with wild-type cells, or wild-type cells whose imcorporation of
[?é]hypoxanthine had been considerably reduced by interaction with
variant cells, .

Subak~Sharpe et al. (1969) reported that the number of
intermediately labelled cells increased faster than could be
accounted for by cell divison of wild-type cells, which suggested
that they were variant cells.

.Bﬁrk et al. (1968) grew a confluent 1:1 mixture of wild-type
cells and variant cells in the presence of 3}_I:lhypoxanthine.
Autoradiographs showed fhat all the cells were labelled. The
disappearance c¢f the variant ;gg" phenotype in such a mixed culture
confirms that 123" cells become labelled when in contact with
wild~-type cells. The possibility that a selective death of the
variant cells had occurred, leaving only labelled wild-type cells,
was ruled out by Pitts (1971). A confluent 1:1 mixture of BHK cells
and BHK-IPP~ 6ells growing together were subcultured to form either
a confluent culture (99% of the cells), or a sparse culture (1% of

the cells), where most of the cells were not in contact. The



cultures were incubated in the presence of[?é]hypoxanthine.
Autoradiographs showed that although all the cells in the confluent
culture incorporated label, only %0% of the cells in the sparse
culture incorporated label, showliag that a selective death of
BHK~IPP~ c¢ells had not occurred.

Stoker (1967a) grew a mixed population of PyBHK-IPP™ variant
cells, marked with carbon granules (Stoker, 1964), and mouse embryo
cells (wild-type), in the presence of 3I;]hypoxanth:i.ne.
Autoradiographs showed that label was present im variant cells in
contact with the heavily labelled wild-type cells, but was absent
from variant cells not in contact with wild-type cells.

It appears, therefore, that the phenotype of certain Irp”

' variant cells, growing in contact wlith certain wild-type cells, is
modified, This phenomenon is termed metabolic co-operation.

Metabolic co-operation between IPP” variant cells and
wild-type cells has been reported between normal cells, between
transformed cells, between normal and transformed cells, and between
cells of heterologus species (Tables 3 and 4).

Table 3 also shows that, although in many instsnces the mutant
phenotype w%s completely suppressed in 1l:1 mixtures of wild-type
and variant cells (1l00% interaction), examples of both intermediate
interaction (e.g. BSCwl/BHKmIPP").and no interaction (e.g. L/L-IPP )
between cells were also observed. Therefore, metabolic co-operation -
between cells ranges from complete imteraction (100%) to zero
interaction (0%).

Although most IPP  variant cells used in the above studies
have been lsolated by resistance to 6~thioguanine ( Subak=-Sharpe,
1965; Marin and Littlefield, 1968), skin fibroblasts isolated from
patients with the Lesch-Nyhan syndrome have been shown to have a
;gg‘ phenotype. A mosaic of IER+ and ;gg" cells is present in

cultures of skin fibroblasis taken from heterozygote mothers of



Table %.

Interaction properties of different cell types.

Wild~-type cell.

BHK

BHK

RSV-BHX

3T3

SV3T3

Mouse embryo

Human embryomic lung
Hel 2000

Chick embryo

RSV-chick embryo

BHK-T, hybrid BHK

PYREK - PYBHK

BSC-1 BHK

Hela BHE

L L

BHK L

L BHK

Mast cell Mast cell

For abbreviations see Page iif; also, RSV-BHK :

Variant IPP  cell,

Extent of interaction (%)%

BHK
3T5
BHK
BHK
BHK
BHK
BHK
BHK‘
Chick embryo

RS5V-check embryo

100
100
100
100
100
100
100
100
100
100
100
Intermediate
55
20

0

0

¢

Rous sarcoma virus

transformed BHK; Hel 2000 = a human fibroblast line; RSV-chick

embryo = Rous sarcoma virus transformed chick emhryo cells; BHK-L

hybrid

a hybrid cell line formed by fusicn with Sendai virus of

BHK and L-929 cells; BSC-l = an African green monkey cell line

(Hopps et al., 1963).

* ITn a 1:1 mixture, ratio of mean number of grains/variant

cell : mean number grains/wild-type cell.

Data taken from Pitts (1972).



Table 4.

Metabollic co-~operation in intra and intersvpecific mixtures.

Wild-type Lesch-Nyhan (IPP7) BHK=-IPP" L-IPp~
Human skin |

fibroblast + + -
BHK + + -
315 + + -
Py23T3 +

Clone 1D -

HeLa65 -

HeLa71 | +

For abbreviation see Plil; also, Lesch-Nyhan = Human skin
fibroblast; clene 1D = a variant 1L-929 cell, lacking thymidine
kinase activity; Hela65 and Hela 91 = two clonal derivatives

of Hela cells, having modal numbers of 65 and 71 chromosomes

respectively.

Data taken from Cox et al., (1972).



patients with this syndrome (Rosenbloom et al., 1967), although
virtually all cells 1in a mixed confluent culture incorporafe

[?H hypoxanthine (Dancis et al., 1969). Since the igg" gene is
X=linked, a random inactivation of cne of thelechromosomes in
femgle somatic cells in early embryonlc development (Lyon, 1961)
may explain thls mosaic pattern.

Variant ;EQ“ cells have been isolated from the mothers of
Lesch-Nyhan patients by cloning (Migeon et al., 1968), or by
selection with thioguanine (Fujimoto et al., 1971). Metabolic
co~operation has been reported between Lesch-Nyhan (lng) skin
fibroblasts and various wild~typecells (Friedmann et al., 1968;
Table 4). Also, metabolic co~operation has been reported between
the mixed (;gg+ and ££g~) amnictic cells from a female foetus
heterozygous for the Lesch-Nyhan disease (Fujimoto et al., 1968).

Therefore, metabolic co-operation has been shown between
wild-type cells and IPP  cells, selected by drugs, and between
wild-type cells and naturally occurring IPP cells.

ritts (1972) has reported that tumours formed from BEK-IPP™
cells in hamsters can incorporate[?é]hypoxanthine, demonstrating
metabolic co-operation between cells inm vivo,

Therefore, metabollic co-operation between lgg" cells and
wild~type célls appears to be a c;mmon phenomenon between many
different cell lines in tissue culturg,and can also be demonstrated

in vivo.

l.2,1, Metabolic co-operation between variant cells, lacking

adenylic pyrophosphorylase or thymidine kinase activity, and

wild~type cells,

Metsabolic co-cperation between cells is not limited to

interaction between IPP  variant cells and wild-type cells.



Whén a l:1 mixture of wild-type PyBHK cells and variant PyBHK
cells (PyBHK~APP™), lacking adenylic pyrophosphorylase aétivity
(AMP: pyrophosphate phosphoribosyl transferase; E.C. 2.4.2.7.)
and therefore unable to incorporate adenine, is grown in the
presence of[?é]adenine, all the cells are labelled. This shows
that the variant phenotype of gggT cells is modified when growing
in contact with wild-type cells (Burk et al., 1968). Subak-Sharpe
(1969) confirmed this by growing a (1:300) mixed population of
PyBHK wild-type cells and PyRHE-APP™ cells in the presence of
[fﬁladenine. He found that variant cells in contact with wild-type
co-operation between PyBHK~APP™ cells and human skin fibroblasts,
373 cells and BHE cells,

Pitts (1971) has also reported metabolic cqnoperation between
BHK wild<type cells and BHK variant cells (BHwaKm), which lack
thymidine kinase activity (E.C. 2.7.1.21.) and canunot incorporate
thymidine. When a 1:1 mixed population of wild-type BHK cells and
BHK=TK™ cells asre grown together in the presence ofL?é]thymidine,
all cells are labelled, except a small proportion which presumably
have not synthesised DNA during the experiment (not passed through
the S phasel,showing that the phenotype of the variant BHK~TK
cells has been modified.

Therefore, metabolic co-operation between cells has been shown
using three different variant cell types. This suggests that
metabolic co«operation may be a general phenomenon, zt least for
variant cells deficlent in nucleotide synthesis from base or

nucleoside precursors,



1.2.2. Reguirement for direct cell~to~cell contact for metabolic

co~operation between cells.,

Stoker (1967a) investigated the requirement for direct
cell-to=cell contact between cells participating inm metabolic
co-operation. When PyBHK-IPP  cells had attached to a confluent
layer of mouse embryo cells and adjoining areas of glass, which
had been scraped free of mouse embryo cells, the cells were
cultured in the presence of[?é]hypoxanthine and then processed
for autoradiography. IPP  cells om the bare areas, including those
adjolning but not touching the edge of the confluent mouse embryo
cells, showed only a few graius above background. However, ng"
cells touching the edge or lying om top of the confluent mouse
embryo cells contained a considerable number of gralns.

Published auvtoradiographs of studies on metabolic co-ocoperation
between cells consistently show that variant cells in direct contact
with wild-type cells, or labelled iunteracting variant cells, are
labelled, but that varlant cells, lying close to but not in contact
with labelled cells, are not labelled (Friedmann et al., 1968;
Subak-Sharpe et al., 1969; Subak-Sharpe, 1969).

If direct contact between two dnteracting cell populations is
prevented, metabolic co~operation between these cells 1z not
ohserved, Cox et al. (1970) showed that, although most cells of a
conifluent 1:1 mixed monolayer culture of wild-type human skin
fibroblasts and IPP" humasn skin fibroblasts were labelled in the
presence of[?% hypoxanthine, omly approximately 50% of the cells
in a similar mixed population were labelled, when grown in
suspension in the presence of[?é]hypoxanthine.

Van Zeeland et 3&. (1972) showed that, when a fibrin layer
which is thought to be permeable to molecuies, but not to cell
processes, was used to separate human skin fibroblasts from mouse

cells (IPP"), mefabolic co~operation did not occur between these cells,



Therefore, direct coumtact between interacting cells appears

to be an essential requirement for metabolic co-~operation,

l.2.%. Reciprocal ewchange between cells participating in

metabolic co~operation,

The modification of the phenotype of wvariant cells by
wild-type cells requires transfer of a molecule(s) from wild-type
cells to variant cells (see Section 1,2.6.). Metabolic co-operation
is therefore based on a doner to recipient relationship. The
possibility that a variant cell {(recipient) could also function
as a wild-type cell (domor) has been investigated, |

A 1:1 mixed population of PyBHK~IPP and PyRHK-APP™ cells,
growing at a cell density where most cells were in contact, were
labelled with either[fﬂ hypoxanthine 6r[?€1adenine and processed
for autoradiography (Burk et al., 1968). Irrespective of which
labelled purine was used, metabolic co~operation was obsefved when
cells were in contact, indicatimg that both PyBHK-IPP  and
PyBHK-APP~ cells can function as donors or recipients, showing
a reciprocal exchange between both cell types during metabolic

co~operation,

1.2.4, Failure of I, cells to participate in metabolic co~operation,

Although most cell types studlied to date participate in
metabolic co-operation, it 1s counsistently found that I, cells
do not (Tables 3 & 4).

Metabolic co-operation between L-IPP  variant cells and L-IPP"
cells does not occur (Pitts, 1971; Cox et al., 1972; Widmer~Favre,

1972). Pitts (1972) showed that mixed populations of wild~iype
BHK cells and L-IPP  cells, or wild-type L cells and BHK-IPP~
cells, did not show metabolic co-operation; that is, L cells,

whether wild-type or variant, are dominant in mixed culture.



This has been confirmed by Cox et al., (1972) for the BHK/L
combinations of the above cells. Cox et al. (1972) also showed
that mixed populations of wild~type L cells and human skin
fibroblast-IPP~, or wild-type human skin fibroblast-IPP’ and
L-IPP~ cells, did not lnteract,

This ddminance of T cells is not peculiar to variant Ipp”
cells alone. Cox et al. (1972) showed that mixed population of
L~4PP¥/L-APP” cells, human skin fibroblast-APP'/L-APP~ cells,
%05~ APP" /L-APP” cells and L-APP /PyBHK-APP” cells did not show
metabolic co«~operation. Also, metabolic co~operation between
L~TK " /L~TK™ cells (Pitts, 1972; Widmer-Favre, 1972), or between
human skin fibroblasts-TK'/L-TK™ (Cox et al., 1972), does not occur,

Therefore, for metabolic co-~operation to occur, both the
wild-type cells and the variant cells must hzve the ability to
interact. Since mouse embryo fibroblasts ilunteract (Stokery 1967a;
Pitts, 1972), but L cells (mouse fibroblasts) fail to interact
with themselves or wlth other interacting cells, it has been
suggested that L cells may fail to form some essential membrane
compopent reguired for interaction (Pitts, 1971; Cox et al., 1972).
McCargow and Pitts (1971) investigated this point using a BHK-L
cell hybrid, isolated from a mixture of BHEK-TK  and L-IPP~ cells
fused with inactivated sendal virus, They showed that the hybrid
cells interacted with BHK cells but not with I, cells, and by using
immunological methods, they demonstrated that the hybrid contained
both L cell and BHK cell cytoplasmic membrane determinants. This
is consiétent with the idea that L cells lack some membrane

determinant, essential for metabolic co-operation,.



1l.,2.5. Possible involvement of gap juuctions in metabolic

co~operation between cells,

Evidence presented above (section 1.2.2.) shows that direct
cell-to~cell contact is reguired for metabolic co-operation between
cells. Since direct transfer of ions and tracers between cells has
been shown to be mediated by gap Junctions between cells
(Section 1.1.3,), the possibllity that metabolic co-cperation
between cells may use a similar pathway has been luvestigated,

BHK cells and PyBHK cells which show metabolic co=operation
(Subak-Sharpe et al., 1966, 1969; Pitts, 1971, 1972) have both
been shown to be electrlcally coupled and te exchange fluorescein
(Furshpan and Potter, 1968). Azarnia et al. (1972) showed that a
mixture of liver epithelial/PyBHK cells were electrically coupled,
exchanged. fluorescein and showed metabolic co~operation., However,

a mixture of tumour epithelial/PyBHK cells failed to form low
reslstance junctions, did not exchange fluorescein and did not

show metabolic co~operation. This therefore suggests that a similar
pathway may medlate the transfer of all three types of cell~cell
interactions,

Gilula et al. @972) reported a combined study of metabolic
co~operation, low resistance junctions and gap Junctions between
cells (see also Section 1.1.3.). They found that Chinese hamster
cells were electrically coupled, showed metabolic co-operation and
a number of different types of interaction including gap junctions;
but that L cells were not electrically coupled, did not participate
in metabolic co-operation and lacked gap Jjunctions, though all the
other types of interaction were still observed. This suggests that
gap Junctions mediate ion transfer, dye transfer and also metabolic

co-operation between cells,



1.2.6, The nature of the molecules transferred between cells in

metabolic co-operation,

Explanations (Subak-~Sharpe et al., 1966, 1969; Subak-Sharpe,
1969) for the modification of the phenotype of variant cells,
growing in contact with wild-type cells, are all bhased on transfer
of a molecule(s) from wild-type cells to variant cells. The
transfer of any one of the following classes of molecules could
explain metabolic co-operation,

1) transfer of[?H labelled nucleotides, synthesised in
wild-type cells, to variant cells and their incorporation into
varlant cell nucleic acid.

2) transfer of[?é]labelled polynucleotides (RNA and/or DNA),
syntheslsed in wild-type cells, to variant cells,

3) transfer of the wild~type enzyme from wild-type cells
to variant cellsf

L) transfer of informational molecules (mRNA or gene(DNA)
coding for the enzyme) from wild-type cells to variant cells.

5) transfer of a '"regulator" molecule, required in the
variant cell for normal synthesis of the enzyme, from wild-type
to variant cells (the site of the molecular lesion resulting in

the IPP  phenotype is unknown),

Possibilities 1 & 2 would require that, after separation of
interacting wild-type and variant cells, there should be a prompt
reversion of the variant cells to the variant phenotype.

Possibilities 3, 4 & 5 would require that, since a functional
enzyme would be present in wvariant cells growing in contact with
wild-type cells, wild-type enzyme activity should be present
in the variant cells aftler separatioh.

Cox et al. (1970) have assayed variant cells after separation



from interacting wild-type cells for enzyme activity. Equal
numbers of human Lesch-Nyhan fibroblasts (lgg") and wild-type
human fibroblasts were grown together in confluent culture, in
- unlabelled medium, to allow exchange to take place. A single cell
susPensioniof these cells was formed and incubated with[?ﬁ]
hypoxanthine. Autoradiographs showed that only 50% of the cells
were labelled, sugpgesting that elther & prompt reversion to the
variant phenotype had occured, or that the enzyme activity must
be very unstable., To obtain an estimate of the stability of the
133* enzyme, ;gg* cultures were treated with cycloheximide for
a period of 12h, It was found that the IPP' activity did not
decrease during this time. However, since cycloheximide may
inhibit factors that normally degrade the enzyme (Kenney, 1967),
cell suspensions of mixed cultures which had undergone metabolic
co~operation were incubated in the presence of[?gjhypoxanthine and
cycloheximide (conditions where lg£+ activity is stable for at
least 12h ). A prompt reversion of the variant phenotype was still
observed, showing that detectable quantities of the enzyme are not
transferred to the variant cells, ’
Pitts (1971) confirmed this result using BHK cells. & mixed
population of BHK-IPP  and BHK wild-type cells, which had undergone
metabolic co-operation, were rapidly subcultured to form a sparse
culture (1% of the cells), where most cells were not in contact,
Incubation was continued in the presence of[?é]hypoxanthine.
Auvtoradiographs showed that a prompt reversion of the variant
phenotype ocecurred, Reconstruction experiments, using prolonged
autoradiographic exposures, showed that if the BHE-IPP  cells had
incorporated label at the wild-type rate for only 10 minutes, this
could have been detected.

Cox et al. (1972) also showed that a prompt reversion of the

ot



variant phenotype occured after separation of a heterospecific
mixture of interacting PyBHK-APP  cells snd wild-type human skin
fibroblasts,

Cox et al. (1972) extended the study to examine the
possibility of enzyme transfer using glucose~G~-phosphate
dehydrogenase deficient cells (G~6-PD" ). They analysed a mixed
population (1:100) of wild~type human skin fibroblasts and
cytochemical method was used to assay the cells for enzyme activity
and this did not require sepération of the cells, The assay
produced large granules of precipitated formazan in g:§322+ cells,
but not in QZQZEQQ cells, §Z§122+ enzyme was not detected in the
variant cells.

Therefore, the available data suggest that a functional
enzyme is not present in variant cells during coeculture with
wild=-type cells, suggesting that 3%, 4, 9 above are unlikely,

This therefore suggests that 1 & 2 above are the most probable
éxplanation of metabolic co-operation: the transfer of radioactive
nucleotides and/or radioactive polynucleotides from wild-type cells

to varisant cells,

1.2.7. Transfer of nucleotides and/or polynucleotides between cells,

From general considerations of the primary role of DNA in the
cell, it is unlikely that DNA would be transferred to the
significant extent required to explain the level of label present
in BHK-TK ™ cells, growlng in contact with BHK»TK+ cells in the
presence of[?é]thymidine (pPitts, 1971). Therefore, this suggests
that transfer of radioactive nucleotides from wild-type cells
to variant cells is the explanation of metabolic co~operation.

Since dyes up to 1000 molecular weight have been shown to be




transferred directly between cells (section 1.1l.2,), it is not
impossible, on the basis of molecular weight, that nucleotides
(mol.wt,300 ~ 500) could be transferred between cells.

Pitts (1971) showed that, although BHK~IPP  and BHK-TK cells
fall to grow when cultured separately in HAT mediem (medium
containing aminopterln, hypoxanthlne and thymidiﬁe) because they
are unable to synthesise IMP and dTMP respectively, a
near-confluent (1l:1) mixed population grew at the wild-type rate.
This suggests efficient reciprocal exchange and uvtilisation of
nucleotides. Although nucleotides could be transferred from donor
cells and incorporated immediately into RNA and DNA in the
reciplent cells, polynucleotides would have to be first
synthesised in donor cells, transferred to recipient cells,
degraded to nucleotides, and finally reincorporated into RNA and
DNA in the recipient cells. This scheme seems less attracfive
than the simple exchange of nucleotides.

However, in direct conflict to the sugpgestion of nucleotide
transfer, Kolgdny (1971, 1972) reported that RNA, but not
nucleotides, was transferred between 3T3 cells and between SV3T3
cells. Kolodny concluded that all major cytoplasmic RNA species,
prelabelled in a donor cell wiﬁh either[?é]uridime or[?ﬂnmethyil
methionine, could be transferred to recipient cells, but that the
transfer of nucleotide pools from ddnor to recipient cells did
not occur.

Therefore, although the transfer of radioactive molecules
from wild-type célls to variant cells is the most probable basis
of metabolic co-~operation, the question of the nature of the
actual molecules transferred (nucleotides and/or polynucleotides)

has not been resolved,



Alm of present work,

This study considers three aspects of direct interaction
between cells: 1) the nature of the molecules which are
transferred directly from cell to cell in tissue culture,

2) the mechanism of the intercellular transfer of these molecules,

and 3) a preliminary genetic analysis of this interaction.
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MATERTALS AND METHODS




2.1, Materials.

2.L.1, Chemicals,

Actimomycin D and cycloheximide (actldione) were obtained
from Calblochewm, London,

Aminopterin, mitomycin €, RNase~A (bovine pancreatic,
protesse~free: ribonucleate nucleotido~2'-transferase (cyclizing);
B.C, 2.7.7.16,), p-hydroxymercuribenzoate (PHMB) and
S5-bromodeoxyuridine were obtained from Sigma, St.Louls,

Missouril, U.S.A.

Concanavalin A (Con A) was obtained from Miles-Yeda Ltd.,
Kankakee, Illinois, U,S.A.

Dioxan, sodiwu dodecyl sulphate (SDS) and 2,5-diphenyloxazole
(PPO) were obtained from Koch-Light Laboratories, Colnbrook,
Bucks., England.

Gelatine was obtained from Hopkin & Williams Ltd.

Hyamine hydroxide (lM-solution in methanol) and naphthalene
were obtained from Nuclear Enterprises Lid., Ediwburgh.

Hydrozyurea was obtained from Nutritional Blochemicals
Corporation, Cleveland, Ohlo, U.S.A.

Metol and Photo-Flo were obtained from Kodak Ltd., London.

Nupercaine was obtained from Ciba Laboratories, Bucks.,
England.

Phytohaemaggutinin (PRA) was obtained from Difco Laboratories,
Detroit, Michigan, U.S.A.

QOther chemicals were obtained from either British Drug

Houses Ltd., London or Sigma, 5t.Louls, Missourl, U.S5.A.



2.1.2., Radiochemicals,

All radiochemicals were purchased from The Radiochemical
Centre, Amersham, Bucks., England, and included Daf-[:a--ll'.j glucose,
500 mCi/mmole;[?H hypoxanthine (G), 1 Ci/mmole; Le E}15“H%j
leucine, 36 Ci/mmole; I~ [éethylmHBZImethioniue, 5 Ci./mmole;
[ﬁethyl—ﬂ%} thymidime, 22.4 Ci/mmole or 27.7 Ci/mmole;

[ﬁmH%J uridine, 30 Ci/umole,

2.1.5, Biological materials,

2eled,l, Tissue culture cells,

Two variant cell lines (Marin & Iittlefield, 1968) of the
BHK--21/C1l3 cell line (baby hamster kidney fibroblasts; Macpherson
& Stoker, 1962) were used:-

1) BHK-IPP cells (TGZ)’ BHK cells
which lack inosinic pyrophosphorylase (IMP, GMP:
pyrophosphoribosyl transferase; E.C. 2.4.2.8.) and

2) BHKwTK" cells (Bl), BHK cells which
lack thymidine kinase (ATP: thymidine 5'-phosphotransferase;

E.C. 2.7.1.21.).

A variant cell line (Littlefield, 1966) of the L929 cell
line ( a mouse fibroblast; Sanford et al., 1948), L-TK (B82),
which lacks thymidine kinase, was also used.

These variant cell lines were kindly provided by Dr. J.W.
Littlefield, Massachusetts General Hospital, Boston, Mass., U.S.A.

HeLa cells, a human epithelial cell line (cervical carcinoma;
Gey et al., 1952), 373 cells (a mouse fibroblast line; Todaro &
Green, 1963) and L-929 cells were supplied by the Wellcome Tissue
Culture Unit, Department of Biochemistry, University of Glasgow.

H116 pass 15, a human embryo lung fibroblast line, and

clones % & 201, isolated from the inactivated Sendai virus induced



fusion of H116.15 and I~IPP" cells (A9; Littlefield, 1966) were
kindly provided by Dr. Gormley, MRC Clinical & Population

Cytogenetics Unit, Western General Hospital, Crewe Road, Edinburgh.

2.,1:.%.,2, Cell culiure,

Amino acids, vitamins, calf serum, foetal calf serum and
minimum essentlal amino acids lacking methionine or leucine, were
ohtained from Blo-cult Laboratories, Glasgow.

Penlcillin and streptomycin were obtained from Glaxo
Lavoratories Ltd., Grecnford, Middlesex, England.

Trypsin (E.C. % h.b4.4.) was obtaimed from Difco Laboratories,

Surrey.

2. .4, Solutions.

Amfix solution contaimed 20% (v/v) conc,
Amfix (May & Raker, Dagenham,
England) in water.

Balanced Salt Solution (BSS) had the composition shown in Table 5.

Dioxan based scintillation fluid contained 10% naphthalene + 0.7%

2,5~diphenyloxazole (PPO) in
1,4-dloxan (A.R.). ‘
D19b developer had the composition

shown in Table 6.

Fagle's medium had the composition shown in Table 7.

Jormol saline solution contained 0,08M-NaCl,
O.lM—NaZSOQ in 4% (v/v) formaldehyde.

Gelatime-~chrome alum solution had the composition shown
in Table ol

Gimesa : stain contained 0,75% Gimesa

(Gurr, London) in glycerol-methanol

(1:1, v/v).



Toluene based scintillation fluid contained 0.5% 2,5~diphenyloxazole

(PPO) im A.R. toluene.
Trypsin » " solution had the composition

shown in Table 9.

2.1.5. Cell culture media.

EC 10 contained Eagle's medium + calf serum (9:1).

EFC 10 contained Fagle's medium + foetal calf serum (9:1).

0% i% & 5% normal glucose medium contained Eagle's medium
with either. 0%, 1% or 5% normal glucose conc, respectively.

1%, 10% & x10 normal leucime medium contained Ragle's medium
with either 1%, 10% or x10 normal leucine conc. respectively,

1% & x10 normal melthionine medium contained Eagle's medium

with either 1% or x10 normal methionine conc. respectively.



Table 5

Balanced Sa2lt Solution(BSS)

NaCl ‘ 6.0g
KCL O0.he
CaClZ.6HZO 0.393g
MgSOMO7H20. 0.2¢
NaHZPOquHEO . 0.14g
NaHCOz . ' 2.28
Phenol red 0.015g
Total volume . . 1L litre
Tatle 6
D19L
NaaSOB. 7H20 ARIRIN:)
Na.,Co 48g
2”75
KBr Lg
Hydroquinone 8.8g
l"letol Ecag

Total volurie 1 litre



Lagle's mediun

NaCl

KCl
Ca61206H20
Mgsou.7H20
NaHZPOh.ZH
NaHCO3

Glucose

2O

I~arginine.HCL
L~cystine
L~glutamine
I~histidine,HCl
L~isoleucine
L~leucine
L-lysine.HC1
L~methionine
L-phenylalanine
L-threonine
I=~tryptophan
L-tyrosine

I~valine

D-calcium péntothenate

Choline chloride

Folic acld
i-inositol
Nicotinamide
Pyridoxal.HCL
Riboflavin
Thiamine.HCL
Penicillin
Streptonycin

Phenol red

Total volume

Table 7

6.8g
0.4g
0.3%93%g
O;Zg
0.1l4g
2.28
.58
0.0421g
0.0240g
0.2920g
0.0192g
0.0525g
0.0525g
0.0731g
0.0149g
0.0330g
0.0476¢g
0.0082g
0.03¢2g
0.0L69g
0.022g
0.002g
0.002g
0.004g
0.002g
0.002g
0.0002g
0.002g
100,000 units
0.1lg
0.015g

1 litre



Table 8

Gelatine-chrome alum

Gelatine
Chrome alum (CPK(SOQ)Z.laﬂaO)
Formaldehyde (40% (v/v) solution)

Photo-Tlo

Total volume

Trypsin solution

Trypsin

NaCl

Sodiunm citréte
Phenol red

Solution adjusted to pH 7.8

Total volume

lml

1 litre

2.5g
68
2.96g

0.015g

1 litre



2.2, Methods,

2.2.1. Cell cultures,

A1l cultures were maintained at 37°C in an atmosphere
contalning 5% COZ in air. Cultures in plastic Petri di.shes
(Nunclom) were maintained in a humidified incubator, continuvally
flushed with air containing 5% CO,. Cultures propagated in 8 oz.
bottles were flushed with 002 immediately after subculture and
then incubated at 3?00.

BHK~-TK™ cells, BHK-IPP™ cells and L-1K  cells were grown
iz & oz. bottles containing 15 ml EFC 10 medium. These cell lines
were propagated continuously by trysinising the monolayers of
cells every 3-4 days (BHK cells), or 5-6 days (L cells), and
subculturing one-twelfth of the cell suspension,

HelLa cells, 373 cells and L cells were propagated in EC 10
by trypsinlising cell monolayers every 3-4 days and subculturing
one~tenth of the cell suspension.

H116 cells and clones 3 & 201 were propagated in EFC 10
in & oz. bottles by trypsinising the monolayer of cells every
5-6 days and subculturing one~twelfth of the cell suspension,

A1l cell lines were regularly checked for bacterial, fungal
and PPLO contamimation,

Cells were counted in an "improved Neubauer'" haemocytometer,

2.2.2, Prevaration of a co-culiture containing a 1l:1 ratio of

donor cells to recipient cells,

Separate cultures of donor and recipient cells were plated
out in either 3%mm dishes (2 ml EFC 10) or 50mm dishes (3 ml
EFC 10). and grown until they were confluent. The old medium in

both the donor and recipient cultures was then replaced with fresh




medium. Donor cells were labelled with a radiocactive tracer
(usually for 4h). At the end of the labelling time, the donor

and recipient cells were washed x3% and x1l respectively with BSS

at 37°¢. Donor and recipient cells were treated briefly with
trypsin, and the trypsin discarded. The cell sheetls were dispersed
in fresh medium (1 ml/35mm dish; 1.5 ml/S50mm dish) using a pasteur
pipette. One donor culture was. combined with one recipient culture
in a fresh dish (35mm or 50mm), contalining clean, sterile 13mm
diameter glass coverslips (Section 2.2.L4.), and co-cultured together
for a time (usually 3h). The coverslips were then processed for

auvtoradiography (Sections 2.2.5. & 2.2.6.).

2.2.%. Preparation of a co-culture containing few donor cells

to many recipient cells,

Reciplient cells were plated out in either 3%5umm dishes (2 nl
EFC 10) or S50mm dishes (5 ml EFC 10), and grown until they formed a
confluent culture. Sparsscultures of donor cells were plated out
in dishes (35mm or 50mm), contalning cleen, sterile 13mm diameter
glass coverslips (Section 2.2.4.), and cultured for a minimum of
8h before being used for an experiment,

At the same time as radioactive tracer was added to the domnor
cultures, the old medium in the reclpient culturecs was replaced
with fresh medium. At the end of the labelling time (usvally 4h),
the donor and recipient cultures were washed x3 and xl1 respectively,
with BSS at 3700. The reclipient cultureé were then treated briefly
with trypsin, and the trypsin discarded, The cells were dispersed
in fresh medium (1 ml/35mm dish; 1.5 m1/SOmm dish), using a
pasteur pipette. Each recipient culture was transferred to & donor
culture (containing 1 ml medium/BSmm.dish or 1.5 ml/50mm dish),
and cowcultured together for a time (usuazlly 3h). The coverslips

were then processed for autoradiography (Sections 2.2.%. & 2.2.6.).



2.2.4. Preparation of coverslips for cell culiure,

Glass coverslips (Chance No.l; Macfarlane Robson Ltd.,
Glasgow), on which cells were to be grown, were immersed in
boiling O0.l1M=-NaOH for 10 mium, The NaOH was then discarded, and the
coverslips were washed exhaustively under running tap water, with
occasional stirring, for L4-5h to remove all traces of NaQH. The
coverslips were then thoroughly washed several times with distilled
water, followed by ethanol, and sterilised at 160°C for 1h.

Transfer of coversllips to plastic Petri dishes was carried out

under asceptic conditions. 35mm dishes can only accommodate 3

coverslips, whereas 50mm dishes usually contained % or more coverslips.

2.2,5. Preparation of cells, cultured on coverslips, for

avtoradiography.

2.2,5,1. Acld insoluble autoradiography.

The method used was a modlfication of that of Subak-Sharpe
et al. (1969).

The medlum was removed from culture dishes containing
coverslipé, and the cells were washed x1 with formol saline (5
ml/3%mm dish; 12.5 ml/50mm dish) for a minimum of 30 minm to fix
the cells. The coverslips were then placed in procelain coverslip
racks (A.H, Thomas Company, Philadelphia, U.S.A.). The racks were
jmmersed x3 in 10% (w/v)TCA (#4°C) for 10 min, %2 in distilled
water (+q°c) for % min and dipped in ethanol. The coverslips were

then left in the rack to dry at either room temperature or 5700.

2.2.5.2, Acid soluble autoradiography.

The medium was removed from culture dishes containing
coverslips, and the cells were washed x5 with ice-cold BSS.
The coverslips were then removed from the dishes, and after

draining off excess BSS, they were dried flat at 37°¢C.



2.2.06, Preparation of autoradiographs.

The dry coverslips, cells uppermost, were mounted with
DePeX (Gurr, London) on microscope sllides (0.8-~lmm glass microscope
slides (Macfarlane Robson Ltd., Glasgow), which had been degreased
in ethanol and coated with a film of gelatine~-chrome alum), and
left overnight at room temﬁerature. The slides were covered with
AR,10 stripping fllm (Kodak Ltd., London¥;using a Kodak safelight
(filter: Wratten Series 1), and placed in light tight boxes, which
contained activated silica gel. The gel was replaced with fresh
activated silica gel 24h later. After an exposure at room
temperature, the autoradiographs were developéd at 20°C in D196
for 5 min, fixed with Amfix (wo hardener) for L4 min, and rinsed
im water, The autoradiographs were then staiped with Gimesa (Gurr,
London), freshly diluted 1:20 (v/v) in water, for 45s,

Photographs were taken with a Zelss photomicroscoype.

2.2:7. Preparation of autoradiographs for grain counting.

Autoradicgraphs for grain counting must contain only small
numbers of gralas per cell, This 1ls achieved by using less
radioactive precursor and/or a shorter exposzure time, prior to
development. However, abt early exposure itimes (1-2 déys), water
present im the film quenches the éritium radiation, giving
unpredictable grain concentrations. The water was therefore
removed by blowimg cold air over the slides for 30 min,

immediately after covering with film,

2.2.8. Measurement of[?é]thymidine incorporation into acid

insoluble and soluble material,

Incorporation of label into the cells was terminated by
removing the medium from the dishes and washing the cells x5

with dce-cold BSS. The cells were left overnight in 2 ml 5%



(w/v) TCA at +4°C, then scraped into the TCA, and the acid
insoluble material was collected by filtration on glass fibre
filters (GF/B Whatwan; W,R. Balston Ltd., England). The dishes
were further washed x2 with 2 ml and x1 with L ml 5% ice-cold
TCA and the washings added to the filter., The acid soluble
effluent was also collected. The filters were dried in
scintillation vials in an oven at 55~60°C for 12h., 0.5 wl hyamine
hydroxide was added to each filter and incubation continued at
55-60°C for a further 20 min. 10 ml toluene based scintillation
fluid was added to each vial., 10 ml dioxan based scintillation
fluid was added to 1 ml of acid soluble effluent. The
radiocactivity in each sample was then determimed with a Philips

ligudd scintillation spectrometer,

s o
2.2.9. Measurement of_)gluridine incorporation into acid insolubhle

and acid soluble material.

This method was based on that of Weber & Rubin (1971).
Incorporation of label into the cells was terminated by

removing the medium from the dishes, and washing the cells x5
with dice-cold BSS. Acid soluble pools were extracteé by adding

x2 2 ml %% (w/v) TCA (OOC) to each dish for 5 min. The acid
insoluble material was washed x2 with 5% TCA (OOC). These washings
were discarded. 2 ml of 10% (w/v) TCA (preheated) was added to
each dish and incubated at 70°C for 1h. The 10% TCA, containing
the RNA, was combined with a 2 ml 10% TCA wash of the dish., 1 ml
of solubilised RNA or 1 ml of acid soluble pool was combined with
10 ml of dioxan based scintillation fluid. The radiocactivity in
each sample was then determined with s Philips liquid

scintillation spectrometer.

e



3. RESULTS



© 3, Results,

Although mechanisms may be envisaged for the direct transfer
of all types of molecules from one cell to another, the evidence
available by 1970 (see introduction) suggested that macromolecules
were not commonly transferred, bult that small molecules and ions
were, and it was thought that transfer of radioactive nucleotides
was the basis of metabolic co-operation between cells,

However, Kolodny (1971, 1972) then presented evidence that RNA,
but not nucleotides, could be transferred between memmalian cells
in tissue culture, Since these results were completely contrary
to the earlier suggestions of nucleotide pool transfer, a study of
the types of molecules which can be transferred between cells
was undertaken.,

The method used by Kolodny to study transfer of radiéactivity
from prelabelled donor cells to unlabelled recipient cells
invelved the separation of donor and recipient cells after
co~cultivation. This separation was achieved by allowing donor
cells to ingest tantalum particles, prior to co-culture, to make
them dense. After co-culture of the dense donor cells with
ﬁntreated recipient cells, the culture was trypsinised and the
recipient cells were separated from the dense donor cells on a
Ficoll gradient, The cells were then analysed for the presence
of label,

Another quite different method which can be used to analyse
the transfer of[?é]compounds from cell to cell is autoradiography.
This method has several advantages over that used by Kolodny.
After co-culture of prelabelled donof cells with unlabelled
recipient cells, a physical separation of the donor cells from

recipient cells is not required and, therefore, ingestion of



tantalum particles by donor cells is unnecessary.‘Moreover, both
the geometry of the interaction between donor and recipient cells,
and the sites of_incorporation of label within the cells, can be
observed. Also, the extent of label transferred from donor to
recipient cells can be quantitated by grain counting. For these
reasons, the technique of autoradlography was chosen to study

transfer of labelled molecules between cells.

3.1, Transfer of molecules labelled with[?Hluridine between cells,

Initially, a co~culture procedure, similar to that reported
by Kolodny (1971), was used to establish that a transfer phenomenon
could be detected by autoradiography.

A culture of donor cells, prelabelled withl??Juri&ime for
L, was trypsinised and co-cultured for 5k, in the presence of
excess unlabelled uridine, with unlabelled recipient cells. The
cells were then processed for autoradiography. Fig., 1 shoﬁs that
all cells have incorporated label. The donor cells can be easily
identified from recipient cells, as the donor cells are heavily
labelled and the recipient cells are lightly labelled.

Grain‘counting on donor and recipient cells, from a similar
co-culture, showed that there was 7% transfer of donor cell
label to recipient cells im 3h. Kolodny (1971) found in a similar
co=culture, using 373 cells, that there was 10% transfer of donor
cell label to recipient cells in 4h., It appears, therefore, that
the transfer phenomenon described by Kolodny can be detected

to a quantitatively similar extent using autoradiography.



Fir. 1

Trpr =frr qf JAHJuridine labelled molécules from donor cells to
recipient cells

1 X 10 ' T3® cells (donors) and 1 x 10" cells (recipients)

were plated out separately in dishes and the cultures were

grown until they were confluent. A 1:1 co-culture of donoi- end

recipient cells was formed as
labelled for 4h v.ith LHjuridine
cells v;ere co-culturcd together for
0.0Amg/ml unlabelled uridine. Cells

autoradiography (Section 2.2.3.1.).

after 54 days.

in Section 2,2.2.

(3pCl/ml).

Donor cells were
Donor and recipient
5h in the pi-esence of
were processed for
Autoradiographs were developed

Magnification x 700.



H,1.1l. Effect of excess unlabelled vridine on the transfer of

donor label to recivient cells.

7
Kolodny (1971, 1972) added 1000~fold excess unlabié]ed
uridine during co~culture in an attempt to pfevent the[?;]uridine
labelled acid soluble pool being incorporated into RNA, so that
he could conclude that any label present in recipient cells
could only be due to RNA transfer. However, Kolodny did not
report thie effect of unlabelled uridine on the incorporation of
the pre~existing labelled donor cell acid soluble pool, so this
point was examined,

Confluent cultures of donor cells, prelabelled with{?%luridine
for Lh, were cowcultured for 1lOh, in the presence of either O or
0.04 mg/ml unlabelled uridine, with confluent cultures of
unlabelled recipient cells., Autoradiographs show that the quantity
of label present ih recipient cells is similar, whether excess
unlabelled uridine (Fig. 2a) or no uridine (Fig 2b) is present
during co~culture. Usinmg a few donor cells to many recipient cells
(see Sections 3.,1.3.1. & 3.1.%.2.), the guantity of label present
in donor and recipient cells, co-cultured together in the
absence or presence of excess unlabelled uridine (Fig. 6a,b,d),
was quantitated by grain counting (Fig. 3). The mean number of
grains/donor cell is similar in both cultures (103.4 for no
uridine; 100.0 for excess uridine). The quantity  of label present
in recipient cells (in direct contact with donor cells),
co~cultured in the presence of excess unlabelled uridine, is
still 97% of that presént in similar recipient cells, co~cultured
in the absence of excess unlabelled uridine (mean number of
grains/recipient cell is 14.6 and 15.1 in the presence and
absence of unlabelled uridine respectively)., This data shows that
excess unlabelled ﬁridine has little effect on the extent of

transfer of label from donor cells to recipient cells. Although




Fir. 2

Effect of excess unlobelled uridine on transfer ofpH]Juridine

labelled molecules between cells.

(a)

«

(b)

For details, see Legend to Fig. 1. Co-culture was 10h in the

presence of either a) 0O.U4mg/ml uridine or b) no uridine.

Autoradiographs were developped after 28 days. Magnification x 30o.



3 o Z
Fag. 2

Quantitation of the effect of excecs unlabelled uridine on

the transfer of'pg]uriﬁine labelled molecules between cells

5 x 105 B] cells (recipients) were plated out in 50mm dishes.
2hh later, 3 x 104 TG2 cells (donors) were plated out in SOmm
dishes and grown overnight. Co-cultures (few donor cells to
many recipients) were formed as in Section 2.2.3. Donor cells
were labelled for 4h with[?é]uridine (0.17uCi/ml), Donor and
reciplent cells were co-cultured for 3h im the absence (a,b)
or presence (c,d) of 0.04mg/ml unlabelled uridine. Cells were
processcd for grain counting.

Autoradiographs were developed after 22h for grain
counting on donor cells (a,c¢) and after 232h for grain
counting on reciplient cells (b,d).

Only recipient cells in contact with donor cells were counted,

200 donor cells were counted; *»350 recipient cells were counted.

a) donor: no uridine; b) recipient: no wridine;
¢) domor: + uridine; d) recipient: + uridine,.

Mean number of grains/cell a)lo3.4 bB)15.1 ¢)100.0 d)14.6
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this data is apparently consistent with Kolodny's sugecestion
that the acid soluble pool is not transferred between cells,
interpretation of the data requires caution, because several
1966; and see below) have shown that excess unlabelled
nucleosides are unsatisfactory in preventing the incorporation

of appropriately prelabelled nucleotides into nucleic acld,

2.1.2, Effect of excess unlabelled uridine on the incorporation

of[?Hluridine labelled acid soluble pool into RHA.

It 18 particularly important to ascertain whether the labelled
acid soluble pool, present in cells after a pulse with[?é]uridine,
is incorporated into RNA durimg a chase in the presence of excess
wnlabelled uridine, If the pool is incorporated, then its transfer
from donor to recipient cells, with its subseguent incorporation
into recipient RNA, could explain the appearance of labelled RNA
species in the recipient cells. However, if the pool is not
incorporated, this would strongly suggest that only labelled RNA
is transferred.

Cultures, prelabelled with[?iluridine for 4h, were incubated
in the absence or presence of excess unlabelled uridine for 3h,

It was found that total counts in the acid insoluble material

(RNA) increased considerably during the chase, even in the

presence of excess unlabelled uridine, indicating that the labelled
acid soluble pool was being used for RNA synthesis, in preference
to the exogenous unlabelled uridine (Table 1.0). The presence of
excess unlabelled uridine reduces the incorporation of labelled
acid soluble pool by only 10%. The labelled acid soluble pools at
the end of the 3h chase were similar in both cultures, suggesting
that the decay of the labelled acid soluble pool was not affected
by excess unlabelled uridine, However, not all the labelled acid

soluble pool is incorporated into acid insoluble material.



Effect of unlabelled uridine on the incorvorstion of al

Table 10

e

)é]uridin&

nrelabelled acid

soluble vool

Uridine conc, Length of Acid insoluble Acid s=oluble
in chase chase material material
(rag/mL) (h) (coepom.) (cepem,)

— o] Lo, 804 L6,016
0 5. £2,951 12,418
0,04 3 60,710 12,820

19€105 TG2 cells were plated out in 3%mm dishes and grown‘for 1&h,
Cultures were labelled for 4h with[?i]uridine (2.5pCi/ml), The
radioactive mediuwn was discarded and the cultures were washed %3
with BSS (3700). Three cultures were harvested at this time (zero
time). To another three cultures, 2ml EFC 10 was added and to a
further three cultures, 2ml EFC 10 containing 0.04mg/ml unleabelled
uridine was added. These cultures were incubated for 3h.
Incorporation of label into acid insoluble and ascid soluble materisl

was determined as in Section 2.2.9.




RNA, extracted by the cold phenol method at various times
during a chase in the presence of excess unlabelled uridine, was
analysed on sucrose gradients (Fig. 4). This shows that the stable
RNA species, rRNA and tRNA, in the cell have.all increased in
activity.

These results show that added excess unlabelled uridine
fails Yo 1nhiblt the incorporation of a‘fé]uriaine labelled acid
soluble pool into RNA during a chase, This means that the direct
transfer of the labelled acid soluble pool from labelled donor
cells to recipient cells, with its subsequent incorporation into
RNA in the reciplent cells, may account for at least part of the
label present in recipient célls. Therefore, experimental
techuniques which distinguish between labelled RNA precursor

transfer and labelled RNA transfer must be used.

3.1.3. Effect of actinomycin D on transfer between cells,

Actinomycin D, present during co-culture at a high
concentration to suppress total RNA synthesis, will distinguish
between acid soluble pool transfer and RNA transfer between donor
and recipient cells, If label is located in RNA of recipient cells
after co-culture under such conditions, this must be duve to
labelled RNA transfer from donoricells, and not to transfer and
incorporation of labelled acld soluble pool from donor cells.
Kolodny (1971) reported that actinomycin D, at a final
concentration of 12.5 pg/ml, still allowed 12% transfer of donor
Jabel to recipiént cells during a 5h co~culture, similar to that
found in a 5h unitreated co-culture. This is strong evidence that
RNA, and not the acid soluble pool is transferred, and this result
was a major foundation for his conélusions.

This experiment was repeated using autoradiographic analysis

to follow transfer, but the level of actinomycin D required to




Effcct of excess unlabelled uridine on incorporation of

—‘.‘/ B
[)H]uridine nrelabelled acld soluble pool into RNA

0.75 » 106 TG2 cells were plated out in 90mm dishes in 10ml
EFC 10 and grown for 20h.[?£]uridine (0.5pCi/ml) was added for
4h, Fach dish was then washed x 3 with S5ml BSS (37°C). One dish
was harvested at this time (zero time). The remaining cultures
were chased in 1Oml EFC 10 conteining 0.04mg/ml uridine for 3h
and 24h. These cultures were washed x % wlth BSS (5ml; OOC).
Cultures were harvested by adding 2ml O.l%(w/v)SDS/0.0BM«NHch
pH 5.1 Lo each dish for 5mim. The SDS lysate was scraped into
centrifuge tubes. 2ml 807 phenol/0,05M«NHch pH 5.1 was added
to each tube and the mixture vortexed for 2 min. The resulting
emulsion was separated by centrifuging at 10,000g for 10 min.
The agueous phase was re-eXtroacted with a further equal volunme

of 80% phenol/0.05M=NH, Ac pH 5.1. 2 vol absolute ethanol was

L
then added to the aqueous phase and the mixture left at
-20°C for 18h. The RNA was collected by centrifugation at

10,000g for 30 min and was resuspended in lml 0.1%SDS/0.05M-NH, Ac

b
pH 5.1. 2ml ethanol was added and the mixture left at mZOOC for
18h. The RNA was pelleted by centrifugation at 10,000g for %0
min., The pellet was resuspended in 1ml O.l%SDS/O¢05M~NH4Ac pH 5.1.
RNA (0.2ml) was separated through 5-20%(w/v) sucrose gradients,

containing 0.01%SDS/0.05MN-NH, Ac pH 5.1,at 100,000g for 3tk at 4°C.

Iy

Gradients were harvested by collecting 2 drop fractions on 3mm
Whatman discs,. Discs were dried at room temperature, washed x 3
in 5% 764 (0°C) for 10min, rinsed in ethanol and finally ether.
nack semple wes counted in 10ml toluene based scintillation

fluid with a Philips licuid scintillation spectrometer, Sterile

colutions and glessware were used throughout to eliminate
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inhibit RNA synthesis in BHK cells was determined first, 5 pg/ml
final concentration actinomycin D inhibitsL?%]uridine incorporation
into RNA by 99% of the control value, obtained in the absence of
actinomycin D. However, this concentrétion inhibits normal
spreading of cells, although the cells do attach (Table 11).

3 pg/ml actinomycin D allows spreading, although the process is
slower than the control without actinomycin D, 1 Pg/ml and 2 pg/ml
actinomycin D allow normal spreading of the cells, and still give

95% and 97% inhibition respectively.

3.,1.%5,), Lffect of actinomycin D on a co-culture of a 1:1 mixture

of donor and recipient cells.

Donor cells, prelabelled with-aﬂ]uridine for 4Lh, were
co~cultured for 5h, in the presence of actinomycin D (0, 1, or
2 pg/ml) and excess unlabelled uridinme, with recipient cells,
pretreated for 30 min with actinomycin D (0, 1, or 2 pg/mi).
.Autoradiographs show that both concentrations of actinomyecin D
' give similar results (Fig. 5b,c), and that, compared to the
untreated control (Flg. 5a), there is a considerable reduction
in the transfer of label to reclpient cells. This suggests,
contrary to Kolodny'!'s data, that labelled RNA precursors, and not

labelled RNA itself, are transferred to recipient cells.

A reduction in the proportion of donor cells used for
co-culture allows an easier and more informative analysis of
autoradiographs. Gradients of label are formed extending from
dontor -cells to surrounding recipient cells in contact. A
qualitativé assessment of the effect of any factor(s) which
reduces the transfer of label to recipient cells from prelabelled

donor cells, as well as an analysis of the geometry of interaction

between the donor and recipient cells, can be made. Alsoc, compared

o



fable 11

P 54 41 A a2

Effect of actinomycin D on the spreading of cells

Actinomycin D Appearance of cells after ovlating

conc, Lih h

(pa/ml) Attachment Spread Attachment Spread
0 4t IR EARREAEN RRRNEE
1 ok oA R SR
2 SRUES bt '+++ 4
3 bt — 4 +E4t
LN 44 — + R
5 44 — o o

5

5.5 x 10 TGZ cells (donors and recipients) were plated out in %Sum
dishes and grown for 17h. Co-cultures were formed as in Scction 2.2.2,
The medium was renewed.in each culture. %%h later, actinomycin D
(0,1,2,3,4,5pg/ml) was added to each recipient culture_and incubation
of all the cultures was continued for a further 3Omin., The cells
(donors and recipients) were trypsinised and co~cultured together

in the presence of actinomycin D (0,1,2,3,4 or Spe/ml). Cultures

were examined after 1% and 3h,




Fig. 5

Effect of actinomycin D on a 1l:1 co-culture of donor and

recipient cells,

3 5
1 x lOb TG, cells (doners) and 1 x 107 Bl cells (recipilents)

2
were plated out separately in 35mm dishes and the cultures

were grovn until they were confluent. L:1 co-cultures of donor
and recipient cells were formed as in Section 2.2.2. Donor cells
were labelled for L4h with[zi]uridine (5pCi/ml). Reciplent cells
were dincubated with actinomycin D (0,1 or 2pg/ml) for 30 min
before the trysinisation and cowculture step. Domor and
reciplent cells were co-~cultured together for 5h in the

presence of 0.04mg/ml uridime and actinomycin D (0,1 or 2pg/ml).
Cells were processed for autoradiography as in Section 2.2.5.1.

Autoradiogravhs were developed after 34 days. Magnification x 300,

a) opg/ml actinomycin D; D) 1pg/ml actinomycin D;

c) ?pg/ml actinonycin D,



(b)

(a)

(c)



Lo

to a 1:) mixture of donor and recipient cells, there is a much lower
background of grains, which is important for quantitation of

small amounts of label present in the recipient cells,

%.1.%5,2., BEffect of actinomycin D on a co-culture of a few donor

cells with many recipient cells.

A large excess of unlabelled recipient cells, pretreated for
30 mio with actinomycin D (0, 1 pg/ml), were co~cultured for 3h,
in the presence of actinomycin D (0, 1 pg/ml) and excess
unlabelled uridine, with a few donor cells, prelabelled with

[?g]uridine for Lh, Autoradiographs of the untreated mixed
population of cells (Fig. 6a,b) show a gradient of label running
from the heavily labelled donor cells to the unlabelled recipient
cells, The autoradiograph of the actinomycin D treated mixed
population of cells (Fig. 6¢) shows that the extent of transfer
has been dramatically reduced. This result strongly suggests that
prelabelled RNA is not trensferred, and that the label in recipient

-cells shown in Fig. 6(a,b,d) must be due, predominantly at least,
to the transfer of a labelled acid soluble pool.

The transfer of label from donor cells to recipient cells, in
the presence and absence of 1 pg/ml actinomycin D during co~-culture,
was quantitated to obtain an exact estimate of the proportions of
acid soluble pool, and of RNA, transferred from donor to recipient
cells, Fig. 7(a,c) shows the distribution of grains/cell in
untreated and actinomycin D treated donor cells re§pectively after
a 3h co-culture. The difference in the mean values (1L00.0 for
untreated; 83%.8 for actinéﬁycim D treated) is caused by two
different effects of actinomycin D, First, the incorporation of
the labelled acid soluble pool into RNA during co-culture, which
occurs in untreated cells, is inhibited by actinomycin D. Second,

there is a net loss in the actinomycin D treated cells of labelled




Fig. 6

Effect of actinomycin D on a co-culture between a few donor

cells and many reciplent cells,

2.5 % 105 Bl cells (recipients) were plated out in 50mm dishes,
1= 104 TG2 cells (donors) were plated out in 50mm dishes.
Cultures were grown for 16h. Cowcultures (few donors to many
recipients) were formed as in Section 2.2.3%. Donor cells were
labelled for L4h with[?ﬁ}uridine (5pCi/ml). Recipient cells

were incubated with actinomycin D (0, 1lpg/ml) for 3Omin

before the trypsinisation and co=culture step. Donor and
recipient cells were co=cultured together for 3h in the presence
of 0.04mg/ml uridine and actinomycin D (0 or lpg/ml?. Donor and
untreatcd recipient cells were also co-cultured together for Bﬁ
in the absence of either uridine or actinomycin D (d). Cells
were processed for autoradiography as in Section 2,2.5.1.
Autorediographs were developed after 30 days, Magnification:

a) x 44o; Db,c,d) x 700

a,b) Control untreated co-culture (+ uridine);
c) Actinomycin D treated cowculture (+ uvidine);

d) Untreated co-culture (no uridine).



(a)

(b)
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Quantitstion of the effect of actinomycin D ox & co-culture

of a few donor cells with many recipient cells

5 x 105 Bl cells (recipients) were plated out in 50mm plates.
24h later, 3 x lOl+ TG2 cells (donors) were plated out in

50mm dishes and the cultures were grown overnight, Co-cultures
(few donor cells to many recipients) were formed as in Section
2.2.%. Donor cells were labelled for 4h with[gé]uridine
(0.17pCi/ml). Recipient cells were incubated with actinenycin D
(o, lpg/ml) for 30 min before the irypsinisation and
co-culture step. Donor and recipient cells were co-cultured
for %h in the presence of 0,04mg/ml uridine and actinomycin D
(0 or 1lpg/ml). Cells were processed for graln counting.
Autoradiographs were developed after 22h for grain counting

on donor cells {(a,c) and after 232h and 1608h for grain
counting on untreated recipient cells (b) and actinomycin D
treated recipient cells (d) respectively., Mean number of
grains/actinomycin D treated recipieﬂt cell (4) was corrected
to 232h development time.

Only recipient cells in countact with donor cells were counted.

200 donor cells were counted; 7350 recipient cells were counted,

a) untreated donor; W) untreated recipient;

¢) actinomycin D treated donor; d) actinomycin D treated

reciplent.

ean number of grains/cell: a)l00.0; b)Ly.6; ¢)83.8; a)0,83.
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heterogeneous nuclear RNA, since this turns-over rapidly with &
half-life of 1lh (Penman et al., 1963). However, the major cytoplasmic
species already labelled (rRNA and tRNA) are stable in the presence
of actinomycin D. Fig. 7(b,d) shows the distribution of grains/cell
in untreated and actinomycin D treated recipient cells in direct
contact with donor cells, The mean number of grains/untreated cell
is 14.6 and the equivalent mean number of grains/actinomycin D
treated cell ié 0.83., This shows that the presence of actinomycin D
during co-culture reduces the transfer of label by 94.3%, Since

1 pg/ml actinomyclin D inhibits cellular RNA synthesis by only 95%,
the residual label in the actinomycin D treated recipient cells
could therefore be due to labelled acid secluble pool transfer, with
subsequent dncorporation at the reduced rate into recipient cell
nucleic acid, Therefore, there appears to be no evidence for
significant transfer of RNA from donor to reciplent cells.

The possibillity that sctinomycin D inhibits transfer of label
to-the recipient cells, by interfering with the mechanism of Junction
formation, was ruled out on two grounds ;- 1) residual label in
recipient cells (Fig. 6c) and, 2) by studying metabolic co-operation

between BHK-TK' and BHK-TK™ cells in the presence of actinomycin D,

2:1.3.%, Effect of actinomycin D on metabolic co-operation between

RHK~TRY and BHK-TK” cells.

Pitts (1971) has shown that when BHK-TK" and BHK-TK™ cells are
grovn together in the presence of[?é]thymidine, label is transferred
from the wild-type cells to the variant cells in contact.

Cultures of BHK~TK  cells, pretreated for 30 min with
actinomycin D (0, 1 pg/ml), were co-cultured for 5h, in the presence
of actinomycin D (0, 1 pg/wl), excess unlabelled uridine and[?H:]
thymidine, with unlabelled BHK~TK" cells. Fig. 8(a,b) shows

autoradiographs of untreated and actinomycin D treated cultures
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ommneraces

Effect of sctinomycin D on metabolic co-operation bhetween

BHE~TK" and BHE-TK™ cells

2,7 x lOSBHK»TK" cells (recipients) were plated out in 50mm
dishes, 1 x LLOL‘L RHK-TK" cells (donors) were plated out in
50mm dishes and the cultures were grown overnlght. The old
mediwa In the reciplent cells was replaced Lh prior to
co-culture, Co-cultures (few donors to many recipients)
were formed s in Section 2.2.3. BHK-TK cells (recipients)
vere incubated with actinomycin D (0, lpg/ml) for 30 min
before the trypsinisation and co--culture step., Douor

and recipient cells were co-cultured together for-Sh in the
presence of actinomycin D (0, lpg/ml), 0.04mg/ml uridine
and[?i]thymidine (6.7pCi/ml). Cells were processed for
avtoradiography as in Section 2.2.5.1. Autoradiographs were

developed after 13 days; magnification x 440,

a) untreated co-culture; b) actinomyéin D treated

co-culture.






respectively. The level of incorpération of label in both BHEK-TK'
cells (donor) and BHK~TK ™ cells (recipient) in Fig. 8(b) is less
than Fig. 8(a) because actinonycin D at the level of 1 pg/ml
inhibits the incorporation of[?é}thymidine into acid insoluble
material by %5% of untreated value, Therefore, it appears that
transfer of label clearly still occurs to a guantitatively

sinllar exteunt in the actinomycin D treated and untreated cultures,

Bl ., Sites of labelling in recipient cells,

Analysis of the sites of the label in recipient cells, after
co-~culture with[?é]uridine labelled donor cells, shows that the
nucleoli are heavily labelled (e.g. Fig. Ga,b,d). Heavy nucleolar
labelling is also present in recipient cells dn which the cytoplasnm
1s not well labelled (Fig. 9), suggesting that label.appears in
the nucleoli first and later in the cytoplasm, This is consistent
with a labelled acid soluble pool being fransferred to the
recipient cells, being incorporated into »RNA in the nucleoli and
- subsequently appearing inm the cytoplasm as labelled ribosomes, If
cytoplasmic RNA species were transferred from cell to cell, then
one would anticipate that there would be no particular nucleolar

labelling in recipient cells,

%.1.5. Effect of reduced labelled donor acid soluble pool on the

extent of labelling of recipient cells.

~

Since the resﬁlts above suggest that RNA is not trensferred
between cells, but that the acid soluble pool is, it is important
to show that transfer of label is reduced when the donor cells
contain labelled RNA but little or no labelled acid soluble pool,

[?é]uridine labels stable RNA species such as rRNA and tRNA,
and unstable species such as heterogeneous nuclear RNA. Since

heterogeneous nuclear RNA is unstable and turns-over rapldly




Analysis of the sites

**a

See Legend to Fig.

Fig. 9

of label In PITjuridine labelled donor

and recipient cells

6a,b.

Magnification x 700.
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(Warner et al., 1966; Penman et al., 1968), there is a continual
flux of labelled molecules into and out of the acid soluble pool
and, therefore, depletion of the labelled acid soluble pool to
form stable RNA molecules requires a long chase.

Cultures, pulse labelled for L4h With[?ﬁluridine, were chased
Tor vérious lengths of time im the presencé of excess unlabelled
uridine, Table 12 shows that the labelled aclid soluble pool is
reduced to 3% by 24h and remains coustant at subsequeni chase times.
Therefore . donor cells, with heavily labelled RNA but with virtually
unlabelled acid soluble pools, can be prepared.

Donor cultures, pulse labelled for 4h with[?ﬂluridine, were
chased for 24, 43 or 70h. These cultures were washed with BSS and
co-cultured for 3h, in the presence c¢f excess unlabelled uridine,
with unlabelled recipient cells. Control (no chase) donor cultures,
prelabelled for L4h with[?éluridine, were co~cultured for 3h, in the
presence of excess unlabelled uridine, with unlabelled recipient
cells, Autoradiograph Fig. 10a shows the characteristic transfer
and gradient of label from donor to reclpient cells in the control
culture, Fig. 10(b,c) shows that in the 43h chase and 70h chase
cultures respectively, the extent of transfer is drastically reduced.
Fig. 1l(a,c) shows the distribution of grainms/cell in the control
donor cells and 24h chase donor célls respectively. The difference
observed in the mean values (control cells: 96,1; chase cells:
64.1) is due to incorporation of labelled acid scluble pool and
cell division (donor cells doubling time is 17h under these
conditions) during the 24h chase. Fig. 11(b,d) shows the
distribution of grains/cell in control and 24h chase recipient
cells, in comtact with donor cells. The mean number of
grains/control cell is 21.0 and the equivalent mean number of
grains/24h chase cell is 0.72. This shows that a'th chase has

reduced the transfer by 96.6%. Therefore, it is the presence of




Table 12

Z
Effect of chase on size of[;ﬁluridine labelled acid soluble nool

Length of chase Acid soluble pool
(h)
cC.p.m, 9% =zero chase

value
0 206, BOE 100
3 87, Shily L2l
24 6,528 3.16
L8 10,020 Iy .86
72 . 9,738 .72

—-

Fach determination an aversge of 5 dishes,

1l x 105 TG, cells were plated out in 35mm dishes and grown for
21h, Cultures were labelled for 4h witht?ﬁ]uridine (8.59Ci/m1).
The medium was removed and the cultures were washed x 3% with
BSS (3700). Three cultures werc harvested at this time (zero
time). The remaining cultures were chased in the presence of
unlabelled uridine (0.04mg/ml) for 3, a4, 4& or 72h, The level
of radioactivity present in the acid soluble pcol at the end of

these chase times was determined as in Section 2.2.9.




Effect 0o” reducrd I H uridine labelled donor acid soluble

pool on the extent of labelling of recipient cells

(U

1 X 10~ TGp cells (donors) were plated out in 50mm dishes and the
cultures were grown for I6li. At the same time, 7.5 * 10'? cells
(recipients) were plated out in 50mm dishes and 48h later, ?.5 x 10C
cells and 7.5 x 10" cells were plated out in 50mm dishes. Each
recipient culture was grown to confluence. Co-cultures were formed
as in Section 2.2.3. Donor cells were labelled for /fth v.ith

uridine (57Ci/ml). After the donor cultures were washed free of
label, one culture was co-cultured for 3h v/ith unlabelled recipient
cells in the presence of 0.04mg/ml uridine (zero time). The
remaining donor cultures were cultured in 3ml EFC 10 for 43h or 70h,
washed x 3 in BSS (37°C) end then co-cultured for 3h v/ith
unlabelled recipient cells in the presence of 0.04mg/ml uridine.

Cells were processed for autoradiography, Autoradiographs were

developed after 30 days. Magnification x 700.

a)4h label: no chase; b)4h label: 43h chase; c)4h label; 70h chase.
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Fig, 11

peett

A
Guantitation of the effect of reduced{;A]uridine labelled

donor acid soluble pool on the extent of labelline of

recipient cells

3.5 x 105 and 7 x 105 Bl cells were plated out in 50mm dishes
and theé cultures were grown until confluent. 1 x 101+ TG2 cells
(donors) were plated out in 50mm dishes and the cultures were
grown for 24h., Co=cultures were formed as in Section 2.2.3.
Donor cells were labelled for Lh with[?é]uridine (0.17pCci/ml).,
After the donor cultures were washed free of label, ome culture
was co-cultured for 3h with unlabelled recipient cells in the
presence of 0.04mg/ml uridime (zero time), The remaining donor
culture was grown in EFC 10 (%ml) for 24h, washed x 3 with
BSS (3700) and then co-cultured for %h with unlabelled
recipient cells in the presence of 0.,04mg/ml uridine. Cells
were processed for grain counting,
Autoradiographs were developed after 22h for grain counting
on donor cells (a,c) and after 234h and 936h for grain counting
on control recipient cells (b) and chased recipient cells (d)
respectively. Mean number of grains/chased reciplent cell (d)
was corrected to 234h development time,
Only recipient cells in contact with donor cells were éounted.
200 donor cells were counted; »350 recipient cells were counted.
a) donor: control; b) recipient: control;
¢) donor: chesed; d) recipient: chased.
tean number of grains/cell: a)96.1; b)EL.10; ¢)21.0; d)0.72.
7
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the labelled acid soluble pool im donor cells, and not labelled
RNA, which is reguired for the transfer of label from donor to

recipient cells, and the formatiqn of the typical gradients of

labél observed in autoradliographs.

It is possible that the reduction in the extent of transfer
in the experiment described above is due to some effect of the
radiocactive label on the donor cells during the long chase.
However, when[?é}uridine prelabelled donor cells, chased for 20h
or 68h, were pulse labelled again with[%%luridine for Lhy and
co-cultured for 3h, in the presence of excess unlabelled uridine,
with unlabelled reciplent cells, extensive transfer was observed
(Fig. 12).

The results above show that the transfer of donor labelled
acld soluble pool to recipient cells, with its subsequent
incorporation into reciplent RNA, explains the appearance of at

least the vast majorlity of label in recipient cells,

%.1.6, Estimation of the maximum extent of RNA transfer between

Ecamamesy -

Angalysis of the autoradiograph (Fig. 13a) of a 43h chase
co-culture, after a long exposure time, shows that the small
amount of label itransferred to récipient cells is located in the
nucteoli, nucleus and cytoplasm of the cells. This suggests that
it is the transfer to recipient cells of part of the small residual
labelled acid soluble pool, still present in donor cells after the
chase (Table 12), which explains the light labelling of recipient
cells, and not the transfer of low levels of labelled RNA,

This result, and those obtained with actinomycin D (Section
3.1.3), show that 1little or no RNA is transferred between cells.

To estimate the maximum quantity of RNA which might be transferred

from donor to recipient cells, a combined chase and actinomycin D




Fig. 12
Effect of a long chase on the ability of labelled donor cells
to interact
(a)
1 X ic/' TG. cells (donors) were plated out in 337% dishes and the
cultures were grown for 16t. I x 10 cells (recipients) were
plated out in 33mm dishes at the same time or h8h later and the

cultures grown until confluent. Donor cells

with "1 uridine (2.5)iCi/ml) . The cells were

(377C) and cultured in EFC 10 (2ml) for 20h

culture at each chase time was pulsed again

(2.3pCi/ml). The other donor cultures

Lh to give 24h and ?2h chase control,

cells were co-cultured together

presence of 0.04 mg/ml uridine. Cells

autoradiography as in Section 2.2.3.1%

developed after 80 days. Magnification x 300 (a,b);
a) 4h label: 24h chase; b) 4h label:
c) 4h label: 72h chase; d) 4h label:

were chased for
cultures.

(Section 2.2.3.)

Autoradi.ographs

20h chase:

68h chase:

were labelled for ifh

washed x 3 with BSS
or 68h. One donor
with ~ Hjuridine

a further
Donor and recipient
3h in

for the

were processed for

were

x 1”80 (c,d).

4h label;

4h label.
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Fig. 13

Lffect of a combined chose plus actimomycin D treatment on

:, :
transfer of[BJWuridine labelled molecules between cells

FFor details, sce Legend to Fig. 10(b). Recipient cells were
incubated with sctinomycin D (0, 1lpg/ml) for 30 min before

the trypsinisastlon and co-culture step. Donor and reciplent
cells were co-cultured together for 3h in the presence of
0.0hmng/ml uridine and actinomycin » (0, ilpz/ml). Cells were
proéessed for autoradiography. Autoradiographs were developed

after 69 days. Magnification x 480.

a) 4h label: 43h chase control;

b,c) 4h label: 43h chase + actinomycin D.
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treatment were used, X

Donor cells, pulse labelled with[?@juridine for Lh, were
chased to deplete the labelled acid soluble pool, and then
co~cultured for %h, in the presence of actinbmycin D (0, 1 pg/ml)
and excess unlabelled uridine, with unlabelled recipient cells,
pretreated for 30 min with actinomycin D (0, 1 Vg/ml)b The
autoradiographs (Fig. 13) show that the small amount of label,
transferred from donor to reciﬁient cells in the control chased
co-culture without actinomycin D (Fig. 13a), is virtually
eliminated in the actinomycin D treated mixed culture (Fig. 13b).
However, ¥Fig. 13(c¢) shows that very small amounts of Label can
still be trausferred from donor cells to some reciplent cells,
in the actinomycin D treated co-culture, This label dis located
in the nuclel of recipient cells and evidence (Section 3.2.3.)
suggests that the label is in DNA. The extent of transfer of
labelled RNA frow donor to recipient cells was estimated by grain
counting to be no greater than 0.4% of the total label transferred
from dowor to reciplent cells, and this 0.4% includes
incorporation of labelled acid soluble pool, transferred from

donor cells, into DNA 1In recipient cells.

BedeZ. Transfer of[?i]uridine labelled molecules between 373 cells,

Since metabolic co-operation has been shown between 373 cells
and BHK cells (Pitts, 1972), it is unlikely that a different class
of labelled molecules is transferred to or from 3T3 cells, compared
to that transferred to or from BHK cells, However, since Kolodny's
results were obtained using 3T3 cells, it was of interest to
confirm that a labelled acld soluble pool is also transferred
between %1% cells.

A 1:1 mixture of 373 donor cells, prelabelled with[?é]uridine,

and unlabelled %73 recipient cells were co-cultured together in the




“HA e

presence of excess unlabelled uridine for 3h. The autoradiograph
(Fig. 14) shows that transfer of label between the 373 cells

could be detected. The nucleolli in the recipient cells are heavily
labelled, suggesting that 1abellea acid soluble pool is indeed
being transferred to recipient cells, and is being incorporated
into rREA.

To distinguish between this suggested labelled acid soluble
pool transfer, and the transfer of labelled RNA (as suggested by
Kolodny), donor cells, pulse labelled with[?é]uridine for 4h, weres
chased 20h to deplete the labelled acid soluble pool. The donor
cells were then co-cultured for 3h, in the presence of exXcess
unlabelled uridine, with unlabelled recipient cells,
Autoradiographs show that the transfer of label from donor cells
to recipient cells is considerably reduced in the chase
comculture (Fig. 15b), compared to the guantity of label transferred
in the control co-culture, without a chase (Fig. 15a).

This therefore suggests that, as with BHK cells, there is
no significant transfer of RNA between 373 cells, and that
transfer of labelled acid soluble pool from donor cells to
recipiént cells, with its subsequent incorporation into recipient
cells, probably accounts for all the label present in the

recipient cells,

5.1.8. Comparison of the characteristic feztures of[?ﬁ]uridine

labelled acid soluble pool transfer and metabolic co~operation.

Available evidence from experiments on metabolic co-operation
suggests that nucleotides are transferred between cells (see

section 1.2.7.). Evidence presented above also shows that the

labelled uridine acid soluble pool, but not labelled RNA, is
transferred between cells., The characteristics of these two types

of transfer between cells will be examined,



Transfer OfPHluridine labelled molecules between 5T3 cells

/4

%

5*%5 X 10g 3T5 cells (donors and recipients) were plated out in
33mm dishes, and the cultures were grown until they were
confluent, A 1:1 co-culture of donor and recipient cells v/as
formed as in Section 2.2.2. Donor cells were labelled for-4h
with uridine (5pCi/ml). Donor and recipient cells were
co-cultured together for 3h in the presence of 0.04mg/ml uridine.
Cells were processed for autoradiography as in Section 2.2.3.1.

Autoradiographs were developed after 43 days. Magnification x 300



Liffect of reduced[?é]uridine labelled donor acid soluble

pool on the transfer of label between 3T3 cells

Lo . ’
1% 10" 373 ¢ells (donors) were plated out in 35mm dishes,

€

1 x 107 3T3 cells (recipients) were plated out in 35mm dishes
at the same time and also 24h later. The donor cultures were
grown for 16h, Co-cultures were formed as in Section 2.2.3.
Donor cells were labelled for Lh with[?é]uridine (E.SPCi/ml).
After the donor cultures were washed free of label, one
culture was co-cultured for 3h with unlabelled recipient cells
in the presence of 0,04mg/ml uridine (zero time control). The
remaining donor culture was culturecd in EFC 10{2ml) for 20h,
and co-cultured for 3h with unlabelled recipient cells in the
prescnce of 0.04mg/ml uridine. Cells were processed for
avtoradiography as in Section 2.2.5.1. Autoradiographs were

developed after €0 deys, Magnification: a) x 480; b) x 300.

a) 4h label: no chase; b) 4h label: 20h chase,
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3.1.8.1, Extent of PHK, Heba and L cell dnteractions.

Pitts (1972),. studying metabolic co-operation between
BHK/REK, HeLa/RPHK and L/BHK cells,reported that there are
guantitative differences in the eﬁtent of interaction between cells
(rable 3).

Transfer of label between BHK/BHK, HelLa/BHK and L/BHK cells
was studied by co-culturing cells (either BHK, HeLa or L),
prelabelled wi'l;h[?l:auridine$ with unlabelled BEK cells,
Autoradlographe (Fig. lb6a,;b,c) were prepared., Quantitation of the
extent of interaction (Table 13) shows that there is good transfer
between BHK/BHK cells, intermediate transfer between Hela/RBHK
cells and virtually no transfer between L/BHK cells. Therefore, the
extent of interaction between cells due to labelled uridine acid
soluble pool transfer is similar to that due to metabolic
co-operalion,

The inability of L cells to show metabolic co-oneration is
domimant in mixed cultures (pPitts, 1971)., Fig. 16(a,c) also shows
that the inablility of L cells to transfer the[?é]uridine Jabelled

acid soluble pool is dominant in mixtures of L cells and BHK cells.
s

2.1.,8,2, Direct transfer of label from cell to cell.

Evidence has been presented (éee-Section 1.2.2.) to show that
direct contact between the cells is required for metabolic
co~operation, Direct contact between donor and recipient cells is
also apparently required for the transfer of[?é]uridine labelled
acid soluble pools to occur,; as shown in many of the figures.

Fig. 17(a) shows that where a recipient cell is connected to a
donor cell by only a thin cytoplasmic bridge, transfer can still
occur quite efficiently. In the absence of apparent direct contact,

transfer does not occur (Fig. 17b).

Therefore, all the available evidence suggests that the




Fir. 16

Extent of PHK, HeI.a and L cell interactions

1 x 10 donor cells (EHK HeLa, L) were plated out in
35mm dishes and the cultures were grown for I8h. A confluent
culture of TG” cells, in a Boz bottle, was used as recipient
cells. Co-cultures were formed as in Section 2.2.3. Donor cells
were labelled for Ilh with Q>iJuridine (2, 5pGi/inl). Donor and
recipient cells (4 x 10”) were co-cultured together for 3h,
Cells were processed for autoradiography as in Section 2.2.5.1.

Autoradiographs were developed after 20 days. Magnification x 170,

a) BHK/BHK; b) HeLa/BHK; c¢) L/BHK.

(a)

/e
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Table 15

aravam

Quantitation of the extent of interaction of various cell lines

(donors) with PHK cells (recivnients)

Pattern of label in recipient cells (%)
Donor
cells
Heavy Light Backsround
BHR 99 1 R
Hela 75 22 3
]-4 - A 9 r‘;)

See Legend to Fig. 16 for detalls of preperation of the
autoradiographs. The extenlt of interaction of donor ¢ells was
guantitated as followss-

Heavy: heavily labelled recipient cells
in contact with donor cells. cf. Fig. 35(b);

Light: lightly labelled recipilent cells
in contact with donor cells. c¢f. Fig. 33(c¢);
Background: hackground grains only in

recipient cells in contact with donor cells, cf. Fig. 3%(a,qd).

At 'least %00 donor cells were counted for each cell line,




Fi (. 17

Renuirgmcnt of direct cell-to-cell contact for tranr.for of

label between cells

(a)

(b)

See Legend to Fig. 6a,b. Magnification > 700.



characteristic features of metabolic co-operalion between cells
are very similar to those shown by[%é]uridine labelled acid

soluble pool transfer between cells. This strongly suggests that
the two phenomena are mediated by the transfer of the same types

of molecules.

3.1.9, Nature of the wolecules transferred between cells.

Considerable evidence has been presented above. to show that
1t is the acid soluble pocl which is transferred between cells,
This pool consists of nucleosides and nucleotides. Nucleotides
cannot pass from cell to cell without either loss of the phosphate
group (Leibuan & Heidelbergexr, 1955; Subak-Sharpe, 1969), or
using some ''special transfer mechanism",

Since excess unlabelled uridine did not significantly
décrease the quantity of label transferred to recipient cells
{Section 3.1,1.), this eliminates medium transfer of{?ﬁ]uridine
‘between cells as the source of reciplent cell label (also, sece
Section 3.1.8.2.). Also, excess unlabelled uridine probably
dilu%es any intracellular nucleoside pools i1 the cells, so that
direct transfer of 3H‘]uridine between cells 1s unlikely to be
the basis for the label observed in recipient cells.

Further evidence against difect transfer of labelled
nucleosides (and bases) between cells could be obtained from the
study of the transfer of a[?ghhypoxanthine labelled acid soluble
pool, present in BHK~IPP" cells, to BHK~-IPP  cells. However, it
was necessary first to show that such a pool could be transferred
to, and incorporated into, the BHK-IPP cells.

BHK-IPP " cells, prelabelled with[?H hypoxanthine for L4h, were
co-cultured for 3h, in the presence 'of actinomycin D (0, 1 pg/ml),
with unlabelled BHK-IPP cells, pretreated with actinomycin D

(0 1 pg/ml) for 30 min. Autoradiographs were prepared. Transfer




AT

ol lzbel to recipient cells in the untreated co-=culture occurs
(Fig. 18a), although the extent of transfer is small, compared

to thet‘élurwdxne level,; due to the low speclific activity of the
L?j]h]poxantnxne. Fig. 18(b) shows that very little label is
transferred between cells in the actinomnycin D treated co-culture.
Therefore, the label present in recipient cells (Fig. 18a) is due
to transfer of labelled acid soluble pool from BHK-IPP" cells,

and its incorporation into BHK~IPP™ cells, and is not due to
labelled polynucleotide transfer.

The presence of label im IPP™ cells (Fig. 18a) must be due
to either &) transfer of labelled ﬁucleotides from ;gg+ cells,
and thelr incorporation into recipient cells, or

b) transfer of both labelled nucleosides (or bhase) and
1g2 enzyme (or information to make the enzyme) from lgg+ cells
to IPP™ cells.

Available evidence suggests that a funciional ggg+ énzyme

.is not present in IPP~ cells, cultured in contact with ng+ cells.
(Section 1.2.6.). This shows that nucleotides are the molecules
which are transferred between cells,

A "speclal mechanism' must therefore be invoked for
nucleotide transfer between cells, Gap Jjunctions have been
suggested to be the site of tranéfer of molecules between cells

and these could provide this "“speclal mechanism',




Fir. -8
Transfer of r*lilhvpoxant-hine label led acid soluble nool from

donor cells to recipient cells

\u #
(a) (b)
1 X 10* BHK-IPP <cells donors) were plated out in 35mm dishes

and the cells were grown for 18h. 4 x 10~ BHK-IPP™ cells (TG";
recipients) were plated out in 3.5mm dishes. Co-cultures were
formed as in Section 2.?7.3. ERK-IPP* cells (donors) were labelled
for 4b with [*"1"hypoxanthine (3pCi/nl). BHK-IPP™ cells (recipients)
were incubated with actinomycin D (0, Ipg/ml) for 30 min before
the trypsinisation and co-culture step. Donor and recipient cells
were co-cultured together for 3h in the presence oj° actinomycin D
(0, Ipg/ml). Cells were processed for autoradiography as in
Section 2.2.3.1. Autoradiographs were developed after 26 days.

Magnification x 480,

a) Untreated culture; b) actinomycin D treated culture.



3.2, Transfer of DNA precursors between cells,

%.2.1, ITs DNA transferred between cells?

Although it is generally accepted that DNA is not commonly
transferred between cells (Section 1.2.7.), there is no direct
evidence against such transfer, and various reports have presented
evidence for the movement of DNA and chromosomes from cell to
cell (Lindholm & Britton, 1967; Bendich et al., 1967). Therefore,
the suggestion that the nuclear label found in BHK~-TK cells,
growing in contact with BHK-TK' cells in the presence of

[?é]thymidine, is due to labelled thymidine nucleotlide transfer,
and not labelled DNA transfer, requires critical examination,

Since[?ﬂ thymidine labels the acld soluble thymidine
nucleotide pool, as well.as the DNA, the labelled acid soluble
pool must be depleted by further culture in the absence of

[?Hjthymidine, before DNA transfer, in the absence of possible
nucleotide transfer, can be studied. It was found that the pool
decays rapidly, and after a 2h chase,it falls to 6% of the
original value at the start of the chase (Table 14).

Donor cells were prelabelled with[?é]thymidine for 20h
which allowed most cells to pass through the S phasé (doubling
time of donor cells under these conditions is 17h). A 10h chase
depleted the label in the acid soluble pools, and the cells
were then co--cultured for 3h with unlabelled recipient cells.
There is no label present in the nuclel of the recipient cells
adjacent to the heavily labelled donor cells (Fig. 19), showing
that there is no detectable transfer of DNA between cells. This
1s consistent with the earlier suggestion that thymidine
nucleotide transfer hetween cells is the basis of metabolic
co—~operation between 2§+/2E" cells,‘HOWever, direct evidence for

thymidine nucleotide transfer between cells is still reguired.




Table 14

flfect of a chase on the size ofi?ﬁ]thymidine labelled =2cigd

soluble pool

Acid soluble pool
Length of chase
(h) % =zero chase
d.p.m, value
0 61,316 100
0.5 10,418 17
1 5,137 &l
2 3,599 5.9
10 981 1.6

Bach delermination an average of 2 dishes. - :

1 XIOB'TG? cells were plated out in 3%mm dishes and grown for
s

1€h. Cultures were labelled for lh with{}éﬂthymidine (5pCi/ml;

€.,

1.25 x 10 "M). The medium was removed and each culture was
washed x % with RSS (5700). Two cultures were harvested at this
time (zero time). The remaining cultures were chased for 0.%, 1,
2 or 10h. The level of radioactivity present in the acid soluble’

pool at the end of these chase times was determined as in Section

2.,2.8,




Fig. 19

No transfer of DNA between BKK cells

%

7 X 10 BHK-TK cells were plated out in a 30mm dish.

1 X 10 EHN-TK® cells (TG”") v/ere plated out in a 50mm dish and
the culture was grown for 1?h. BHK-TK* cells were labelled for
20h v/ithj~1[]Jthymidine (3.5pCi/ml; 8 x 10~"M). The BHK-TK* cells
were washed x 3 with EFC 10 (5ml; 37°C) and the cells incubated
in 3ml EFC 10 for IOh. A co-culture between BHK-TK* cells (donors)
and BHK-TK™ cells (recipients) was formed as in Section 2.2,3.
BHK-TK* cells and BHK-TK™ cells were co-cultured together for 5h.
The cells v/ere processed for autoradiography as in Section 2.2.5.1

Autoradiographs were developed after 15 days. Magnification x 700.



3.2.2. Thymidine nucleotide transfer between cells,

The possible transfer to recipient cells of{?ﬁ}thymidine
labelled acid soluble nucleotide pools, present in donor cells,
was investigated.

Donor cells (BHK«TK+) were grown in the presence of
[?Hjthymidine for 22h to mark the cells and to label the acid

soluble nucleotide pool of the 8 phase cells., The donor cells

were washed with BSS to remove the unincorporated{quthymidine,
and then co~cultured with unlabelled recipient cells (BHK~-TK™)
for 30, 60 and 120 min, The cells were prepared for
autoradiography by a method which allows detection of acid
soluble material (Section 2.2.5.2.), to dincrease the sensitivity
of the experiment. Fig. 20 shows labelled recipient cells around
a donor cell after 30 min co-culture. The label present in
reclpient cells could be due to lahelled thymidine nucleotide
transfer, labelled thymidine transfer or labelled DNA transfer
from donor cells. However, labelled DNA is not transferred from
donor to recipient cells (Section'E.E.l.). Also, labelled
thymidine transfer does not occur because 1) thymidine should
pass as easily out of the cells, as between cells. Therefore,
reclpient cells distant from donor cells should be labelled,
This is not found, ' 2) if labelled
thymidine is transferred to reclpient cells (BHK-TK ), it will
not be incorporated into DNA, unless the 2§+ enzyme 1s also
transferred, However, there is no evidence for the transfer of
specific enzymes (se Section 1.2.6.) or of proteins (Section
%2.3.1,) between cells. On the other hend, labelled thymidine
nucleotides transferred to the BHK-TK  recipient cells would be
incorporated into DNA.

Therefore, it appears that thymidine nucleotides are
transferred from donor cells to recipient cells and are

incorporated into recipient cell DNA,




Fif*. 20

Trans fcr of P*lilthynidino labelled acid soluble nool between

BHX cells

Sf

* ok >pg

I X 10~ BHK-TK* cells (TG”; donors) were plated out in 5%
dishes and the cultures v/ere grov/n for 16b. A subconfluent
cultui-e of BHK-TK™ cells (E”), growing in a ooz bottle, was used
as recipient cells, EHK-TK® cells v/ere labelled for 22h with
[ID thymidine (2]/Gi/ml; 1.25 x lo“%I|). Trypsinipati.on of the
recipient cells, and co-culture of the donor and recipient cells
(1.25 X 10~/dish) v/as as in Section 2.2.3, Co-culture v/as
continued for 30 min, 60 min and 120 min. Cells v/ere processed

for autoradiography as in Section 2.2.5%¥2. Autoradiographs v/ere

developed after 62 days. Magnification x 440.

Fig. 20; 30 min co-culture.
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3.2.5, Liabelling of reciplent cell DNA by nucleotide fransfer

= :
from[;—HSWuridine Jabelled donor cells,

An anomalous incorporation into recipient cell nqclear
acid insoluble material is observed (e.g. TFig. 13c¢) when donor
cells, prelabelled for Lh with[?wﬂéjuridine, are co-cultured,
in the presence of actinomycin D ( 1 pg/ml) and excess unlabelled
uridine, with unlabelled recipient cells, pretreated for 30 min
with actinomycin D (1 pg/ml). Since only some vrecipient cells
contain predominant nuclear label (Fig. 21lb), this sugpests that
the label may be in DNA as 6n1y some recipient cells would be
present in the S phase of the cell cycle during co-culture. A
similar geometry of labelled cells, to that above, has already
been described for metabolic co-operation between BHK-TK ' /BHK-~TK™
cells (Section 3%.1.%.3.,), and for thymidine nucleotide transfer
between cells (Section 3.2.2.). Therefore, the nature of the
molecules labelled by[émH%]uridine was examined, It was shown
that label was incorporated into RNA and a little into DNA.

Cultures of cells were labelled for Lh with[é«ﬂ%]uridine.
After removal of the acid soluble pool, followed by washing with
distilled water, the cells were incubated with RNase (0, 10 Fg/ml)
for 48h at B?OC. Autoradiographs were prepared. Fig. 22(a) shows
an untreated culture with heavily.labelled cells, containing
prominent nucleolar labelling. Fig, 22(b) shows that after RNase
digestion, heavily labelled nuclel still remsin in some cells,
although label in the eytoplasm and nuclecli has been reduced
to background level, This is in agreement with Comings (1965),
who labelled human fibroblasts with[?~H€]uridine, snd showed
that RNase digestion left label only in the nucleus (neot in
nucleolus) of 25% of the cells. This remaining label was sensitive
to DNase digestion. Therefore, he concluded that[gmﬁ%luridine

could label DNA.




(o)

(b:

Presence of label,

cells,

See Legend to Fig.

Fir. 21

transferred from P H uridine

labelled donor

in the nuclei of some recipient cells.

J IrM 3 -

1-_

6(a,b,c). Magnification x 700.

a) control untreated co-culture (+ uridine);

b) actinomycin D treated co-culture (“uridine).



Effect of RNase on tfriln uridine labelled cel

(a) (b)

1 X 10~ TG" cells were plated out in 35mm dislies, containing

3 coverslips, and the cultures grown for iSh. The cultures were
labelled for 4h with[yn]uridine (2.5pCi/ml). The cells (on coverslips)
were immersed in formol saline, and washed in 10~ TCA and

distilled water, as in Section 2.2.5.1. Coverslips v/ere placed

in vials containing RNase (0, 10]ig/ml) and the vials (sealed)

were incubated at 377°C for 48h. The coverslips were washed in

10% TCA and distilled water, dipped in ethanol and dried at 37°C

(see Section 2.2.5.1.). Autoradiographs v/ere prepared.and

developed after 14 days. Magnification x 480.

a) O|ig/ral RNase; b) 10pg/ml RNase.
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Uridine is probably converted to cytidine nucleotides
(Lieberman, 1956; Hurlbert & Kammen, 1960) in the cell, and these
can be incorporated into DNA. Therefore,[?»ﬂi]uridine could be
dincorporated lnto DNA by this pathway.

Although the nuclear labelling is much easier to observe
in the actinomycin D treated cultures (Fig. 21b), autoradiographs
of co~cultures in the absence of actinomycin D show nuclear
labelling in recipient cells (Fig. 6a, 2la). Since DNA is not
transferred between cells (Section 3.2.1.), this further shows
that labelled nucleotides are transferred Irom the donor cells to

the recipient cells and that these are incorporated into DNA.

5.2.4. An attewmpt to obtain s simplified quantitative system to

measure the extent of label transferred between cells.

The method of grain counting is slow and laborious for
the quantitation of varying degress of interaction cccurring
lbetween different cell types. An alternative method would
facilitate the quantitation of nucleotide transfer between cells.

A guantitative assay could in theory be developed by
measuring the incorporation of prelabelled donor nucleotide pools
into the nucleic acid of mixed cultures of the donor and
unlabelled recipient cells, proviAing the incorporation of
labelled nucleotides into the nucleic acid of the donor cells
could be specifically lnhibited. Then, the difference between
the incorporation of label into nucleic acid of the mixed cell
population (inhibited donor cells plus recipient cells) and
into the nucleic acid of a control population (inhibited donor
cells albne) would give @ direct messure of nucleotide transfer
between these cells.

Hydroxyurea was selecled as a inhidbitor for the following

reasonst -




1) it is an effective inmhibitor of DNA synthesis, while
permitting continued synthesis of RNA and protein (Adams et al.,
1966);

2) a site of actlon is known., It dinterfers with the
enzyme ribonucleoside diphosphate reductase, which reduces
ribonucleotides to deoxyribonucleotides (Adams et al.,, 1966);

%) it incresses the size of the[?gdeTP pool compared
to untreated cells (Adams & Lindsay, 1966; Shoog & Nordenskjbld,

- 1971);

4) although inhibition by hydroxyurea is reversible
after removal of the hydroxyurea, the recovery of DNA synthesis
is slow for the first 2h (Shoog & Nordenskjdld, 1971),

It may be predicted therefore, that after labelling
hydroxyurea treated cells with[?@vthymidiné, they should contain
a highly labelled acid soluble pool, and that during a subsequent
chase in the absence of hydroxyurea, cellular DNA synthesis
should recover slowly. Such cells could be used as donor cells
for the guantitative assay of nucleotide transfer.

Cultures of donor cells were treated with hydroxyurea (6mM)
for Bﬁ (conditions which give 98% inhibition of DNA synthesis,
méasured by[?é}thymidine uptake dnto labelled acid insoluble
material). The denor cells were:pulsed with[?H thymidine éuring
the last 10 wmin of the hydroxyurea treatment., The hydroxyurea
and unincorporated label were removed by washing the cultures with
BSS. Two cultures were harvested to measure the[?é]thymidine
incorporation into DNA in the donor cells at this time (zero tiue}.
To 6 cultures, recipient cells in fresh medium were added and to a
further 6 cultures, medium alone was added, and incubation
continued., Duplicate control cultureé and duplicate mixed cultures

were harvested at th, 1h and 1th. Label present in acid insoluble

‘ and acid éoluble material was estimated as in Section 2.2.2.

L
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Fig. 23(a) shows that the level of label incorporated into acid
insoluble material is the same at each time for both control and
mixed cultures. This suggests thalt after removal of hydroxyuresa,
DNA synthesis in the donor cells recovered rapidly, and that
label is incorporated into both mixed and control cultures at a
similar rate. Fig. 23(b) shows that the 1abelle@ acid soluble pool
disappears at a similar rate in both mixed and contreol cultures.
However, a considerable fractlon of the labelled acid soluble pool
(60%) is not incorporated into DNA, but is lost from the cell., 4
similar loss (65%) of labelled acid soluble pool was observed from
L cells treated with hydroxyurea (Adams et al., i97l).

Another inhibltor of DNA synthesis, mitomycin C, which is
not rapidly reversible, also caused a considerable loss (92%
of the prelabelled nucleotide pool from donor cells during the
chase. Therefore, although the two inhibitors used were
uwnsatisfactory, the method in principle is sound, if an effective
inhibitor, which does not cause a loss of labelled ﬁucleotides

from the donor cells, can be obtained.
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Incornoration of DI;H thymidine »relabelled acid solublce pool,

present in hydroxyurea treated donor cells, in the absence of

hydroxyurea

2.5 % 105 TG2 cells (BHK»TK+; donors) were plated out in 50mm
dishes and the cultures were grown for 18h, A subconfluent
culture of BHK~TK cells (Bl), growing in a 8oz. bottle, was .
used as recipient cells, Each donor culture was incubated

for %h in the presence of hydroxyurea (6mM). The donor
cultures were pulsed with[?ﬁ]thymidine (ZpCi/ml: 5 x 10“7M)
during the last 10 min of hydroxyurea treatment. The cultures
were washed x % with EFC 10. Two cultures were washed ¥ 5 with
Sml BSS (OOC) at this time (zero time). Reciplent cells

(L. x 105) in Sml EFC 10 were added to one half of the
remaining cultures and Sml EFC 10 alone was added to the other
half of the cultures., Duplicate cultures of donors + recipients
and donors alone were harvested after 30, 60 and 90 min
incubation by washing z 5 B3S (OOC). Tabel present in acid
insolubhle material and acid soluble pool was estimated as in

Section 2.2.8.

a) Acid insoluble material; Db) Acid soluble material,

e =1 Donor cells alone.

G~ : Donor + recipient cells,
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3.5, Transfer of other molecules between cells,

The available evidence {Sections 1.1.2., %.1l. & 3%.2.)
suggests that small molecules, such as dyes and nucleotides, can
be transferred between cells, but that macromolecules such as
RNA and DNA are not. Therefore, the possible transfer between
cells of other small molecules (glucose labelled acid soluble

pool) and other macromolecules (proteins) was investigated.

%3.%3.1, Is protein transferred between cells?

Although detectable levels of specific enzymes are not
transferred between cells (Section 1.,2.6.), it is possible that
there is a general transfer of low levels of many proteins
between cells,

Donor cells, prelabelled with[?H leucine for 4h (1% normal
leucine medium), 12h (10% normal leucine medium) and 21h (normal
medium) were co-cultured for either 5h or 24h, in the presence of
x10 normal leucine medium, with unlabelled recipient cells. Even
after a long autoradiographic exposure (91 deys), no detectable
transfer of label from donor cells to recipient cells was observed
(Fig. 24a,b,c). Therefore, this suggests that there is no
detectable (£0.02%; qﬁantitated by grain counting) transfer of
proteins between cells, -

{gethylmuélmmethionine will also 1abé1 proteins of the cell,
However, since it can donate its methyl group for methylation of
other molecules in the cell, it will also label to a minor extent.
DNA (Burdon & Adams, 1969), and methylated RNA molecules such as

rRIVA and tRNA.

Donor cells, grown for 18h in the presence of formate (2 mg/ml)

to prevent methyl group incorporation into the purine ring
7
Bkeletons, were prelabelled with[;ethylwni]mmethionine for 4h in

the presence of 1% normal methionine mediwn and formate (2 mg/ml),




rig. 24

7
No transfer of protein d}ﬁ]leucine labelled) bhetween BHK cells

Z
5 % 10° TG, cells (donors) were plated out in 35mm dishes and

2
[ 4

the cultures grown for 1l6h, 3.6 x 10~ By

and 2 x 105 Bl cells (recipients) were plated out in 35mm

cells (recipients)

dishes and grown for 24h and 48h respectively. Co-cultures
were formed as in Section 2,2.%. Donor cells were labelled
for h (in 1% normal leucine medium), 12h (4n 10% normal
leucine medium) and for 21lh (in normal leucime medium) with
[?é]leucine (2p2€i/ml). Donor and recipient cells were
co=cultured together for either 5h or 24h in the presence of
% 10 normal leucine mediuvm, Cells were processed for
autoradiography as in Section 2.2.5.1. Avtoradiographs were

developed after 91 days. Magnification x 480.

a) 4h label: 5h co-culture; b) 12h label: 24k co-culture;

¢) 21h label: 5h co-culture,




(b)

(a)

(c)



and then co~cultured for 5h, in x10 normal methionime medium
with added formate (2 mg/ml), with recipient cells, The
autoradiégraph(Fig. 25) shows that there is no detectable transfer
of label (£0.05%) from donor cells to reciplent cells,

Therefore, there appears to be no transfer of proteins,
Jabelled with either[?H leucine or {éethylnH%l~methionine between

cells.

%3.%3.2, Transfer between cells of molecules labelled with

D«gluCOSemamHB.

Resulis presented in Sections 3.1l. & 3.2, show that
nucleotides can be transferred between cells. The possibility
that other small phosphorylated molecules, such as phosphorylated
sugars, may be transferred from cell to cell was studied,
Labelled glucose was selected; however, since glucose can be
metabolised in the cell by the glycoiytic pathway to form.many
cellular intermediates, and since interest was centred on
glucose phosphates or related compounds, Dmglucose~2=H3 was chosen,
The metabolism of this labelled glucose molecule results in the
loss of the tritium label during the reaction catalysed by
phosphoglucoisomerase, an enzyme present in the glycolytic pathway.
Cultures of donor cells weré prelabelled for 6h with

glucosem2~H3

in glucose free medium and co-cultured for 3h, in
either glucose free medium or normal medium, with unlabelled
recipient cells. Autoradiographs show that label is transferred
from donor cells to adjacent recipient cells,whether unlabelled
glucose is present (Fig. 26a) or absent (Fig. 26b) during co-culture.
The labelled material, present in recipient cells, could be
due to either incorporated labelled acid soluble pool transferred

from donor cells and/or labelled glycoproteins and glycolipids

transferred from donor cells. However, transfer of glycogen, which




Fir. 25

Ko transfer of protein ethlonine 1label led)

between BHK colls

4 X 10 cells (recipients), in 2rnl EFC 10 containing
2mg/rnl formate, were plated out in dishes. 1 x 10 TG
cells (donors), in 2ml FFC 10 cont;ining 2mg/ml formate,
were plated out in 35mm dishes and the cultures grown for
18h. Co-cultures were formed as in Section 2.2.3. Donor cells
were washed x 3 with BSS (2ml; 3770). Medium containing 1%
normal methionine and 2mg/ml formate was added to both donor
and recipient cultures. Donor cells were labelled for /|h
with methyl-H'"-methioninc (2j.iGi/ml) , Donor and recipient
cells were co-cultured together for 5h in the presence of x 10
normal methionine medium and formate (2mg/ml). Cells were
processed for autoradiography as in Section 2.2.3.1,

Autoradiographs wore developed after 63 days. Magnificati on

X 700.
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Transfcr of Dm@lucosemé’-«H3 labelled molecules from donor cells

to recipient cells

1l x 10u TG2 cells (donors) werc plated cut in %5um dishes.

-
1.5 x 107 B, cells (recipients) were plated out in 3%mm dicshes

1
at the same time and also 24h later. The donor cultures were
grown for 20h. Co-~cultures were formed as in Section 2.2.3.
Donor cultures and one reciplent culture were washed x % BSS
(2ml; 3700), which 1s glucose free, and the cultures were
incubated in 0% gl&cose normal medium., Donor cultures were
Labelled for 6h with glucosema-a}l3 (5ppCi/ml) . Domor cells were
washed x 3 with B3S. One donor culture had 0% normal glucose
medium added and was incubated for 18h,

Donor and recipient cells were co-cultured together for 3h,
either in the absence of glucose (0% noymal glucose medium

using the appropriste recipients) or in the presence of glucose
(normal slucose medium)., The chased donor cells were co-cultured
for 3h with unlabelled recipient cells, in the presence of
normal glucose medium. Cells were processed for auvtoradiography

as in Section 2.2.5.1. Auvtoradiographs were developed after 79 days.

vapnification x 480.

a) Lh lsbel: + glucose in co=culture; bh) 4k label: no glucose in

co-culture; ¢) 4h label: 18h dhase; + glucose in co--culture,




(b)

(a)

(¢)



1s also labelled in the cell by glucosemawHB, would not be
detected, because it is acid soluble and will be extracted by the
acid washes during the preparation of the cells for
autoradiography (see Section 2.2.5.1.).

' . A chase, prior to co-culture, will deplete the labelled
acid soluble pool in the donor cells. After these donor cells
are co=-cultured with unlabelled recipient cells, the presence
or absence of label in recipient cells will provide information
about the classes of labelled molecules transferred.

Cultures of donor cells, prelabelled for 6h with glucosem?_»ﬂ3
in glucose~free medium, were co-cultured, either immediately or
after a 13h chase, for 3h in normal mediuwm, with unlabelled
recipient cells., Autoradiographs (Fig. 26a,c) show that the
chase, which reduces the labelled acid soluble pool to 16% of its
original pulsed value, conslderably reduces the extent of label
transferred to recipient cells. This suggests thalt labelled
" precursors (acid soluble), but not labelled macromolecules (acid
insoluble), are transferred between cells, Since glucose~2~H5
will label glycolipids, glycoproteins, RNA and DNA, presumably
precursor molecules such as sugar phosphates and nucleotides are

the types of molecules transferred from donor to recipient cells.




3.4, Studies on molecules which may inhibit the formation or the

function of Jjunctious reguired for metabolic co-~operation,

The transfer between cells of molecules such as nucleotides,
which cannot cross the cellular membrane, requires direct contact
and Junction formation,

The study of inhibitors of Jjunction formation and function
would contribute to the blochemical analysis 6f junctions and the
mechanism of transfer of molecules between cells respectively.
Such inhibitors could also lead to an understanding of the

importance of such junctions between cells.

S5.bh,1, Inhibitors of RNA and protein synthesis,

Inhibitors of RNA and protein synthesis were used to examine
the nature and metabolic stability of the junctional components,
The effect of a;tinomycin D on interaction between cells has
already been examined for different reasons (Section 3.1.?.3,)
and the data showed that normal levels of RNA synthesis
immediately prior to, or during, co-culture are not required for
interaction between cells,

Cycloheximide, an inhibitor of protein synthesis, was used
to examine the role of protein synthesis in junction formation.
Protein synthesis in BHK célls is inhibited by cycloheximide
(Table 15). Final concentrations of 10 pg/ml and 100 pg/ml,which
inhibit protein synthesis by 88% and 91% respectively, were used
to study the effect of cycloheximide on cell-cell interactions.

Cultures of BHK-TK' cells, growing in dishes, were labelled
withl?@}thymidine for 16h to mark the cells for agtoradiography.
Incubation was continued for 6%h, in the absence of[?g]thymidine,
to deplete the labelled acid soluble'pool. Cultures of BHK~TK
cells were cultured in suspension for 1lh in spinner flasks,

Cycloheximide was then added to cultures of BHK-TK~- cells aud

o




Table 15

Effect of cycloheximide on protein synthesis in BHK cells
Cycloheximlde conc. [Bglleucine incorporation
(pe/nl) d.p.m % untreated

e value

O 23,543 100

0.1 8,422 35.8

B 3. 3,768 16,0
10 2,787 — 11.8

100 7 2,012 8.6

Lach determination an aversge of 2 dishes.

2 % 105 TGE cells were plated out in %5mm dishes and grown 1€h,
Cells were cultured for 1lh in the presence of cycloheximide (O,
0.1, 1, 10 and 1l00pg/ml). 3’}:i]leucine (2pCi/ml) was then added to
each culture and incubation of the cultures continued for 1h. The
medium was removed from the culiures, and each was washed x 5 with
BSS (2ml; 0°¢). The cells were solubilised by incubating them for
%3 min at 37°C in 0.3M-NaOH (1ml; room temperature). 0.5ml of this
solution containing the solubilised cells was placed in a vial

and evaporated to dryness at c0°¢ (s7h) ., Hyamine hydrowide (0.%21)
was added to each vial and incubation continued at 6000 for 1% min,
Toluene based scintillation fluid was added to each vial. The

radicactivity in each sample was then determined with a Philips

liquid scintillation spectroumcter.




BEK~-TK" cells (0, 10, 100 pg/ml). After a 1lh incubation with
cycloheximide, the medium was removed from the BHK-TK " cells,
and BHK-TK™ cells ﬁere added in the suspension medium, which
contained the appropriate cycloheximide concentrations.
E%{]thymidine wag added and incubation was continued for 4h.

Autoradiographs were prepsred, Fig.27(a) shows interaction
between BHK~TK' and BHK~TK™ cells in the untreated culture,.
Interaction still occurs in the presence of 10 pg/ml and (Fig. 27b)
100 pg/ml cycloheximide, although the extent of labelling of
donor and recipient cells is reduced. Co-culture of donors and
recipilents, in the absence of[?é]thymidine (Fig. 27c), shows
that labelled DNA is not transferred due to the presence of
cycloheximide. The reduction in the level of label, in donor
and recipient cells in cycioheximide treated cultures (Fig. 27b),
is due to the inhibition of thymidine nucleotide incorporation
into DNA in the treated cells (100 pg/ml cycloheximide reduces
the incorporation of[?é]thymidine into acid insoluble material
(DNA) by 85%). Jdentical results were obtained from a study on the
effect of cycloheximide (10 pg/ml, 100 pg/ml) on metabolic
co-operation between cells, which were already in co-culture
before cycloheximide was added.

These results show that de novo proteln synthesis is not
required for either the formation of Junctions, the maintenance
of junctions or the transfer of nucleotides through junctions.
This suggests that the proteins, required for Jjunction formation
(structural junctional proteins or the enzymes synthesising
junctional couponents) and for nucleotide transfer, must already
be present in the cell, or cell membrane, prior to cell-cell

contact, and that they do not significently decay in 1h,
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The effect of cycloheximide on metabolic co-aperation

MK-TK" cells were sceded into oz bottles and grown for 48h.
1 104 BHK«TK+ cells were plated out in 35mm dishes (containing
3 coverslips) and the cultures grown for 8h. BHE-TE' cultures
were prelabelled with[%@]thymidine (5pCi/ml) for 1&h. The
cultures were then washed x 3 with BSS and incubation was
continued in fresh EFC 10. These cultures were chased for Gil.
1h before the end of the chase, BHK-~-TK cells were trypsinised
and grown in suspension culture in spimner flasks (50ml capacity).
Each flask contained BHE~TK cells (2 x 105/m1) in 20ml EFC lo,
gassed with 5% CO,. These flasks were left at 39°¢ for lh.
Cycloheximide (0, 10, loOpg/ml) was added to both EHKmTK+
cultures and PHK~TK cultures and incubation was contiunned for
1h, BHimTK+ cultures were washed x 1 with BSS (3700; 2ml}), and
2wk 0f BHE~TI cells {containing the appropriate cyclobeximide
concentration) were added to the appropriate BHK-TK " cultures;
Co-culture was for Ll in the presence of Bé]thymidine (lOpCi/ml).
Cells were processed for autoradiography as in Section 2.2.5.1.
Autoradiographs were develoned after 6 days. Magnification xlLLO,

&) co~cultured in the presence of[?é]thymidine;

b} co-cultured in the presence of[?é]thymidine and
cycloheximide (100pg/ml);

c) co~cultured in the presence of cycloheximide (IOOPg/ml).
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3.4h.,2., Effect of various reagents which interact with membranes.

McCargow and Pitts (1971) have suggested, from studies of
a L/BHK hybrid cell (Section 1.2.4.), that I, cells do not possess
some membrane determinant, essential for the formation of junctions
between cells., Since all[%é]uridine labelled donor cells interact
with all recipient cells in co-culture, any such membrane
determinant must be present on all cells in a cell population.
Therefore reagents, which interact with membranes, were
used in an attempt to define the nature of the determinants

required for cell-~cell interaction.

3.4.2.1, BEffect of PHA and Con A on cell-cell interaction,

Phytohaemaggutinin (PHA), isolated from Phaseolus vulgaris,
binds to proteins on the cell surface (Allan el al., 1971;
Allan & Crumpton, 1973), and it is therefore possible to study
the role of such membrane components in Jjunction formatiomn.

Mixed cultures (1:1) of BHK-IPP  cells and BHK-IPP~ cells
were plated out in the presence of[?é]hypoxanthine and PHA, to
allow the PHA to interact with ﬁembrane components before junction
formation occurred. The cultures were incubated for 16h and then
processed for autoradiography. It appears that dinteraction
occurred at all concentrations of.PHA used (0, 0.0025 wl PHA
per ml of culture medium, 0,025 ml per ml, 0.25 ml per ml;
Fig. 28a,b,c,d), even though some cells were clumped at 0.025
ml PHA per ml, and all cells were clumped and rounded up, but
still attached to the plate, at 0.25 ml PHA per ml,

PHA binding sites do not, therefore, appear to play a role

in junction formation.
Concanavalin A (Con A}, which interacts with specific sugar
residues (et=D-mannopyranosides, et-D-glucopyranosides and

og.l-acetyl=-D=-glucosamides) of cell surface glycoproteins (Sharon




Fig.. 28

The effect of PHA on metahollc co-overation

3.5 x 107 BHK-IPP' cells and 3.5 x 10° BEK-IPP” cells were plated
out in %%ma dishes (+ 3 coverslips) in the presence of PHA

(0, 0.0025, 0.025, 0.25m1 PHA/ml culture medium) and
l?@}hypoxmnthine (5pCi/ml) . Incubation was continued for 16h,

The cells were processed for sutoradiography as in Section
2.2.5.%, Autoradiographs were developed after 6 days.
Magnification »480. Not &all cells are in focus simultancously

at this magnification because PHA caused the cells to clump,

%For use, 5Sml sterile water was added to each vial of

dehydrated PHA.

a) control untreated culiure;
b) 0.00250l PHA/m1 culture meddi uin;
¢) 0.025m1 PHA/m1l culture medium;

d) 0.25m1 PHA/mLl culbture medium,




(a)

(c)
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& ILis, 1972), was also used to examine the role of its binding
sites in Jjunction formation.

Cultures of donor cells, prelabelled with‘éé]uridine for
Lh, were incubated with Con A (0, 10, 25, 50 pg/ml) for 15 min.
They were then co-cultured for 1lth, in the presence of Con A
(concentrations as above), with unlabelled recipient cells.
Auvtoradiographs were prepared., These show that interaction
occurred at all concentrations of Con A used (Fig. 29a,b,c,d).
However, 50 pg/ml Con A inhibits the attachment of most recipient
cells, although a few do attach and interact with donor cells
(Fig. 294).

It appears that concanavalin A binding sites are also.hot

inveolved in Junction formation.

3,.4.2.2, Effect of nupercaine on cellw-cell interaction,

Phospholipase A which is present in biological membranes,

29
-such as mitochondrial (Scherphof et al., 1966) and plasma (Waite
& Van Deenen, 1967) membranes, is inhibited by nupercaine

(Scarpa & Lindsay, 1972). Phospholipase A2 releases fatty acids
from phospholipids, and therefore the possible involvement of
phospholipid metabolism in junction formation can be dinvestigated
using nupercaine. Scarpa & Lindséy (1972) reported that a
concentration of 150 pM nupercsine inhibited purified porcine
pancreas phospholipase Aa.

Cultures of both BHKnTK+ cells and BHK-TK™ cells were
incubated with nupercaine (0, 40, 150 p) for 2h. The BHK-TK™
cultures were then co-cultured for 2+h, in the presence of
nupercaine {(concentration as above) and[?&]thymidine, with the
appropriate nupercaine treated BHK~TK ' cultures. Autoradiographs

were prepared, These show (Fig. 30a,b,c) that interaction occurred

at both concentrations of nupercaine used. 400 pM final




Fig. 29

z‘: o A Ry .
Lifcet of Con A onrlg]urlolne labelled nucleotide trausfer

tetween cells

1 x 105 TGZ cells (recipients) were plated out in 35mm dishes.
5 % ]O-5 ”G2 cells {donors) were plated out in 35mm dishes

and grown for 1Gh. Co~cultures were formed as in Section 2.2.3.
Donor cultures were labelled for 4h with[?éluridine (2.5pci/ml).
The donor cultures were washed x % with 3:S (37OC; 2nl). 2ml
EFC 10 containing Con A (0, 10, 25, 50pg/nl) was added to each
culture and incubation was continued for 15 min. Donor and
recimient cells were then co-cultured together for 90 min in
the presence of Con A ( conc. as above). Cells were processed

for autoradiography as in Section 2.2.%.1. Autoradiographs

were developed after 27 days. Magpnification x40,

a) Untreated control;
b) 10pg/ml Con A}
c) 25ug/ml Con Aj

¢) Sopg/ml Con A.




(a) (b)

(©) (d)

%



Pig. dO

Effect of nunercaino on metabolic cooncrntlon

(a)

5 X 10 ~ BHK~TPA cells v.'ae plated out in 35M'! dishes (i 3 coverslips)
and grown for 20h. 1 x 10'* BIIK-TK cells were plated out in 33mm
dishes and grown for 20h. Nupercaine (0, 40, 150uM) was added to

the BHK-TK” cultures for 2h. The medium was removed fiom the

BHK-TK* cells and the BHK-TK cells were trypsinised and added to
the BHK-TK* cells. The cells were.co-cultured together for 2.5h

in the presence of nupercaine (conc. as above) ancrl'\Hijthymidine
(5]iCi/ml). Cells were processed for autoradiography as in Section
2.2.5*¥1" Autoradiographs were developed after 9 days.

Magnification x440.

a) Untreated culture; b) 40pM nupercaine;

c) 150pM nupercaine.
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concentration nupercaine caused the cells to round up and detech
after a 2h incubation,
Therefore, it appears that removal of fatty acids from

phospholipids in the membrane of phospholipase A, is not

=2

necessary for Jjunction formation,

3,4.2.%, Effect of p~hydroxymercuribenzoate on cell-cell

interaction,

p=-Hydroxymercuribenzoate (PHMB), which reacts with thiol
groups, was used to study the possibility that thiol containing
proteins may be involved in junction formation.

Cultures of donor cells, prelabelled with[?é]uridine for 4h,
were incubated with PHMR (0, 0.025, 0.05, 0.1 mM) for 30 min.
They were then co-cultured for 13h, in the presence of PHMB
(at the above concentrations), with unlabelled recipient cells.
Autoradiographs were prepared. The quanity of label present in
recipient cells in the 0,025 mM PHMB treated co-culture (Fig. 31b)
was similar to that present in untreated recipient cells (Fig. 3la),
although some cells had started to round up., However, in the
0.05 mM PHMB treated c0wculture‘(Fig. 3lc), while most recipient
cells had spread after 1lh co-culture, a considerable number had
rounded up and detached again aféer 1}h co~culture. Also, most
of the donor cells in this culture had rounded up and detached.
No interactlion wos observed in this culture. In the 0.1 mM PHMB
culture, it was noted that even after the 30 min preincubation
of the donor cells with PHMB, these were rounding up and detaching.
Therefore, it appears that PHMB has a rapid toxic effect on BHK
cells at these concentrations. However, sinée interaction
between cells was observed at 0.025 mM PHMB, it appears that
proteins containing reactive thiol groups, are not reqguired for

Junction formation,




Fig, 21
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Eifect of PHMBvonréﬁluridine lebelled nucleotide trensfer

between cells

1 x 105 Bl cells (recipients) were plated out im 35mm
dishes. 5 % lO5 TG-2 cells (domors) were plated out in 3S5mm
dishcs and grown for 16h. Co-cultures were formed ass in
Section 2.2.5., Donor cultures were labelled for 4h with
EBé]uridine (2¢5pCi/ml). The donor cells were washed x 3
with BSS (3700; 2ml). 2wl EFC 10 contsining PHMB (0,0.025,
0.05mM) was added to each culture and incubation was
continucd for %0 min, Donor snd recipient cells were then
co-cultured together for 90 min in the presence of PHMB
(conc. as eabove). Cells were processed for autoradiography
as in Section 2.2.5.1. Autoradiographs were developed after

82 days. Magnification: x 480.

a) untreated culture; b) 0.025mM PHMB; ¢) 0.05mM PHMB.
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The conclusions drawn from the effect of these reagents on

cell-cell interaction require that:-
1) all PHA and Con A binding

sltes are blocked.
2) nupercaine inhibits all

phospholipase A, activity.

2
3} PHMR blocks all thiol

groups.

However; it should be noted that a differential effect
between.the extent of interaction of an inhibitor with its
target sites and the viability of the cells is required, if the
inhibitor is to be useful for studies on cell-cell interactions.
Also, it would only have been informative to have characterised
the extent of blocking or inhibition of any of the reagents
studied above, if inhibition of cell-cell interaction had been

observed in the absence of toxic effects.,
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3,5.1, Location of genetic locus (loci) requlred for interaction

between cells.

The location of the genetic locus reguired for interaction
hetween cells is being studied. The method selected reguires the
fusion of a cell, which can interact (;g£+ cells), with a cell,
which cannot interact (int~ cells), to form an ig§+ cell hybrid.
By correlating the loss of chromosemes from such hybrids with
the ability of the hybrids to interact, it should be possible
to locate the chromosome carrying the locus for the protein
required for interaction., McCargow & Pitts (L971) have shown
that an ;g§+ hybrid can be isolated from fuslon of a BHK~3§E+
cell line with a L-int  cell line. Since there is only a limited
loss of chromosomes (l0-20%) in some interspecific hybrids
(Welss & Green, 1967), and since chromosomes of both parental
types are lost, the use of a hybrid where there is preferential
loss of one‘set of the parental. chromosomes (the ;££+ parent)
is clearly an advantage., Weiss & Green (1967) reported that in
human-mouse hybrids, at least 79%% and in some cases more than 95%
of the human chromosomes were lost, while very few of the mouse
chromosomes were lost. Therefore, a hybrid between a human embryo
lung fibroblast line (H116) and an L cell line (A9), which lacks
the enzyme inosinic pyrophosphor&lase (Littlefield, 1966) was
used. McCargow and Pitts (1971) have reported that the A9 cell
line does not interact. The H11l6 c¢ell line was shown (Fig. 32a,b)
to interact with BHK-IPP” cells. |

Two different hybrid clones isolated from the fusion of H11lé
cells and A9 cells were assayed for interaction. Cultures of
clone 201 pass 10 and clone 3 pass 14, prelabelled for 4h with

[?é]uridine, were co-cultured for 3h with unlabelled BHK recipient

cells. Autoradiographs show that,in general,clone 201,10 cells

do not interact (Fig. 33%a), although a few interact poorly.
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Intoraction between HI16 cglls and BIK-1PP" cg]lj

(a) (b)

1 X 10 H116 pass 18 colis and 2 x 10~ EHK-TPP“ cells were
plated out in 33mm dishes (+ 3 coverslips) and grown for

25h in the presence- of[*Q hypoxanthine (f*Ci/ml). Cells

were then processed for autoradiography os in Section 2.2.3.1

Autoradiographs wore developed after 26 days. Magnification;

X 460.

a) a field showing an HII6 cell;

b) a control field without an H116 cell.



Fig. 33

Interaction betwoon CI gpl.iO or Cl 3.14 colls and PHK cfl1ls

(a)

4 X 10 cells (recipients) were plated out in 33mm dishes.

5 X IO%CI 201.9 or Cl 3.13 cells (donors) were plated out in
33mm dishes and grown for 16h. Co-cultures were formed as in
Section 2.2,3. Donor cells were labelled for qh withT 'urldine
(2. 3juCi/ml). Donor and recipient cells were co-cultured
together for 3h. Cells were processed for autoradiography as in
Section 2,2.5.1. Autoradiographs were developed after 20 days.

Magnification: x 700 (a); x 480 (b,c,d).

a) Cl 201,10: background grains in recipient cells;
b) Cl 3.14: heavily labelled recipient cells;

c) Cl 3.14: lightly labelled recipient cells;

d) Cl 3.14: background grains in recipient cells.



(c)

(b)

(d)
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However, clone 3.1l4 shows a range of interaction ability from
good interaction to no interaction (Fig.33b,c,d).

The extent of interaction of the two hybrids at different
pass numbers was quantitated, Cultures of the appropriate cells,
prelabelled for 4h with[?é]uridine, were co-cultured for 3h with
unlabelled BHK recipient cells. Autoradiographs were prepared,
Interaction between donor and recipient cells ﬁas classlfied
on the basis of the pattern and extent of label in the recipient
cells as follows (Fig. 33b,c,d respectively):-

1) heavily labelled recipient cells,

2) lightly labelled recipient cells, and

%) recipient cells with only background level of grains,

The data are presented in Table 16. Thls shows that,
whereas 92% of clone-3.14 cells can still interact, 6% of the
clone 201.10 cells do not imteract. Table 17 shows the human
chromosomes or chromosome markers (data kindly provided by
Dr. Gormley), which could be detected in clone 3.1l and clone
201.6, The only human chromosome markers, present in clone 3.11

(int") and absent in clone 201.6 (int”), are lactate

dehydrogenase~A and esterase-A, which are both located on
chromosome 11, This is consistent with the possibility that human
chromosome 11 contains the locus for the protein required for

interaction in H1l6 cells.

3.5.2o Morphology of interacting and non-interacting cells.

Analysis of Table 3 suggests that there may be a possible
correlation between the ability of a cell to interact and the
morphology of the cell. 133+ cells appear to be spindle-shaped,
whereas EEE_ cells are epithelioid.‘However, although the

morphology of clone 201.10~int  (Fig. 33a) is similar to that

of the L-int parental cell, the morphology of clomne 3.1L{.w-int+
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guantitation of the extent of interaction of varigus nosses of

cloves 3 and 201 (donors) with RBHK cells (recipients)

Donor Pattern of label in recipiont'u;;;g (™)

cells Heavy ' Tight RBackerround
201.10 1 13 86
201,12 1 11 $Y
201,28 -“u 6 9l
3004 6l 28 8
3,20 12 | 14 .h74
3.27 15 10 75
3.352 — 5 a7

5 % lO'3 donor cells wvere plateé out in %5mm dishes aud grown for
16h., Autoradiographs were prepared as in the Legend to Fig. 33
and developed after 20 days. See Legend to Table 1% for the
detalls on the guantitation of the extent of interaction of

donor celils.
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TRPRYeNE P

Human chrowmoscme analysis of clone %,11 and clone 201.6

Chromosome
Clone 3%.11 Clone 201.6 ' assignment%
X X X |
AN 14 14
Isocitrate - Isocitrate >
dehydrogenase dehydrogenase
APRT (weak) APRT (weak) 16
Pyruvic kinase (72) Pyruvic kinase 7
LDH-A e 11
Esterase=-A —n 11

Data kindly provided by Dr. Gormley.

*Ruddle (1973)
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(Fig. 33b,c,d) was also similar to L cells, rather than the
Hll6m&gg+ parental cell (¥Fig. %2a). This suggesls that there is
no direct relationship between the morphology of a cell and the

ability of the cell to interact.

%.5.5, Partial isolation of an dnteracting T, cell.

A detailed study of the effect of interaction on the growth
behaviour and morphology of cells requires isolation of cells
from the same cell line differing only in their ability to
interact. Pitts (personal commurication) has consistently failed
to isolate BHKmigE" cells, perhaps suggesting that more than a
single step mutation is required. However, Table 13 shows that a
few I cells may interact weakly, suggesting that it might be
possihble to iscolate an dinteracting I, cell,

Pitts (1971) has shown that a thick 1:1 mixed population
~of BHK~IPP" and BHK-TK™ cells can grow together in the pfesence
of HAT medium, by mutual exchange of nucleotides (Section 1.2.7.).
Therefore, if L-TK cells and BHK~IPP  cells are co-cultured
together in HAT medium, growth in the culture will only result
from L~TR™ cells interacting with BHK-IPP  cells.

A thick 1:1 mixed populatioq of L-TK cells and BHK-IPP
cells wss formed and grown in the presence of HAT medium; which
was renewed after 2 days and 4 days co-culture. After 7 days
co-culture, although quite a few cells were still attached; most
of the cells appeared to be dead. Fresh medium, without HAT, was
added and replaced at intervals until the rewaining viable cells

had grown to form a monolayer (21 days). The parallel morphology

of the monolayer suggested that most of the cells were BHK-IPP™.
To test for the presence of interacting L-TK cells, cells from

the monolayer were grown inm the presence of[?ﬁ}hypoxanthine and
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avtoradiographs were prepared., fig. %4 shows that metabolic
co-operation between cells wss occurring in the culture,
suggesting that interacting L cells were prgsent, The possibility
these concentrations of cells (5x106), and any revertants, if
present, would be eliminated by the following step.

To isolate the L-TK  cells from BHK-IPP” cells, the
monolayer was subcultured (1:15; 1:26; 1:30; 1:60) into medium
contaiming S-bromodeoxyuridine (50 pg/ml), which will kill
BHK-IPP™ cells (TK'), but not L-TK™ cells (c.f. Littlefield,
1966). However, if any interacting L-TK cells are in contact
with BHK-IPP~ cells, these will also be killed by metabolic
co~operation (this is in agreement with the data in Table 18:
only a few Ln£§£+ cells are isolated from the 1:15 subculture),
since the 5-bromodeoxyuridine will be transferred at the
nucleotide level from BHK-IPP cells to L-TK cells,

Clones with the characteristic L cell morphology grew up in
all cultures. In each culture, the clones were trypsinised and
grown together until a monolayer was formed. All L cultures were
assayed for the ability to

a) incorporate[?%]hypoxanthine to
test for the presence of L-TK cells,

) incorporatet?é]thymidine to test
for the presence of BHK-IPP™ cells,

¢) interact by prelabelling cells
with[?é]uridine and co-culturing them for 3h with unlabelled
BHK cells.

Autoradiographs were prepared. The data for each culture
are presented in Table 18, In culﬁure (2), there i1s no
[?H thymidine incorporating BIK-IPP  c¢ells and 17% of the cells

are interacting well (Fig. 35). Again, the morphclogy of the

L
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Metabolic co-operation between a possible cell

and BHK-IPP"" cells

1 80oz. bottle BHK-IPP" cells (thick) and 1 8o0z. bottle

L-TK cells (thick) were combined in a fresh 8o0z. bottle
and grown in HAT (C(Ag/ml thymidine, 6jig/ml aminoptcrin,
8lig/ml hypoxanthine) medium. The HAT medium was renewed
after 2 days and again after 4 days co-culture. After 7
days co-culture, fresh medium, without HAT, was added and
the surviving cells grown to form a monolayer. 2 x 106 cells
from this monolayer were plated out in dishes (+ 3
coverslips). The cells were incubated in the presence of
AOhypoxanthine (2.5pCi/ml) for 18h. The cells were processed
for autoradiography as in Section 2.2.B.l. Autoradiographs

were developed after 19 days. Kagnification: x Z;80.



Table 18

. . . .. . . +
Characterisation of cultures conteining nossible L-int cells

See Legend to Fig. 34 for preparation of a monolayer of cells
consisting of BHK~IPP  cells and L-TK~ cells (including
possible L~§g§+ cells). This monolayer was subcultufed (L:15,
1:20, 1:30, 1:60) iuto separate 8oz. bottles containing 50pg/ml
S-bromodcoxyuridine (Budr) in EFC 10 medium, At 7 day intervals
(for 2 weeks), the old medium was replaced with fresh'medium,
containing Budr (S50ug/ml).

Culture 1 (1:60): 3 clones grew up and these were trypsinised
and grown in the same bottle in the presence of Pudr for L4 days,
and then in normal medium,

Culture 2 (1:30): 6 clones grew up and these were trynsinised
and grown in the same bottle in the presence of Budr for 10 days,
ané then in normal medium.

Culture 3 (1l:20): many clones grew up and growth of the
clones weas continued for a further 5 days in Budr medium,

Cculture 4 (1l:15): many clones grew up and growth of ﬂhe
clones wes continued for a further 5 days in Budr medium,

Cultures 1l-4 were then characterised as follows:-~
1)[3£]hypoxanthine incorporation: 2 x lO5 cells (from each culture)
were plated out in separate 35mm dishes (+ 3 coverslips) and grown
for 20h in the presence of[?H]hypoxanthine (SPCi/ml). The cells
were proccssed for autoradiography as in Section 2.2.5.1.
Autoradiographs were developed after 20 days. All cells were
heavily labelled.
2)[3£]thymidine incorporation: 2 x lO5 cells (from each culture)
were plated out in separate 55mm dishes (+ 3 coverslips) and grown
for 20h in the presence of[?i]thymidine (5pCi/ml). The cells were
processed for autoradiography as in Section 2.2.5.1. Autoradiographs
were developed after 20 days. 1000 cells/autoradiograph were counted,

%) The extent of interaction of each culture was estimated as in the

Legend to Table 13.




cultures Dilution at No. of cleones mm hypoxanthine mmuwwwawﬁﬁm ¢ interaction
subculture /8oz. bottle incorporation incorporation Heavy
1 1:60 5 ++at 0% 5
2 1:30 6 P, 0% 17 1
3 | i:20 many N 0.2% 6 2
y 1:15 many S i% 0.5 5




Fig. 33

Interaction of nosciblc L-int"* cells with RHK cells

4
Yo"

R4

2 x 10]S cells (recipients) were plated, out in 55mm dishes
5 X 10~ cells (donors) from culture 2 (see Table 18) were
plated out in 53mm dishes and grown for IVh. Co-cultures
were formed as in Section 2,2.5. Donor cells were labelled
for 4h with [*"'iQuridine (2.5pCi/ral), Donor and recipient
cells were co-cultured together, for 5h, Cells were processed
for autoradiography as in Sectiou 2.2.3.1. Autoradiographs

were developed after 70 days. Magnification: x 480.



70.

Lmi&§+ cell does not appear to differ from that of the L»;ggn
cell,

It should now be possible to obtain a clone of L“EHE+ cells
(L-TK™ marker) from culture 2. Cultures of Lwigi+ and L-int”
would then be available for a detailed analysis of cell-cell

interaction.
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I, Discussion

Although direct trensfer of molecules between cells may
be required to explainm observations on control of cell movement
and cell growth; cowordinated control of organ function and
development of multicellular organisms, the precise nature of
the molecules which can be transferred directly between cells,
has not been studied. This investigation o% the classes of
molecuvles, which can be transferred between cells in tissue
culture, was therefore undertaken. Donor cells, containing
certain classes of molecules labelled with tritium, were
co-cultured with unlabelled recipient cells. The presence of
labelled molecules in recipient cells would theu provide
information on the nature of the molecules, which can be

transferred directly between cells in tissue culture.

L.l. Transfer of‘jgluridine labelled nucleotides.beltween cells,

Although[?;}uridine labels both nucleoside and nucleotide
pools, and RNA in the cell, the results (Section 3.1.) show
that labelled nucleotides (see Section 3.1.9.), but not labelled
nucleosides or labelled RNA, are fransferred hetween cells, This
conclusion is based on the following observations,

1) When donor cells, prelabelled with[fﬁluridine, are
co-cultured for 3h, in the presence of actinomycin D (1 pg/ml),
with unlabelled actinomycin D treated recipient cells, the level
of label in recipient cells is reduced to 5% of that in recipient
cells, cultured in the absence of actinomycin D (Section 3%.1.3.).
Since actinomycin D (1 pg/ml) does not inhibit transfer of DNA

precursors between cells (Section 3%,1.3.3%.), this shows that the

label in untreated recipient cells must be due to labelled
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nucleotide transfer from donor cells., I.f RNA transfer had occurred,
84% of the label present in untreated recipient cells should be
present in the actinomycim D treated recipient cells (ratio of
mean grains/cell of actinomycin D treated donor cells to
untreated donor cells; Fig. 7a,c). The small amount of label

(5%), transferred to actinomycin D treated recipient cells, is
still due to incorporation of labelled nucleotides, since the
level of actinomycin D (1 pg/ml) used causes only 95% inhibition
of[?gluridine incorporation into cellular acid insoluble material.
Autoradiographs (Fig. 21b) show that while most of this residual
label is located evenly distributed im the nucleus, it is present
in only a proportion of the cells. This suggested that the label
was in DNA, not RNA, and evidence from RNase digestion of
[?é]uridine labelled cells supports this view (Section 3.2.3%.).
Heavy nuclesr label is observed in a similar proportion of
untreated recipient cells (Fig. 6a, 21a), presumably those which
pvassed through the S phase of the cell c¢ycle during co-cultivation.
Since DNA is not transferred between BHK cells (Fig. 19), it is
evident that the DNA labelling observed in both control and
actinomycin D treated recipient cells must be due to nucleotide
transfer and incorporation,

This is consistent with the concept that all the incorporation
in recipient cells is from labelled nucleotide pools, transferred
from donmor cells to recipient cells,

2) When the labelled nucleotide pool, present in donor cells
after exposure to{?&luridine, was depleted by a chase, and these
pulse~chased donor cells were co-cultured with unlabelled reciplent
cells, the level of label transferred to reciplent cells was
reduced to 37 of the unchased control value (Section 3%.1.5.).

This shows that the transfer of label to recipient cells is

directly related tb the amount of label in the donor cell
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nucleotide pool. The transfer is clearly unrelated to the amount
of label in the donor cell RNA (pulse-~chased donor cells
contained 67% of the label present in unchased donor cells;

Fig. lla,c). This reduced level of label inthe RNA of the
pulse-chased cells is due to cell division durlng the chase
period, offset to some extent by the dincorporation of the
labelled nucleotide pool present at the end of ﬁhe pulse,

The label still present in recipient cells of the pulse
chase experiment (3%%) can be accounted for by the transfer and
incorporation of labelled nucleotides (Fig. 13%a), still present
in donor cells after the chase (Table 12).

This is sgaln consistent with nucleotide transfer accounting
guantitatively for the label present in recipient cells.

The'possibility, that donor c¢ells after a chase fall to
transfer label, was ruled out (Fig. 12) by the observation that
chased donor cells, pulsed again with[?é]uridine to provide a
labelled acld soluble pool, transferred label to recipient cells,

%) When pulse-chased donor cells, with a depleted labelled
nucleotide pool, were co~-cultured, in tﬁe presence of
actinomycin D, with unlabelled recipient cells, pretreated with
actinomycin D, the label present in treated reciplent cells was
reduced to 0.4% of the control recipient value. This confirms the
conclusions drawn from 1) & 2) above that the small amounts of
label (5% & %% respectively), still transferred to recipient cells,
vere due to labelled nucleotide transfer. Autoradiographs
(FMig. 13%c, 21b) show that the label (0.4%) remaining in recipient
cells after the combinmed chase/actinomycin D treatment is located
in the nucleus of only some cells. This suggests that the label is
in DNA, not RNA, as in 1) above. Since DNA is not transferred
(Fig. 19), this label must slso be due to nucleotide transfer and

incorporation,




L) The labelling pattern (heavy nucleoli labelling) within
reciplent cells is consistent with nucleotide transfer from
donor cells to recipient cells (Section 3.1.4.).

5) Transfer of labelled RNA between cells might be

antlcipated to result in a gradient of grain density at points
of contact between domor and reciplient cells due to the
relatively slow diffusion rates of RNA. Howevef, this is not
observed (e.g. Fig. 1l7a. Note the sharp decrease in density of
grains from donor cell to recipient cell in the long

cytoplasmic processes connecting the two cells),again indicating

that RNA is not transferred between cells,

In conclusion, it is quite clear that nucleotide transfer
accounts guantitatively for the observed transfer of label
between[?é]uridine labelled donor cells and uanlabelled recipient
cells, However, the transfer of a few rare species of RNA
cannot be ruled out, although, in general, no transfer of RNA

is observed,.

Kolodny (1971, 1972) has reported that labelled RNA, but
not labelled nucleotides, is iransferred between 3T3 cells and
between SV3T3 cells. His conclusions are based on the following
observations: -

1) Excess unlabelled uridine was added during co-culture
ir an attempt to deplete the label in the donor cell nucleotide
pool. However, results (Section %.1.1l.) with BHK cells show
that excess unlabelled uridine, present during co-culture, does
not greatly reduce the amount of label transferred to recipient
cells, but this is due to the failure of the excess unlabelled
uridine to equilibrate with the 1abé11ed uridine nucleotide
pool (Section 3.1.2.). Such a failure of unlabelled nucleosides

to inhibit the dincorporation of pre-existing labelled nucleotide
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pools has been recorded by several authors (Sisken & Kinosita,
1961; Perry, 1963: Warner givgi., 1966) .

2) Koloduy (1971), however, noted that inhibition by
excess unlabelled uridine may be unsatisfactory, and therefore
used actinomycin D to inhibit labelled nucleotide incorporation
during co~culture. He found that actinomycin D (12.5 pg/ml) aid
not reduce the extent of transfer of label fromvdonor to
recipient cells, However, this result could not be repeated
using BHK cells, where it was consistently found, using BHK
cells, that actinomycin D (1 pg/ml) drastically reduced the
level of label present in recipient cells.

3) Kolodny (1971) co-cultured donor cells, prelabelled with
[;ethyluﬂélmethionine, with unlabelled reciplent cells. He found
that there was a 10-13%% trapsfer of donor labelled RNA to
reciplent cells in 9h. Clason (1971), however, has noted that
after pulse~labelling BHK cells for 2h witlh [éethylmﬂiLne£hionine,
incorporation of label continues during the chase. Therefore, a
labelled precursor pool must be present (possibly S-adenosyl
methionine), which is not inm equilibrium with the unlabelled
methionine added at the beginning of therchase. Transfer of such
a pool could, at least in part, gccount for Kolodny's observation,

L) Kolodny (1971) further ruled out nucleotide transfer on
the basis of the following two points:- a) Since[?%luridine is
converted tot?é}oytidine in the cell, the[%é]uridine to
[?%chtidine ratio of the RNA should decrease with increasing time
of culture. Kolodny co-cultured donor cells, prelabelled with
[%é}uridine for L4h, with unlebelled recipient cells for 20h.
Analysis of donor and recipient RNA gave ratios of 1.1 and
0.9-1.0 respectively. XKolodny conclﬁded that these ratios were
very similar, and that, therefore, no labelled RNA was synthesised

during the 20h co-culture. However, synthesis of labelled RNA
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would continue during the 20h co-culture in both donor and
recipient cells, partly as a result of turnover of vnstable
donor cell RNA, and although-donor RNA would have a somewhat
higher ratio due to the stable labelled RNA synthesised during
the initial Lh label time, it would perhaps not differ
significantly from that of the recipient RNA ratio. A much more
critical test would have been to analyse the doﬁor cell “RNA
immediately after the 4h label time,.

b) Kolodny (1971)
analysed the acld soluble nucleotide pocls of the domor and
recipient cells after the 20h co~culture and found only
background levels of radioactivity. He concluded that it '"seemed
unlikely that these pools could account for the labelled RNA
seen in recipient cells". However, the nucleotide pools were not
analysed at the beginning of the co-cultureswhen they should

have been extensively labelled (Table 12).

Since Kolodny's results were obtained with 3T3% cells,
whereas BHK cells were used in this worlk, the ability of 373
cells to transfer nucleotides and/or RNA was briefly
investigated (Section 3%.1.7.). It was shown that 373 and BHK
cells behave similarly. Pulse chase experiments, similar to
thoze described above, showed that the amount of label present
in recipient 373 cells is related to the amount of label in the
acid soluble pool of the 3T3 donor cells, and not to the amount
of label in the RNA., Apparently, in 3T3 cells, as in BHK cells,

RNA 1s not transferred, but nucleotides are. This is confirmed

by the pattern of labelling in recipient %73 cells (exactly
similar to BHK cells), heavy nucleolar labelling being clearly
evident. Kolodny (1971) has further suggested that whole
ribosomgs may be transferred between 27% cells, Since rRNA is

very repidly complexed with proteins in the course of itis
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maturation (Vaughan et al., 1967), it would be probable that
a ribonucleoprotein complex would have to be transferred between
373 cells. However, as shown in Section 3.%.1., no detectable
protein (£0.05%) is transferred between cells,

It appears,therefore,that Kolodny's results are incorrect
and that there is nucleotide transfer; but no RNA transfer or

protein transfer, between cells in tissuve culture,

L,2, Nature of the molecules transferred from wild-tyve cells

to variant cells during metabolic co-operation.

The five possibilities suggested (Section 1.2.6.), which
could explaim the modification of the phenotype of variant cells,
growing in comtact with wild-type cells, can be summarised as
follows:=

a) transfer from wlld-type to varient cells of
3H labelled compuuﬁds beyond the enzyme block, present in
variant cells (1 & 2; that is, labelled nucleotides; labelled
nucleic acid).

b) transfer of a molecule from wild=type cells to
variant cells which will give a functional wild-type enzyme 1n
the variant cells (3,4.&% 5; that is, enzyme, mRNA or gene coding
for the enzyme; control molecule reguired for engyme synthesis
in variant cells).

b) was ruled out by the separation experiments discussed
iz the introduction (Section 1.2.6.), which showed that no
functionally active enzyme was present in variant cells after
co~culture and separation from wild-type cells, This suggested
that no DNA (gene), mRNA or protein was transferred between the
cells, This was confirmed by the results presented in Sectionm %.3.1.
These results showed that there is no detectable protein

transfer between cells,




Therefore a), the transfer of labelled nucleotides and/or
labelled polynucleotides between cells, is suggested as the
basis of metabolic co-operation.

However, uridine nucleotides, and not RNA, are transferred
between cells in the éystem discussed earlier (Section 4.1.),
and evidence for thymidine nucleotlde transfer was obtained
by co~culturing dounor cells, prelabelled with[?ﬂjthymidine,
with unlabelled recipient cells., In such a mixture, any label
present in recipient cells at the end of co~culture must be
due to thymidine nucleotide transfer, since there is no
detectable DNA transfer between cells (Fig. 19). Label was
detected in recipient cells, although only after a long
exposure of the autoradiographs (Fig. 20). However, this
Aifficulty in detecting label in recipient cells was not due
to inefficient transfer of thymidine nucleotides, but to the

_rapid decay of the labelled thymidine pool in donor cells.

Metabolic co-operation has been studied in some detail
between ££R+/£E£ﬂ cell mixtures, between ggg+/§ggm cell mixtures
and 2§+/2§“ cell mixtures (Sections 1.2. & l.2.1.).[?%ﬂhypoxanthine
and[?é]adenime will label purine nucleotides, RNA and DNA in
wild-type cells, whereas[?g thymidine will label only thymidine
nucleotides and DNA. Since neithér labelled DNA nor labciled RIWA
are transferred between cells, but nucleotides labelled by
EH]uri dine, EH]'thymi dine, or [:3}1 hypoxanthine (Section 3.1.9.)
are transferred between cells, this strongly suggests that the
transfer of labelled nucleotides from wild-type cells to variant
cells, and not the transfer of labelled polynucleotides, is the

basis for metabolic cow-operation between cells,

This conclusion is 'supported by several observations.

1) When a few BHK-TK  cells are cultured with meny BHK-TK™
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cells, im the presence of[?é]thymidime, not all variant cells
in contact with a wild~type cell are labelled (e.g. Fig. 8).
This observation is not compatible with labe;led DNA transfer
between cells (or all the veriant cells should contain label),
but is compatible with transfer of labelled nucleotides from the
wild~type cells to variant cells, with their incorporation into
only those variant cells, which are present imvthe S phase of
the cell cycle.

2} Analysis of the characteristic features of uridine
nucleotide transfer between cells (Section 3.1.8.), namely the
varying extent of interaction of different cell types, the
dominance of the inability of L cells to interact in mixed
culture, and the requirement for cell-to~cell comtact for transfer
of label, showed that they are very similar to those of
metabolic co-operation between cells (Sections 1l.2.2.; 1.2.4.;
Table 3%).

%)Y Transfer of Dwglucose-—-BnH3 labelled acid soluble pool
was observed between cells, although transfer of macromolecules

labelled by Dwglucoseua«-H5

was not observed (Section 3.,3.2.).
This labelled acid soluble presumably contains molecules such
as sugar phosphates and nucleotides,

Furthermore, transfer of se%eral dyes between cells has

been observed (Section 1.1.2.). Some of these dyes resemble

nucleotidesy both in molecular welght and charge (e.g. fluorescein),

There appears, therefore, to be considerable evidence
favouring the transfer of labelled nucleotides from wild-type
cells to variant cells, as the basis of metabolic co-operation

between cells,




h,%3, Molecular nature of the junctions which mediate metabolic

co~operation between cells.

Lvidence presented in the introduction suggests that gap
junctions may mediate ion transfer, dye transfer and netabolic
co~operation between cells. Since nucleotide transfer between
cells is the basis of metabolic co-operation, and nucleotides
are similar to some dyes known to be transferred between cells,

this further supports the idea that both types of molecules

1 & 2 show'that there is a good correlation between ion transfer,
dye transfer, metabolic co-operation and gap junctions between
cells,

Electrommicrographs of freeze~cleaved cells show that gap
junctions are composed of subunits (Revel & Kernovsky, 1967).
It appears that these subunits extend across the cell membrane
and protrude from both surfaces. Also, they may come in contact
with those in the opposite membrane when cells come in contact,
providing a continuous unit from one cytoplasm'to the next
(Peracchia, 1973). At the centre of the subunits, there appears
to be a small depression, about 25A0 in diameter (Mclutt &
Weinstein, 1970; Peracchia, 1973), which has been suggested to
be the mouth of a hydrophilic channel extending through the
combined subunits from cytoplasm to cytoplasm (McNutt &
Weinstein, 1970). This channel would then represent the
morphological bhasis for the cell-to-cell transfer of ions and
molecules, such as nucleotides and dyes,

Pitts (personal communication) and Cox et al. (1972) have
studied the requirement of energy for metabolic co~operation

between cells, They found that although energy inhibitors

(emg. cyanide, azide) reduced incorporation of precursors into

both wild-type and varlant cells during metabolic co-operation,




metabolic co~operation itself was not inhibited. This suggests
that the transfer of molecules between cells is less dependent
on ehergy than the incorporation of the precursor molecules,
but it does not elucidate whether energy is required for
transfer of molecules hetween cells, or whether energy is
required for the formation or continuved maintainence of junctions
between cells required for metabolic co-operation., lowever,
Politoff et al. (1969), from studies with inhibitors of energy
metabolism (e.g. dinitrophenol, cysnide), have suggested that
energy is required.to maintain low resistance junctions between
Chironomus cells.

From studies with cycloheximide, a protein inhibitor, it
was concluded that neither de novo nor continuous protein
synthesis are reguired for the formation of junctions between
celis, or for the transfer of nucleotides bhetween cells
(Section 3.4.1.), showing that the regquired proteins are alrecady

present in the cell.

Preliminary extraction and analysis of mouse hepatic gap
junctions has revealed the presence of one major proteln band
(mol,wt.20,000) and possibly 2 minor protein bands, as well as
some neutral lipids and phospholipids ( Goodenough & Stoeckenius,
1972). However, when Lvans & Gurd (1972) isolated nexuses (geap
junctions) from mouse liver, they detected the presence of w20
proteins (including glycoproteins) and neutral lipid, but found

that there was little phospholipid present. There are

discrepancies between these results, but this may reflect
different extraction procedures and efficlency of analysis of
the extracted material,

Attempts to identify the nature of the molecules required to
form junctions were unsuccessful (Section 3.4.2.). It appears

that neither the proteins which bind phytohaemaggutinin (PHA)

|
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or concanavalin A,(Con A), nor phospholipid hydrolysis (to
form lysophospholipids, which may alter the fluidity of the
membrane; Lucy, 1970) are required for the formation or
maintainence of functional junctions between cells. However,
the presence of Con A or PHA does not sterically inhibit
junction formation indirectly. |

Cox et al. (1972) reported that PCMB (lOdpM) did not
inhibit metabolic co~operation, when Jjunctions had already
been formed between cells,prior to PCMB treatment. This
suggested that thiol protelins, which are exposed to PCMB, are
not required for the continued normal functioning of the
junctions, The results (Section %.4.2.)3obtained using PHMB
(25pr), confirm this conclusion and also suggest that thiol
proteins are not required for Jjunction formation between cells,

Politoff et al. (1969) have reported that lOOpM
p=chloromercuriphenylsulphonic acid (PCMS) did not uncoﬁple
ion flow between Chironomus salivary gland cells. However,
100pM N~ethyl maleimide (NEM), another thiol reagent, did
uncouple ion flow, suggesting that thiol proteins are involved
in maintaining junctional coupling., Politoff et al. (1969)
suggest  that although PCMS is more reactive than NEM, the
cellular membrane 1s less permeable, and therefore, the groups
relevant to maintaining junctional coupling sre intercellular,
In fact, NEM may be interacting with the energy metabolism
of the cell, which may be required for junction maintainence
(see page 81),

The failure of the chemical approach above suggests that,
at present, the direct approach of isolation and characterisation
of membranes and gap Jjunctional coﬁplexes from membranes will be
more profitable. Alternatively, the availability of variant cell

o4 e
lines, differing only in their ability to interact (int or int ),
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may allow the characterisation of specific junctional elements
reguired for interaction.

The selection procedure for such cell lines (L»int+, Leint™)

is described in Section 3,5.%. Table 13 shows that %% of the
L-int” cells interact slightly and it is presumably these cells
which were selected. If gap Jjunctions are the morphological
basis of cell-to-cell transfer, the L~i§£+ cells should contain
gap Junctions, Some correlative evidence for this ils suggested
by Sheridan (personal communication), who finds that a few Lmiggu
cells, presumably the 3% noted above, can form low resistance
Junctions,

inally, the importance of a combined study of low resistance
Junctions, metabolic co-operation and gap junctions between cells
of the same cell line, such as thése by Gilula et al. (1972),
should be emphasised in elucidating the correlative relationship
between these three features. In particular, the use of related
EHE+ and int~ cells, such as the L-£g£+ and L-int” cells
(Section 3.5.3.), for a combined study of low resistance
Jjunctions, dye transfer, metabolic co-operation and gap junctions
between these cells could help to clarify the relati@nship between

these types of direct cell-to-cell interactions between cells,




Lhelie The blological functions of intercelluler junctions.

The sizes of the molecules (Section 1l.1.2.), shown to be
transferred between cells, range iwm molecular welght up to
about 2,000, These include physiological molecules, such as
nucleotides, and non-physiological molecules, such as dyes, Since
gap.junctions, which probably mediate such transfer between cells,
are found in virtually all tissues studied, this suggests that
cell«cell interaction must be of basic lumportance to
multicellular organisms.

The possible reasons for, and the possible effects of, the
transfer of molecules directly between cells will be considered.

1) The distribution of nutrients and waste products between
cells could occur. This would allow faster spread of molecules
between cells, than by en extracellular route alome. It has been
noted that in the squid, loss of electrical coupling between the
yolk cell and embryonic cells occurs 1-2 days after the onset of
the circulation (Furshpan & Potter, 1968).

2) Pitts (1971) has described an example of growth control
between cells, based on nucleotide-transfgr between cells.
BHK~TK™ and BHK-IPP cells, pgrowing together in HAT medium, require
the mutual exchange of nucleotides for growth, A 1: 1. mixture of
these cells can grow at the wild~type rate, if 2ll cells are in
contact. However, when a sparse 1:20 mixture is plated out,
growth is initially slow, but then increases. Analysis of the
confluent culture eventually formed shows that approximately
equal numbers of the two veriant cells are present. Presumably,
two (or more) differentiated or variant cellg could form such a

3) Stoker (1967b) has suggested that transfer of an inhibitor

molecule between normal cells in 2 confluent culture prevents
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further growth of these cells. Although the inhibitor is
synthesised all the time, an inhibitory level only accumulates
in the cell at confluence, due to leakage of inhibitor from the
cell, Transformed cells, which continue to grow after a
monolayer is formed, may dq so because either &) they fail to
synthesis the inhibitor or b) they do not respond to the
inhibitor. PyBHK cells, when placed in contact with a confluent
culture of normal cells, behave aé norusl cells. Stoker (1967a,h)
corcluded that PyBHK cells may fall to synthesis the inhibitor,
but that they can still respond to the oresence of the inhivitor
(a) above). However, transformed cells, which continue to grow
when placed in contact with a confluent culture of normsl cells
(b) above), may either fail to recognise the normal cell
inhibitor or may lsck the Junction (gap) required for transfer
of the inhibitor molecule (e.g. transformed epithelizl cells do

- not form low resistance junctions; Section 1.1.1.3.). The use

of the L-iut® and Leint™ cell lines (Section %.5.3%.) may help

to clarify some of these points, since Lm&ﬁ&m cells begin to
grow in suspension after the monolayer is formed (e.g. do L»igg+
cells stop growing after a monolayer is formed). However, evidence
for an inhibitor molecule is required.

Recently, a relationship between the level of cAMP in a
cell population and the growth of the cells has heen noted. Low
levels of cAMP were deltected in growing cultures, but high levels
are present in confluent cultures., Transformed cells, however,
contain only low levels of cAMP, even at high cell densities
(Otten et §l°’ 1971; Sheppard, 1972): However, since adenyl
cyclase, which catalysises the conversion of ATP to cAMP, is

located in the plasma membranc, membrane-membrane interactions

may increase the synthesis of cAMP at confluence,




L) Direct interactions between cells may be mediated by
membrane~-membrane interactions or by transfer of molecules from
cell to cell (see 3) above), Interactions between cells in
tissue culture, known to require direct contact (Martz & Steinberg,
1973), are:-

a) contact inhibition of overlapping, which gives
one=cell-deep layer (monolayer) on the culiure substratuns.

h) contact inhibition of colony exvansion., This
follows from the requirement of contact inhibition of overlapping.

¢) contact inhibition of speed of nuclear translocation.

A probable example of contact inhibition of overlapping
in vivo is observed im epithelial wound healing (Lash, 1955),
where cells movimg over a wound stop when they meet, so that no
multllayering of cells is observed.

Martz & Steinmberg (1973) have suggested that differentisl
~adhesion, between cell-substratum and cell-cell, may explain
a) and b) above,

Loewenstein & Penn (1967) have shown that epithelial cells
migrate across a wound. Low resistance junctions can be detected
between the cells of the two opposing borders of the wound
within 30 min of the borders meeting., Therefore, direct transfer
of molecules between cells may be required for contact in£ibition
of overlapping.

5) The activity of cells in an organ or tissue could be
co-ordinated by transfer of a control molecule between the cells.
One example of the co~ordinated activity of an organ (heart) hes
already been observed‘@mction 1.1.). fhis is mediated by ion
transfer between fhe cells,

Since many hormones interact with the membrane of target

cells, and some of these result in the synthesis of cAMP
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(Pastan & Perlman, 1971), it is possible that intercellular
transfer of c¢AMP could produce an co~ordinated response in a
group of cells.

£) The transfer of molecules between cells has been
suggested to explain observations in the development of
multicellular organisms. Crick (1970) has calculated that the
diffusion of a small molecule (e.g. cAMP) could account for the
establishment of morphoencetic gradients in embryonic development,
"provided a special mechanism which allows relatively quick
passage of the morphogen from one cell fo another in the tissue
of i1nterest™ is avallable. Gap junctions provide this special
mechanlism,

Bonner (1970), working with the cellular slime mould
D. discoideum has suggested that c¢AMP may induce cellular
differentiation of cells in the slug to form stalk cells. This
~may require direct cell-to-cell transfer of cAMP. Ennis &
Sussman (1958) has also shown in D. discoideum that apparent
normal fruiting bodies are produced when 10% wild-type cells
are mixed with 90% variant cells, which are blocked in
development, Some type of direct cell-cell interaction may be
necessary to explain this observation.

Differentiation of the ectoderm layer, present in eérly
amphiblan, depends on the organiser action of the underlying
mesoderm, Kelley (1969). formed explants of mesoderm wrapped
with ectoderm. When ectoderm was incubated for 3>h with mesoderm,

)

prelabelled with uridine-5-H", ectodern was labelled in the
nucleoli, nucleus and cytoplasm,., This is consistent with the
direct transfer of labelled nucleotides from mesoderm to ectodernm,
as observed in Section 3,1, Therefofe, providing there is

cell~to-cell contact, the direct transfer of small wmolecules,

such as nucleotides, could account for the "organiser effect" of




mesoderm on ectoderm,

In conclusion, the comcept that an individual cell in a
multicellular system acts as a discrete entity must be
reconsidered, If all the cells can interact, then each cell
con share at least some products synthesised in other cells;
that is, each cell can share by cell-cell transfer, certain

products of the expressed gene pool of all the other cells,
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5. Swmmary.
The llterature concerning two types of direct dinteraction

between cells, the formaltion and function of low resistance

Junctions and metabolic co~operation between cells, is

reviewed,

Autoradlography was used to analyse transfer of
radioactivity from prelabelled donor cells to unlabelled

recipient cells in tissue culture.

It was shown that uridiume, thymidine, and purine
nucleotides are transferred between BHK cells in contact
in tissue culture.'Such nucleotide transfer must involve
the formationm of junctions, permeable to nucleotides,

between interacting cells.

It was shown that RNA, DNA and protein are not

transferred between BHK cells in contact iun tissue culture.

It was shown that nucleotide trensfer i1s the basis of

metabolic co-operation between cells,

Nucleotide transfer between cells is not inhiblted by
actinomycin D or cyclohexiride, showing that continuous RNA
or protein synthesis are not required for the formation or

function of intercellular junctions.

Junction formation between cells is not inhibited by
sub-toxic concentrations of comcanavalin A, phytohsemagglutinin,

nupercaine or p=hydroxymcrcuribenzoate.




10.

11.

It was shown that BHK and 3T% cells show extensive
nucleotide transfer, that Hela cells show a reduced
nucleotide transfer and that L cells do not transfexr

nucleotides.

A technique was established for the isolation of cells,

which form junctions, from populations of mouse 1, cells,

Analysis of somatic cell hybrids formed between huma
cells, which can form jumctions, and mouse L cells, which
cannot, show that this technique will permit the human

chromosome assignment ol the genes for Jjunction formation,

The blologlical significance of direct interaction

between cells is discussed,
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