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A b s t r A c t

A study has been made of the effect of cell 
population density and virus-transformation on the transport 
of K , inorganic phosphate (Pi) and 2-deoxyglucose in culture., 
mouse fibroblasts.

Normal, untransformed cells show a marked
reduction (3~5 fold) in the influx of Pi and 2-deoxy-
glucose with increasing cell population density. The rcduct: 
in transport begins at low cell densities and precedes the 
cessation of cell growth. In contrast, virus-transformed pT\ 
cells do not exhibit similar density-dependent reductions in 
transport. In these cells the influx of K and 2-deoxyglucose 
is independent of cell density. The influx of Pi does 
decrease with increasing cell density but to a lesser extent 
and at much higher population densities tlian in 3Tp cells, 
low cell densities the influx of Ji and 2-deoxyglucose in 
cells is only slightly lower tnan the influx into transform.a 
cells. For K"*" the influx in 3T3 cells is slightly higher tr r .. 
in the transformed cells. At higher cell densities the trans
formed cells exhibit the higher rates of uptake of all three 
substrates due to the density-dependent transport reductions 
the 313 cells. Virus-transformation per se does not, there:c* 
lead to any great increase in transport capacity.

In all cases the density-dependent transport reduc
tions are attributable to a decreased Vmax with no change in 
tne Km of the system. The transport sites of normal and virus- 
transformed cells appear to be qualitatively similar since no 
significant differences were found for transport Km's oc twer 
the cell lines.

The density-dependent reduction of the influx in 
3?3 cells is due to a decrease in "Na-pump" activity v/iti. no 
change in the passive permeability of the cell membrane to n . 
This reduced "Na-pump" activity is accompanied by a decrease 
in fK’̂li and an increase in i, The Qi^Ji and [Xa^i of
virus-transformed cells are not markedly affected by change 
in cell density. The Qk Ji of transformed cells is slightly 
higher than the [̂ K Ji of untransformed cells at low cell 
density and almost 2-fold greater than the i of high
density untransformed cells. Tie cardiac glycoside, ouabai:, 
inhibits Na-K exchange in both untransformed and transfor ou 
cells. In the transformed cells the dru; also produces a 
secondary effect ie. a stimulation of exchange. Evidence
is presented which suggests that this difference is related c 
known changes in the lipid properties of virus-transformed 
cell membranes.

The inward transport of Pi occurs predominantly via 
a carrier-mediated, Na-dependent process. A small Na-indcpo..- 
dent influx of Pi is also present. Preliminary evidence 
su.g.gcsts that the outward movement of Pi is also !ja-dopende:h .
A model for Na-coupled ]-i transport is presented and discus.u 
briefly. The density-dependent reduction of Pi transport in 
313 cells is due to a decreased Na-dependent influx with no 
change in the Na-independent component.
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The addition of fresh complete medium to quiescent 
3T3 cells causes a rapid increase in the influx of Pi and 
?-deoxyglucose. Fresh modium without serum does not increase 
traris j-.or I. For both substrates the i uc reused transport 
results from a higher Vmax with no alteration in Km, Under 
normal culture coridJLjons this serum-s t i mu 1 a tion uJ‘ Iransjiort 
is independent of protein synthesis. However, an additional 
'increase in Pi transport occurs when fresh complete medium .1 a 
added to serum-starved 3T3 cells. This second increase is 
inliibited by cyclohoximido indicating a rcqui.rctnent for 
i'l'o loi I, s.v n thosi s.

'!' lia 1't.j 1 o * j f lit o Id 111 r> 11 o t i.'o ittj I »' < / I. * ; ) uj o id 11, c
corjtrol of cell prol i.fera ti on is. <i i scur-.s.ed . A model is pre
sented which attempts to explain the effects of serum growtli 
factors in terms of their action on transport systems.
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I

SUMMARY

A study.has been made of the effect of cell 
population density and virus-transformation on the transport 
of , inorganic phosphate (Pi) and 2-deoxyglucose in 
cultured mouse,fibroblasts.

1) ' Normal, untransformed cells show a marked reduction
(3-5 fold) in the influx of , Pi and 2-deoxyglucose.with
increasing cell population density. The reduction in 
transport begins at low cell densities and precedes the 
cessation of cell growth,

. ... . ■ *   '
2) Polyoma or simian virus-transformed 3T3 cells (py3T3 and 
SV3T3) do not exhibit similar density-dependent reductions in 
transport. The influx of and 2-deoxyglucose is independ
ent of cell density. The influx of Pi decreases with 
increasing cell density but to a lesser extent and at much
li.iglinr populntion denni. I;:i os Umn in 3^3 colls.

3) A L J.ov/ coll. UensiLlos 1,11 o inf lux of j'i and 2-doox,7/';lu.ooso 
in 3T3 cells is only slightly lower than i'hc influx into 
transformed cells. For K** the influx in 313 cells is
slightly higher than in the transformed cells. At higher cell
densities the transformed cells exhibit the higher rates of 
uptake of all three substrates due to the density-dependent 
transport reductions in the 313 cells. Virus-transformation 
per se does not, therefore, lead to any great increase in 
transport capacity.

4) In all cases the density-dependent transport reduction 
is attributable to a change in Vmax with no change in the Km 
o.r IJio ays Lorn.

5) Tlu> Lraiispo.r I, of normal and vl.rna- Lrana Tormcd colls appoa.r 
I o bo q u a 1 i La I, i v o 1 y s i m î 1 a r since no s i ; ■; n if lean L d i :C f ore nee s
wore found for transporL Km’s between the cell lines.



6) The density-dependent reduction of the K influx is due 
to 0. decrease in "Na-pump" activity with no change in the 
passive permeability of the cell membrane*

7) The reduced "Na-pump" activity is accompanied by a 
decrease in [k'J i and an increase in[Na*Ji with increasing 
3T3 cell density.

8) The [l{̂ ] i and i of virus-transformed cells are not 
markedly affected by changes in cell density. The[k*^ i of 
transformed cells is slightly higher than the [k’̂J i of un
transf ormed cells at low density and almost 2-fold greater 
than the '3 i of high density untransf ormed cells.

9) The cardiac glycoside, ouabain, inhibits Na-K exchange 
in both untransformed and transformed cells- In the trans
formed cells the drug also produces a secondary effect ie. a 
stimulation of K-K exchange. Evidence is presented which 
suggests that this difference is related to known changes in 
the lipid properties of virus-transformed cell membranes.

10) The inward movement of Pi occurs predominantly via a 
carrier-mediated, Na-dependent process. A small Na-indepen- 
dent influx of Pi is also present. Preliminary evidence 
suggests that the outward movement of Pi is also Na-dependent. 
A model for Na-coupled Pi transport is presented and dis
cussed briefly,

11) The density-dependent reduction of Pi transport in 3T3 
cells is due to a decreased Na-dependent influx with no change 
in the Na-independent component.

12) - The addition of fresh complete medium to quiescent 3T3 
cells causes a rapid increase in the influx of Pi and 
2-deoxyglucose. Fresh medium without serum does not increase 
transport. In both cases the increased transport is due to 
an increased Vmax with nOxalteration in Km.



13) Under normal culture conditions the serum-stimulation of 
transport is independent of protein synthesis. However, an 
additional increase in Pi transport occurs when fresh 
complete medium -is added to serum-starved 313 cells. This 
second increase is inhibited by cycloheximide indicating a 
requirement for protein synthesis.

14) The role of membrane transport changes in the control 
of cell proliferation is discussed. A model is presented 
which attempts to explain the action of serum growth factors 
in terms of their action on transport systems.



INTRODUCTION



1.

Development of model systems for the study of cell growth 
control

Origins of cell culture. The experiments of Harrison (1907) 
are generally regarded as marking the beginning of tissue 
culture (Paul, 1972 p.2). Harrison observed that axones grew 
from small pieces of nervous tissue explanted from frog 
embryos into clots of frog lymph. In 1912, Carrel placed 
pieces of chick heart in drops of horse plasma. The tissue 
became fixed in place when the plasma clotted and cells at the 
edge of the explant grew out into the plasma clot. In the • 
absence of anti-biotics bacterial infection was a serious 
problem. In any case, the culture could only be kept alive 
f.or a few days which made investigation of cellular 
properties difficult.

Carrel (1913) quickly discovered that the life of 
the tissue explant could be prolonged by regularly "feeding" 
the culture with a few drops of whole chick embryo extract.
The experimental value of an in vitro cell growth from tissue 
extracts was quickly recognised and this system produced 
valuable information, especially in the fields of embryology 
and histology. Nevertheless, the widespread application of 
cell culture to biological investigations only became possible 
after the next round of rapid development some forty years 
later.

Cultures from a single cell. The initial attempts to grow 
cultures from a single cell were not successful and this led 
to a widely held view that cellular connections via "proto
plasmic bridges" were essential for cell proliferation 
(Fischer, 1946). However, in 1948 Sanford et al. demon
strated the proliferation of single cells obtained from mouse 
explantR which had been treated with a chemical carcinogen.
A single cell from the growing edge of a carcinogen-treated 
explant was withdrawn into a capillary tube. The end of the
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tube 5 containing the cell, was broken off into a fresh serum 
clot. Sometimes, the,cell divided and gave rise to a "clone" 
of cells. Established cell lines, known as L-cells, were 
obtained from these clones.

Cultures from disaggregated tissue. Moscona (1952) showed 
that embryonic limb-buds could be disaggregated by trypsin 
and that the resulting cell suspension could be cultured. 
Independently, Shannon et al, (1952) and Dulbecco (1952) 
reported techniques for the production of cultures from 
trypsin digests of whole chick embryos. When these primary 
cultures were sub-cultured into fresh dishes it was found 
that the resulting secondary culture consisted mainly of one 
cell type. The cells were named fibroblasts (Dulbecco, 1-952) 
since they resembled the fibroblasts obtained from the . 
culture of connective tissue.

Establishment of fibroblast cell lines. Secondary cultures 
derived from normal tissue are often referred to as primary 
cell lines (Paul, l972 p.25)* These cell lines can be 
pepeatqdly subcultured for several months. However, many 
primary cell lines then reach a crisis point, stop dividing, ' 
and die. Others develop the ability to be subcultured 
apparently indefinitely and are, thereafter, known as - 
established cell lines. This designation is usually applied 
only after the cells have been subcultured at least 70 times 
(Paul, 1972 p.26).

The ability to form established fibroblast lines 
appears to be species-dependent. They are easily obtained 
from mouse and hamster cells but. not from human and chick 
cells. An 'established line usually arises from dense foci of 
apparently altered cells which manage to survive the crisis 
period mentioned earlier. These cells differ in several 
important respects from the cells of the primary line. The 
established cells have an altered chromosome number whereas



primary cultures are normal in this respect. The established 
.lines grow to higher saturation densities and, unlike most 
primary cell lines, will grow in suspension culture., . The 
established cells are almost always of high tumourigenicity
ie» give rise to a high incidence of tumours when injected 
into animals that do not iramunologically reject the cells. 
Such cell lines are generally regarded as having undergone 
a "spontaneous transformation".

"f‘!ormn1" l‘i.hrob]/jht col 1. 'lincui. J nfo,rrrini;i.on on I,he phy/;sio- 
logical and biochemical proper Lies of cultured colls was 
collected rapidly after the introduction of simplified 
culture procedures. However, all established lines were 
either derived from tumours, or, had undergone spontaneous 
transformation and adopted tumour cell characteristics. 
Observations were difficult to interpret in the absence of 
data from a comparable established normal cell line. In 
addition^ a major problem remained unsolved. It was known 
that viruses, such as polyoma virus, could transform early— " 
passage primary lines producing tumourigenic established 
lines.. However, it remained "impossible to tell v/hether the 
virus was speeding up an inevitable spontaneous adaptation 
or introducing new virus-coded alterations in growth 
behaviour" (Tooze, 1973 p.88),

The solution to these problems required the 
establishment of permanent cell lines that exhibited the low 
saturation density and low tumourigenicity of normal primary 
lines* One such cell line was produced from kidney cultures 
of one-day old hamsters. The name BKK 21 was given to these 
cells (stoker & KacPherson, 19^1; MacPherson & Stoker, 1962). 
Shortly afterwards Todaro & Green (19&3) reported a repro
ducible procedure for the production of the first established 
normal mouse fibroblast line. A primary line of mouse embryo 
fibroblasts was subcultured under carefully controlled 
conditions. The cells were replated every 3 days at an
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5 5 5innoculuni of either 3%10 , 6x10 or 12x10 cells/5 cm dish.
In all three conditions the population doubling time (Td) was 
found to increase from an original value of about 20 hours to 
a maximum of about lOO hours after 15-25 generations. There
after, the growth rate began to rise again with the Td 
eventually stabilising around the original values of 20 hours. 

’.All conditions gave ri^e to established cell lines which were 
named 3T3j 3T6 and 3T12* It was found that 316 and 3112 
cells, like previously established fibroblast lines, would 
continue to grow even in very crowded conditions. 313 cells, 
on the other hand, failed to divide after the formation of a 
confluent moiaolayer at about 1x10^ cells/dish. The 313 cells 
were also morphologically different from the other lines. In 
sparse culture the cells were fibroblastic but grew 
considerably flatter, appeared finely granular, and were 
difficult to trypsinise. In confluent cultures a sheet of 
cells with obscure individual cell borders was observed.

Todaro & Green reasoned that the 313 culture regime 
avoided cell-cell contact during establishmen.t ‘and- resulted 
in a permanent line which, though abnormal in karyotype, had 
normal growth confrlTol properties ie. low saturation density 
and failure to grow in suspension. It was suggested that the 
cells retained the "contact inhibition" associated with 
primary cell lines. The authors conclude, "the malignant 
properties of many established cell lines may be the result 
of selective processes usually operating in coll culture and 
not related to the process of establishment per so".

The Swiss mice from which Todaro & Green obtained 
their cultures were not inbred and so tumourigenicity tests 
were not possible. Aaronson & Todaro (1968) produced similar 
cell lines from the embryos of Balb/c inbred mice and 
demonstrated that, whereas 3l6 and 3112 cells were tumouri
genic, 313 cells were not. Moreover, a close correlation 
was found between the in vitro saturation density and the



'3ability to produce tumours in Balb/c mice. 313 cells were /j
shown to be readily transformed by two different oncogenic 
viruses, ;polyoma virus and simian virus 40 (Todaro et al.,
1964). Cloned lines of Py3T3 and SV3T3 cells were produced 
from virus-infected 313 cells. The transformed cells were 
shown to have high saturation densities and a very high 
tumour-forming ability (Todaro et al., 1964; Aaronson & /
Todaro, 1968).

P'P
Fibroblasts of either primary cell lines (eg. chick embryo, 
mouse embryo) or established cell lines (313, BEK) have become 
the main model systems in the study of cell growth control.
The growth characteristics of these cells may be transiently 
modified by various agents or permanently altered by viral 
or chemical transformation. It has been found that both 
transient and permanent changes in growth properties are 
accompanied by structural and functional alterations to the 
cell plasma membrane. For this reason it is now widely 
believed that the cell membrane plays a crucial role in the 
control of animal cell proliferation (Pardee, 1964, 1971 
1975; Burger, 1971 a, b, c, 1973; Papin & Burr,'or, 197'̂i-; 
u token, 1971 ; Holley , 197*- ; kmmelo I,, 1973 ; By nos , 1974 ;
Rubin, 19?4). In the next'section of this introduction the 
growth properties of the fibroblast model systems will be 
examined together with the associated changes in membrane 
structure and function. Particular emphasis will be placed 
on grov/th-related changes in membrane transport.

Growth properties of normal fibroblasts in culture

As mentioned previously normal, untransformed cells 
show "contact inhibition" (Todaro & Green, 1963) or "density- 
dependent regulation" (Stoker & Rubin, 1967) of growth. The 
latter term is preferable since the involvement of cell-cell
contact in the regulatory process is questionable (see later), .3

■ AUntransformed cells grow to a certain "saturation density"
and then stop growing. The resulting culture remains healthy
and quiescent for some time (weeks). Transformed cells, on 1i
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llio ot.hor haiui, do not, oKliibil; do uo.i, l;,y «-do po iuUmi I; rorpilat, loru 
These colls continue to /:;row until the medium is exhausted of 
low molecular weight nutrients. The cells do not become 
quiescent and will die unless transferred to fresh medium.
The significance of density-dependent regulation lies in the 
fact that it may be an inherent regulatory mechanism in vivo, 
the loss of which may be a factor contributing to malignancy. 
Indeed tumour-forming ability in vivo has been correlated with 
the loss of density-dependent regulation in vitro (Aaronson 
& Todaro, 1968; Pollack, Green & Todaro, 1968; Abercrombie, 
1970).

Normal fibroblasts in culture can thus exist in two 
alternative growth states; one of active proliferation or one 
of reversible arrest of cell division (Todaro & Green, 1963; 
Todaro et al., 1963)» ^

The growing state

Progression through the cell cycle. Growing fibroblasts in 
culture divide every 12-2^ hours depending on the cell type. 
The cells proceed from one division (mitosis, M) to the next 
by a poorly understood sequence of events. Three major 
phases, G1, S and G2, can be recognised during the inter- 
mitotic period (Howard & Pelc, 1933; Hornsey & Howard, 1936). 
The genetic material, DNA? replicates during the S phase.
The G1 phase is the interval between mitosis and the init
iation of DNA synthesis; the G2 phase is the interval between 
completion of DNA replication and the next mitosis.
Syntheis of RNA and proteins occur throughout the interrnitotic 
period. Which events are crucial for the progress through 
the cell cycle, and particularly through G 1 and G2, remain 
major questions of cell biology.

Membrane- changes during the cell cycle. Studies on the 
regulation of the cell cycle usually require synchronised 
cell populations. These can be produced by a variety of 
procedures which reversibly block progress through the cycle. 
Amino acid (Ley & Tobey, 1970) or serum (Todaro et al, 1963)
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starvation stops' growth in G1, hydroxyurea or excess 
thymidine inhibit DNA synthesis producing a block at the G 1/S 
boundary; vinblastine, vincristine or colchicine prevent 
cytokinesis and thus block cells in M, When the inhibition 
is reversed a round of synchronised cell division can be 
followed.

Using these techniques several striking changes in 
membrane structure have been shown to take place during M and 
early G 1. Mitotic cells, observed by electron microscopy, 
show numerous microvilli. After division, through G1, the 
cells become smoother, until, during S', few microvilli are 
present (Follet & Goldman, 1970; Rubin & Everhart, 1973;
Hale et al., 1973)* The membrane of 3T3 cells contains 
aggregated intramembranous particles (IMP). A disaggregation 
of IMP has been shown to oiccur during mitosis (Furcht & Scott, 
1974). Normal cells are known to be less easily agglutinated 
by certain lectins than the corresponding transformed cells 
(Papin & Burger, 1974; Nicolson, 1974). It has been reported 
that the agglutination of normal cells by lectins is increased 
during mitosis (Shohara & Sachs, 1974; Burger, 1973)* An 
external surface protein, found on the membrane of some cells, 
has been shown to disappear during mitosis (Hynes, 1974).
These changes in membrane structure during mitosis have led 
to the suggestion that they - play a crucial role in determining 
whether the cell will proceed with the next division cycle or 
pass into a resting state. However, no unequivocal demon
stration of this possibility has been made.

Relatively few studies have been made on variations 
in membrane transport through the cell cycle of mammalian 
cells in culture. Chinese hamster ovary (CEO) cells and L 
cells synchronised by isoleucine deprivation or mitotic shake- 
off showed reduced rates of 2-aminoisobutyric acid transport 
during; M and early G 1, As the cells progressed further into 
( Î I I.l ie t  i 'a )is ))(! r  I, I'/i 1,4-i d i u i l i l t i d  / i ) id t i i m i  reiN/i j n«id c o u / i t / i n t  

during the root of the cell cycle returning to the base level



the next round of cell division. These alterations in 
transport were due to'changes in the Vraax with no change in 
the Km of the system (Si^nder & Pardee, 1972). Preliminary 
results suggested that uridine and thymidine transport showed 
similar increases during G1 (Sander & Pardee, 1972). The 
results for thymidine are in conflict with other observations 
on the same cell line (Everhart & Rubin, 19?4). Using GUO 
cells synchronised by mitotic shako-off Everhart & Rubin 
demonstrated a marked increase in thymidine transport at the 
beginning of the S phase. The increased transport was not 
caused simply by increased incorporation of thymidine into 
DNA during S. These workers presented evidence that newly 
synthesised thymidine transport sites were incorporated into 
the membrane during late G1 and early S. PIagemann et al. 
(1974, 1975) obtained similar results for Novikoff cells 
synchronised by a double exposure to hydroxyurea. ... It was 
found that the thymidine transport capacity of these cells 
doubled during the S period. The increased transport was 
caused,by an increased Vmax with no change in Km (Plagemann 
et al., 1974). The increase in transport was dependent on a 
de novo synthesis of RNA and protein (Plagemann et al., 1973)* 
These observations provide further evidence for the proposal 
of Everhart & Rubin ( 197̂ 1 ) thaL newly synthesised thymidine 
sites are incorportaed into the membrane during early S 
phase.

Other transport systems exhibit different patterns 
of synthesis during the cell cycle. In Novikoff cells the 
transport of choline and hypoxanthine exhibited a sharp 
increase during early G1, The increase was abolished in the 
presence .of either actinomycin D or protein synthesis 
inhibitors (Plagemann et al,, 1973)« In both chick embryo 
fibroblasts (Hale et al., 1973) and Novikoff cells (Plagemann 
et al., 1973) the transport of uridine and 2-deoxyglucose 
increased continuously through the cell cycle.
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Only one report has appeared on cell cycle variations in 
cation content and fluxes of cultured mammalian cells. Jung 
& Ro k 11 te;ln ( 1967) us 1 np; synchronised Xymphob 1 asts ineasurod 
a 20vV' loss of coll K* ak kiie bc/vinning of khe Ü period. Over 
Uie UpkI  *') 1,0 f ' bou.i 'n I h p  K* dnP in  i t; wan n'j i tn i na l .ed , Ttie 

eli,‘\np;i>n .In l.ota.I ce t t Nn were more oonipl'.l on l.eil show t np; a 
double fl.uc kuakion. Tin; unidirectional R inf lu x: sdiowod a

p e r i o d  ~ a t i m e  nk 

I k  was c o rnh ludod

P-.l'oId increase nk the bop.'inninp; of kh 
which khe celiks yihowcnl a nek loss o (' K 
that khe unid iroc kional K* efflux musk also have increased by 
an even greater amount but this was not measured.

Taken together, these observations indicate that 
different transport systems are synthesised or activated 'at 
different phases of the cell cycle. The results argue 
against the proposal of Sander & Pardee (1972) of a general 
increase in membrane transport systems during early G1.

The resting state
]

Density-dependent regulation of cell growth. Normal, density- 
inhibited cells stop growing in the G1 phase of the cell 
cycle; that is, they have a single complement of DNA and 
hence have undergone cell division but not the next round of 
DNA replication (Nilhausen & Green, 1963). To distinguish 
cells resting in G1 from actively growing cells passing 
through G1 the terms GO (Brown, 1968) or, less frequently,
Gib (Temin, 1971) are often used. In spite of a great deal 
of effort over recent years the mechanism of density-dependent 
regulation remains incompletely understood. Two major 
hypotheses have developed.

One maintains that growth is restricted"due to the 
reduced availability of essential components in the growth 
medium. The alternative proposal maintains that cell-cell 
contact directly produces a negative signal which inhibits 
cell growth.
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Several lines of evidence support the first hypothesis. .j
Kruse & Miedema ( 1963) demonstrated that continuous renewal |
of the culture medium by perfusion allov;ed the cells to reach 
higlier saturation densities than standard culture conditions.
However, the rate of cell growth was reduced at high density.
High levels of serum have boon shown to transiently release 
cells from growth inhibition. In 3^3 cells the saturation 
density was dependent upon the concentration of scrum in the 
growth medium (Holley & Kiernan, 1968). In addition, in low 
concentrations of serum, growth was arrested before the 
formation of a confluent monolayer ie« before most cells are 
in close contact (Clarke et al., 1970). Using time-lapse 
cinomicography to follow individual 313 cells Marta &
Steinberg (1972) demonstrated that cell-cell contact did not 
directly produce inhibition of cell division. Dulbecco &
Elkington (1973) grew 313 cells in the same quantity of 
medium in dishes of different sizes. The results indicated 
that the saturation density was essentially independent of 
the dish size and depended only on the quantity of medium and 
the serum concentration of the medium. However, a recent 
modification of this procedure suggests that both medium and 
surface area availability are involved (Thrash & Cunningham,
1973).

The alternative hypothesis, that contact between 
cells in some way inhibits cell division directly, arose as 
an extension of earlier observations on cell movement.
Abercrombie & Heaysman (193^) observed that the forward 
movement of cells was greatly reduced when colls collided.
Later ̂ Abercrombie et al. , (1937) demonstrated tliat malignant 
cells did not show "contact inhibition" of movement. The 
term was expropriated to apply also to the inhibition of cell 
division seen in untransformcd cells. The experimental 
evidence in favour of a direct role for cell contact rests 
heavily on the results of "wound-healing" experiments. This 
technique consists of making a fine scrape through a layer of
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rostin/’; go].1g. It v/qs observed that the cells at the edge 
of the "v;ound" moved out into the denuded area and commenced 
DNA synthesis and eventually cell division (Todaro et al., 
1967; Dulbecco & Stoker, 1970). Thus it appeared that those 
cells which Had broken intercellular contact were able to 
divide in the same medium that would not support the division 
of cells within the laye^r. However, serum factors have been 
shown to be essential for this response. In the absence of 
serum the cells do not migrate into the wound and do not 
initiate DNA synthesis (Dulbecco, 1970; Lipton et al., 1971)• 
Also, a factor has been obtained from serum which promotes 
migration but not DNA synthesis and division (Lipton et al., 
1971). Thus, the breaking of contacts is not sufficient to 
induce cell proliferation. Conversely, in the presence of 
seruin> cells around the edge of the wound divided even when 
they were prevented from migrating into the cell-free area. 
by the presence of cytochalasin B (Stoker & Piggott, 1974; 
Brownstoin etcvl;i973) •

Recently, Stoker ( 1973 ; Stoker & Piggo*t.t,-. 1974) 
has explained the wound healing experiments in terms of a 
diffusion barrier (see Maroudas, 1974) very close to the 
surface of a layer of cells. The effect of a wound is to 
break this barrier. These experiments support the view 
(Holley, 1972) that a high cell density limits the 
a va liability of grov/th factor(s), perhaps by reducing their
u p  t a k a  f ' t ' n i i i  t l i M  l î uu l  j un ' i . T l i l h  p OM S 11,11 1 t y  h a n o m t w i  

p/i.r tlcula fly attracL.i.vo if the combined of foe ts of 0 d 1 ! 'fusion 
barrier, medium depletion (Holley & Kiernan, 1968, 19'/A a, b) 
and reduced transport (see next section) are considered 
together. On the basis of this proposal, cells which do not 
exhibit strong density dependent regulation (ie. transformed 
cells), would have a reduced requirement for medium 
components and/or an increased ability to obtain them from 
depleted medium.
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membrane enzymes have been shown to be lower in resting cells, 
( Na ' -K * ) -ATI'ano v/nn rod ucod in qu 1 dscon I; op I Lhoi oi d NK.., col I /; 
(■l.oliovro ok /I.L., 1971 ; KolJf.-vro A Ivi.rai.', 1973) and 3'1'3 cello 
(Elligson ct al., 1974). Lelicvre ot al. (1971) also 
demonstrated a reduction in 3' nucleotidase activity.

Over the past few years density- dependent changes 
in membrane transport have been reported. Foster & Pardee 
(1969) found a decreased influx of non-metabolisable amino 
acids in stationary 3T3 cells. The rate of uptake of 
metabolisable amino acids was apparently independent of cell-^

I
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A great deal of research is currently directed at determining 
which factors in the growth medium are important in growth 
control. Macromolecular factors in serum and low molecular 
weight factors in either serum or the synthetic medium appear 
to be involved (Holley & Kiernan, 1968, 1974a, b). In 
addition, various other substances have been shown, under 
certain circumstances, to influence cell growth. TheseIinclude; fibroblast growth factor, insulin, hydrocortisone, 
prostaglandins, cyclic nucleotides, sodium butyrate, lectins, 
calcium ions, potassium ions, phosphate ions, amino acids, 
and glucose. For further information and references on this 
topic the reader is referred to the recent reviews by Holley 
(1973) and Pardee (1973). . . #

Membrane changes accompanying growth inhibition. Extensive 
changes appear to take place in the structure of the membrane 
of density-inhibited cells. Evans at al.(1974)-used scanning 3#■-t/velectron microscopy to show that inhibited cells had a smooth 
surface with few microvilli. Growth-dependent alterations in 
surface glycopeptides (Buck et al. , 1970 ; Ceccai^ini e.t. al. ,
1973) and glycolipids (review by Hal-comori, 1973) have been 
reported. Freeze-cleavage studies (Scott et al., 1973i 
Barnett et al., 1974) have demonstrated an increased 
aggregation of intramembranous particles with increasing 
population density of 3T3 cells. The activities of plasma

*■
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density. More recently, Otsuka & Moskowitz (1973) have 
observed a reduced influx of both types of amino acid with 
increasing density of 313 cells. The reasons for this 
discrepancy are not clear, but may, be related to the much 
higher substrate concentrations used in the first study. 
Griffiths (1972) found that the accumulation of a wide range 
of, amino acids was redacted in human diploid cells at a high 
cell density. Unfortunately, this report provides no details 
of initial transport rates.

Cunningham & Pardee (19^9) observed a 2 to 4-fold 
reduction in the rate of phosphate and uridine transport when 
confluent and non-confluent 3T3 cells were compared. Similar 
changes were later reported by Pariser & Cunningham (1971). 
Weber & Edlin (1971) compared phosphate transport in growing 
and density-inhibited cultures of 3T3 cells. They found a 
3-fold reduction in the rate of phosphate transport with no, 
change in the size of the acid-soluble phosphate pool. A 
common difficulty in interpreting these results is that 
estimations of transport rates were made using.relatively 
long isotope labelling times (13-30 min). From the data it 
is impossible to determine whether initial rates of transport 
(ie. influx) have been obtained. The most comprehensive 
examination of cell-density effects on phosphate transport 
also suffers from this problem (Earel et al., 1973)* The 
initial experiment showed a marked reduction in phosphate 
influx (measured over 10 min) with increasing population 
density of 313 colln. However, in Cur t her e.xpor.i men to a /|0- 
minute labelling period was used. Values obtained in this 
way probably represent neither the true influx nor the true 
equilibrium uptake.

The effect of cell population density on transport 
has been most extensively investigated for glucose transport. 
However, .glucose itself is rarely used as the substrate in 
those experiments. The glucose analogues 2-deoxyglucose or 
3-0-methylglucos‘e are usually oJ*ployed instead. The
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difficulties associated with the use of glucose and the 
justification for substituting an analogue are outlined in 
APPENDIX A.

Gefton P< Rubin (1971) used a normal, primary cell 
line of chick embryo fibroblasts (CEF) to examine the effects 
of population density on 2-deoxyglucose transport. Over the 
population range examined (0.2 to 2.0x10^ cells/^OGim dish) a 
13-fold inhibition of the influx was observed. Weber (1973) 
compared growing and density-inhibited CEF and found a 6-fold 
reduction in the rate of 2-deoxyglucose uptake. The decreased 
transport was associated with a 3-fold reduction in Vmax with 
no change in the Km of the system. Since the transport of the 
non-phosphorylatable glucose analogue 3-0-methylglucoso showed 
a similar effect, Weber concluded that the reduction in 
transport was due to a membrane change rather than a change in 
intracellular phosphorylation. This conclusion is supported 
by the results of Kletzein & Perdue (1974a) who found similar 
changes in 2-deoxyglucose transport when rapidly growing and 
slowly growing CEF were compared. However, no differences 
were found for the hexokinase activities of cells with 
different growth rates. An analysis of the kinetics of 
phoriphoryln tion in both intnc t cells and cellular homogonntos 
d omon/> trn Le(i Hint trn n.nper t /«cronr. the membrane, and not 
phos%)h0ry 1 ation inside tlio coll, was the rate-limiting s top 
in the transport of 2-deoxyglucose. These authors propose 
that the inhibition of transport associated with increased 
cell density was due to a reduction in the number of 
functionally active transport sites. Plagemann (1973) has 
drawn the same conclusion from similar experiments on a 
primary line of mouse embryo cells.

2-deoxyglucose transport in 3T3 cells also shows 
density-dependent changes. This has been examined by seeding 
3T3 cells at different densities and incubating for a fixed 
period to produce cultures with a range of cell densities. A 
6 to 10-fold reduction of P-dcoxyglucoso influx was found 
ovfH* n d t i i i r i l l . y  I'Miii'p' (H' 1<) - '1x10 r u I 1 s/cm' ( f’ VVl o I u i i-K ,
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1973; Bannai & Sheppard, 1974). Other workers have reported 
similar, though less detailed, results (Schultz & Culp, 1973; 
Oshiro & Di Paolo, 1974). It should be noted that in these 
experiments, and in those of Sefton & Rubin (1971) on CEF, 
inhibition of transport was evident well before confluency 
was achieved.

The effect of cell density on 2-deoxyglucose 
transport in 3T3 cells has been examined in a different way. 
Schultz & Culp (1973) seeded cells at a single density and 
measured the 2-deoxyglucose influx each day for several dayst 
In contrast to the previous results 2-deoxyglucose transport 
increased slightly during pre-confluent growth but then 
decreased rapidly when confluency was reached 3 to 6 days 
after seeding. A 3-fold reduction in the Vmax and a 2.3-fold 
increase in Km was found when growing and quiescent cells were 
compared. Using similar procedures Bose & Zlotnick (1973) 
found that the 2-deoxyglucose transport began to decline 
within the first 2 days after seeding. They found that the 
reduced transport was associated v/ith a 7-fold reduction in 
Vmax with no change in Km. In view of the difficulty in 
accurately estimating Km, especially from Bineweaver-Burk 
plots (see APPENDIX B.) , further data is required to resolve 
this discrepancy.

Hassell et al. (1973) have questioned the 
conclusion that density-inhibited cells show reduced 2- 
deoxyglucose transport. These authors claim that previous 
investigators did not allow for density-dependent alterations 
in the rate of intracellular phosphorylation. This is a 
surprising claim in view of the particular attention paid to 
this point by several workers (Renner et al., 1972 ; Plagemann 
1973; Weber, 1975; Kletzein & Perdue, I9?4a). Until further 
data in support of Hassell et al. is produced the combined 
experimental evidence strongly suggests that in cells which 
exhibit density-dependent inhibition of cell growth the rate
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of 2-deoxyglucose transport decreases markedly with an 
increase in cell density. '

Few studies have been made on the effects of cell 
density on cell cation content and fluxes. Raab & Humphreys 
(1974) found no significant difference for the 
concentration of growing and density-inhibited chick embryo 
fibroblasts ( IO3 m-mol e/1) . However, the rate of K** 
exchange was some 3 0 % greater in growing than in density- 
inhibited cells. Prigent et al. (1973) found no density- 
dependent effects on either influx or efflux in the ME2 
epithelioid line. This is surprising in view p.f.‘the. large 
reduction in (Na'^-K*^)ATPase activity found for density- 
inhibited ME2 cells by the same workers (Lelievre et al.
1971)* A decrease in the ouabain-sensitive "uptake" has 
been found in 3T3 cells at high population density (Kimelberg 
& Mayhew, 1973). However, since a 1 hour labelling period 
v/nn uned ib in nob clear thab eiHier true influx or bruo 
efjU i 1 ;1 lir 111(1) U|jb/ike values h/ive iieeit ol< ba j.ned .

Roinitiation of cell grov/th in quiescent colls

Cells resting in GO can be stimulated by a variety 
of agents to recommence DNA synthesis and division. Serum is 
the most effective and v/idely investigated of these stimuli 
(Todaro et al., 1963; 1967)* Serum itself can be added to the 
used growth medium or a change to complete fresh medium can be 
made. DNA synthesis is induced after a period that is 
usually longer than the normal G 1 period. For example, in 
quiescent 3T3 cells stimulated by a change of medium, DNA 
synthesis began some 12 hours after the change and reached a 
maximum at 20 hours. Dividing cells were first seen at 23 
hours after the change and mitosis peaked at 30 hours (Todaro 
et al., 1963)-

Functional membrane changes are among the earliest
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events associated with the reinitiation of cell growth. The 
rate of transport of uridine and phosphate (Cunningham & 
Pardee, 19^9; Pariser & Cunningham, 1971; Rozengurt & Jimenez 
de Asua, 1973)» leucine and 2-deoxyglucose (Kram et al.,
1973; Kram & Tomkins, 1973; Jimenez de Asua & Rozengurt,
1974; Oshiro & D i ’Paolo, 19?4; Bradley & Culp, 1974) increased 
several fold within minutes of the serum-stimulation of 
resting 3T3 cells. Similar changes have been reported 
following serum-stimulation in mouse (Hare, 1972) and chick 
(Sefton & Rubin, 1971; Rubin & Podge, 1974; Kletzein & Perdue, 
197̂ ic) primary cell lines. The degree of stimulation obtained 
and the |)rocie,o time-courso of the increased transport 
differs a good deal between reports from the various 
laboratories and even between different reports from the 
same laboratory.' 1’ho early transport rise appears to be 
independent of both RNA and protein synthesis (Rubin & Koide, 
1973 ; Jimenez de Asua & Rozengurt, 1974; Kletzein & Perdue, 
1974c). However, Jimenez do Asua and Rozengurt (1974) 
obtained a biphasic increase for 2-deoxyglucose and phosphate 
transport in serum-stimulated 3T3 cells. In both cases the 
second phase was inhibited by cycloheximide indicating a 
requirement for protein synthesis. A similar, though very 
much smaller, cycloheximide-sensitive component was found 
for the serum-stimulation of 2-deoxyglucose transport in 
chick embryo fibroblasts (Kletzein & Perdue, I9?4c),

Little evidence is available concerning changes in 
the kinetic characteristics of transport after serum-stimul
ation. The increased uridine transport appears to be 
associated with an increased Vmax with no change in Km (Lemkin 
& Hare, 1973; Jimenez de Asua et al., 1974). Kletzein &
Perdue (l9?4c) have reported similar results for the serum- 
stimulated increase in 2-deoxyglucose transport in chick 
embryo fibroblasts. In contrast, Bradley & Culp (1974)found 
both an increased Vraax and a decreased Km for the 
2-deoxyglucose transport of serum-stimulated 3T3 cells.
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Membrane changes in virus-transformed cells

Virus-transformed cells do not shov/ density- 
dependent regulation of growth. This loss of growth control 
is accompanied by marked changes in the structural, 
compositional and functional properties of the cell's plasma 
membrane. Transformed cells show greater agglutinability 
.with various lectins. The glycolipid and glycoprotein 
compostion of the membrane surface is altered after virus- 
transformation. Transformed cells exhibit an enhanced 
proteolytic activity. Transformation appears to increase the 
fluidity of the lipid phase of the plasma membrane. For 
furtherinformation and references on these and other changes 
the reader is referred to the reviews by Tooze (1973) and 
Rapin & Burger (1974),

Changes in membrane transport properties have been 
shown to occur after transformation by either RNA or DMA 
tumour viruses. In untransformed cells the transport of 
sugars, some amino acids, phosphate and nucleosides decreases 
with increasing cell density (see earlier). In transformed 
cells the transport of glucose and its analogues was un
affected by cell density (Weber, 1973; Plagemann, 1973; 
Schultz & Culp, 1973; Bq>se & Zlotnick, 1973) » Whether this 
is also true for other substrates remains to be determined 
since few results are available. Cunningham & Pardee (19o9) 
found a small decrease in uridine transport and a small 
increase in phosphate transport with increasing Py3T3 cell 
density. In contrast, Harel et al.(1973) reported a small 
decrease in phosphate transport with increasing SV3T3 cell 
density. Fosbor & Pardee (1969) were unable to find density- 
dependent changes in amino acid uptake in Py3T3 cell.s.

Viral or chemical transformation of primary or 
normal established cell lines appears to increase glucose/ 
2-deoxyglucose transport (Table 1 ). In general the rate of



'Pablo 1 . ''Summary of previous findings on tho of foots of coll 
transformation on the transport of glucose and glucose analogues,

Ahbrevi.atlone used in tab!o

cell lines

transforming
agent

substrate

symbols

: M-EP, REP, HEP, & CEP - mouse, rat, hamster 
and chick embryo fibroblasts 

: NRK - normal rat kidney cells
: BHK - baby hamster kidney cells
MSV
MLV
HPSV
Py
8V40
RSV

murine sarcoma virus 
murine leukemia virus 
hamster pseudotype sarcoma virus 
polyoma virus 
simian virus 40 
Rous sarcoma virus

(ts indicates temperature-sensitive virus mutant)
M ■
D
G1
2-DOG
3-MG

y
ND
m

- N-methyl-H ' -nitro-N-nitroguanidihe
- 7,12-dimethylbenz(a)anthracene
- glucose
- 2-deoxyglucose
- 3-methylglucose
- increase
- decrease
- nèt determined
- not reported
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substrate uptake increased about 2-4 fold but Hatanaka and 
co-workers consistently found much greater increases. The 
results obtained with glucose itself are of doubtful value 
since no precautions were taken to eliminate the errors which 
are associated with its use (see APPENDIX A). In addition, 
most workers compared cells at rather higher population 
densities and in the untransformed cells a density-dependent 
reduction in transport may have been present. These results 
would thus bo misleading since tho mo/irnum rate of transport 
0/’ 1/1)0 I! II trofiri I’o r'fnod oo’l.l/i ŵ oi I n ' nc) t liovo boon ob/;oi'vod.

Results on the transformation of chick embryo 
fibroblasts (CEF) by temperature-sensitive mutants of the 
Pous sarcoma virus are particularly interesting. At the non-opermissive temperature (41 ) cells infected with the mutant 
virus display normal cell morphology and growth 
characteristics. At the permissive temperature (37°) cells 
show transformed cell morphology and growth characteristics. 
Since virus, replication occurs equally well at both temper
atures, effects due to transformation and virus-replication 
can be separated. It has been shown that 2-deoxyglucose 
transport in CEF did not increase when cells were infected at 
the non-permissive temperature. When these cells were 
shifted to the permissive temperature 2-deoxyglucose transport 
increased 2-3 fold. The rate of transport was correspondingly 
reduced by the reverse shift from 37°-4l° (Martin et al.,
1971; Kawai & Hanafusa, 1971; Kletzein & Perdue, 1974b). The 
changes in either direction proceeded more or less linearly 
without a time lag and ^0% conversion was obtained 3-8 hours 
after a reciprocal shift of temperature. The change from 
normal to transformed morphology or vice-versa followed a 
similar time-course (Kawai & Hanafusa, 1971). Inhibition of 
DNA synthesis during a shift from 4l°-37° did not inhibit 
either the morphological transformation or the increase in 
2-deoxyglucose transport. This result indicates that DNA 
synthesis is not required for these changes (Martin et al..
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1971 ; Kawai Hanafusa, 1971 ) . Kawai & Hanafusa ( 1971 ) 
found that the changes did not require RNA synthesis but were 
dependent on protein synthesis. In contrast, Bader (1972) 
has reported tliat either RNA or protein syntliosis inhibitors 
prevented the increase in 2-dcoxyglucose transport. This 
difference in results may be related to tho different strains 
of the Rous sarcoma virus which were used.

Hatanaka and co-workers maintain that the increased 
hexose transport of virus-transformed cells was associated 
with a large reduction (20-fold) in Km with little change in 
Vmax, Schultz & Culp (1973) also reported a reduction in Km 
but the change was much smaller (2-fold). Other workers 
(Isselbacher, 1972; Weber, 1973; Venuta & Rubin, 1973; 
Plagemann, 1973; Kletzein & Perdue, 1974b) have found that 
the Km’s for 2-deoxyglucose and 3-0-methylglucose were not 
altered by virus-transformation. Increased transport was, in 
these reports, entirely attributed to an increase in Vmax.
More data is required to resolve these conflicting results.

Romano & Colby (1973 ; Colby & Romano, 1974) have 
claimed that the increased rate of 2-deoxyglucose uptake 
often seen in transformed cells was the result of increased 
intracellular phosphorylation, not of increased transport.
This conclusion was based on their observation that trans
formed cells accumulated greater amou’nts of 2-deoxyglucose- 
6-phosphate than untransformed cells, but the amount of free 
2-deoxyglucose which accumulated intracéllularly was the same 
in both cell types. However, analysis of transport depends on 
initial rates of uptake not equilibrium concentrations. 
Examination of the data (Fig.2 , Romano & Colby, 1973) shows
that the initial rates of uptake into total cell material was 
in fact 3-fold higher in the transformed cells.

Very little information is available on the effect 
of virus-transformation on the transport of substrates other
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than glucose and its analogues. The rate of uptake of 
a-aminoisobutyric acid has been reported to be increased in 
BHK cells transformed by polyoma virus (Isselbacher, 1972) 
and in '3T3 cells transformed chemically or by polyoma or 
simian virus (Kuroki & Yamakawa, 1974; Foster & Pardee, 1969; 
Isselbacher, 1972), In all cases the increase was due to an 
increased Vmax with no change in Km. Cunningham & Pardee 
(1969) found that the rate of uptake of inorganic phosphate 
was slightly higher in Py3T3 than in 3T3 cells* Harel et al. 
(1973) found no difforoncc for phosphate transport when 3^5 
and CV3T3 cells were compared at low population densities.

Kimelberg & Mayhew (1973) have reported an 
increased ouabain-sensitive K^ "uptake" in SV3T3 cells 
compared to 3f3 cells. However, as mentioned previously, 
a 1 hour labelling period was used in this study and it is 
not clear that either true influx or true equilibrium uptake 
values have been obtained. The membrane (Na^-K^)-ATPase 
activity was also found to be higher in the transformed cells. 
Elligsen et al. ( 1974) found that the (Na’̂-K**')-ATPase 
activity of 3^3 and SV3T3 cells were similar at low population 
densities but enzyme activity decreased at higher cell 
densities in the normal cells but not in the transformed 
cells. In contrast, Graham (1972) has reported a higher 
activity of ( Na^-K*^)-ATPase in normal BHK cells than in PyBHK 
cells.

Conclusions

The results which have been described provide 
strong evidence for the involvement of the plasma membrane 
in the regulation of cell division. The growth-related 
changes in membrane transport may be particularly important 
in this process. When this project began (1972) little 
information was available on the effects of cell population 
density and virus-transformntion on membrane transport.



Since then more results have been reported particularly for 
the transport of glucose analogues. However, before any 
clear statement can be made concerning the role of these 
changes in the regulation of cell proliferation much more 
information on a variety of transport systems will be require-J 
In this work the transport of , inorganic phosphate and 
2-deoxyglucose has been investigated in 3'f3 and virus- 
transformed 3T3 cells.

No discussion of "in vivo" studies on cell growth 
regulation hag been included in this INTRODUCTIGN. For 
information on this extensively investigated topic the reader 
is referred to the book of Bullough (198?) and the recent 
review by Lozzio et al. (1975)*



MATERIALS & METHODS



23

MATEI^TALS

Swiss 3T3 and SV3T5 cells were originally 
obtained from Flow Laboratories Ltd* Py3^3 cells were 
kindly supplied by Dr. Michael Stoker (I.C.R.F.
Laboratories, London) and by Ms. Esther Steinhardt 
(Department of Virology, University of Glasgow). Each cell 
line was ensured to be free from mycoplasma contamination 
(aceto-orcein staining) and kept as frozen stock in a Union 
Carbide I»R 40 Liquid Nitrogen refrigerator. Fresh cultures
were restarted from this supply every 2-3 months.
■ ■ ■ 'i

' DMEM growth medium, glutamine, calf and foetal 
bovine serum, balanced salt solutions and amino acid and ' 
vitamin concentrates were from Flow Laboratories Ltd.
Plastic Petri dishes were purchased from the Nunc Co., 
Denmark. Gentamicin was from Roussel Laboratories Ltd.

Glucose was obtained from Boots Co. Ltd. and 
Sorbitol from Laporte Industries Ltd. Ouabain glucoside was 
from the Laboratoire Nativelle, Paris. Cytochalasin B was 
purchased from Aldrich Chemicals. Other drugs and chemicals 
were supplied by the Sigma Chemical Co.

. . . .  . ■ *   ■
Radioisotopes were obtained from the Radio

chemical Centre, Amersham;
RbCl (aqueous solution; 0.38rag Rb/ml; 1mCi/ml) 

^^P-orthophosphate (in dilute HCl; /-'/lOmCi/m-mole) 
2 - D e o x y - D - g l u c o s e  (aqueous solution,/\/27G1/'

m-mole)

Liquid scintillant was NE 230 from Nuclear 
Enterprises Ltd.
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METHODS

Cell culture procedure ^

Propagation of the cell lines* All cell lines were routinely-
grown in Dulbecco*s modification of Eagle's minimum esso ' .al
medium (DMEM; Vogt & Dulbecco, 1962) supplemented with "]Q%

calf serum. The broad spectrum antibiotic Gentamicin
(0,04rng/ml) was also added to the medium whose composition is
rtliowfi ,\ n T s b l n  % • a  v / e m  mn,j,n I n  Î ned n, t  I n  l / o u x/(bottles seeded at 2-3 % 10 collo/rnl of complete medium. The 
cells were subcultured every 3"~3 days. Whenever possible 3^3 
cells v;ere subcultured slightly before the formation of a 
confluent monolayer so avoiding extensive cell-cell contact 
for prolonged periods. For experimental purposes the cells 
were grown attached to plastic Petri dishes (plates) of 9cm 
or, occasionally, 5cm diameter.

Preparation of plates of cells. The growth medium was 
removed from a Roux bottle and replaced by 5ml of trypsin 
(0.025/^ in Ca'̂ ^Mg'^"' free Earle’s Balanced Salt Solution),
The cells were incubated at 37 for 10 minutes by v/hich time 
tho colls had detached from tho substratum. Tho trypsin was 
neutralised by tho addition of 45ml of complete medium to* 
tho bottle. A single coll suspension was formed by repeated 
aspiration into and out of a syringe fitted with a wide-bore 
(2mm) stainless steel needle. Medium was added to the 
suspension to produce the desired cell concentration and 
aliquots were dispensed into sterile dishes through an 
’automatic’ pipetting machine (BBL model 40). The dishes 
were stacked in plastic boxes and equilibrated with a 93% 
air/5% CO^ mixture* The boxes were tightly sealed with 
plastic tape and incubated at 37°•



Table 2 . Dulbecco ’s Modification of Eagle’s Medium (DMEM)

Amino acids mg/1 Vitamins mg/1
L-arginine. HCl 84.00 D-Ca pantothenate 4.00
L-cystine 48.00 Choline Chloride 4.00
L-glutamine. 384.00 Folic acid 4.00
.Glycine .30.00 i-inositol 7.00
L-histidine. HCl. H 0 42.00 Nicotinamide 4 .00
L-isoleucine 104.80 Pyridoxal. HCl  ̂4.00
L-leucine 104.80 Riboflavin 0.40
L-lysine» HCl 146.20 Thiamine. HCl 4.00
L-methionine 30.00
L-phenylalanine 66.00
L-serine 42.00
L-threonine 93.20.
L-tryptophan 16.00
L-tyrosine 72.00
L-valine 93.60

Inorganic salts and other components . mg/1
NaCl
KCl

CaCl
NaHgPOj^.
NaHCO_

H^O

F o ( N O y )  . 9H 0

Na pyx’uvato 
D-Glucose 
Phenol Red Na

6400.00
400.00 
98.00

200.00
123.00

3700.00 
0.10

110.00
4300.00 

13.90



2 5 '

Measurement of the cell characteristics

Cell number and cell volume. A trypsinised cell suspension 
was diluted with ISOTON counting fluid and the cell number 
and cell volume were measured simultaneously with a Coulter 
Counter (model ZF) linked to a Coulter Channelyser G 1000.
The instrument was calibrated with latex spheres of known 
volume. Fig. 1 shows a typical example of the cell volume 
distribution as displayed on the Channelyser for a sample of 
3T3 cells. For each sample the number of cells in channels 
0, 10, 20...,99 were recorded and the cell number and cell 
volume were calculated With Simpson’s rule of integration.
It has been found that the accuracy thus achieved was v/ithin 
1% of that obtained when the 100 channels in the full curve 
were employed (Boardman et al., 1974). The cell volumes 
were found to be log-normally distributed with a mean volume 
(in this case) of 3*66 ^1/10^ cells. Within a single batch 
of dishes little variation in cell number and cell volume 
was found. In a randomly chosen example the cell number S.E. 
was 1.9% of the mean and the cell volume S.E, was 1.4̂ o of the 
mean.

Cell water. The proportion of the total cell volume occupied 
by water was determined by the method of Lamb & MacKinnon 
(1971)» Cells were placed in a solution made"hypertonic by 
the addition of KCl and the change in cell volume was 
measured. The intracellular water (W) was calculated from:

w = (Vi - V^)/(l - TT/TT2)
where V is the cell volume at osmotic pressuré TT^, and V. is 1 1 2
the cell volume at osmotic pressureTf^, The results showed 
that tlioro was no signl t'ican t difforonco ho two on coll linos 
for tho ratio of coll water/total coll volume, A value of 
0.80 was UGOd in all calculations.

-'-p.
'i



mean cell volume
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%
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= 5.66 mls/lO^cell

200
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60 996040200
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(lower) cell volume (ml/lO^ cells)

Fig. '1. Typical volume distribution of confluent 5'f5 
cells. Washed cells were detached from a 9cm Petri dish 
by incubation for 10 min at 57° with 2ml of trypsin 
(0.25% in Ca/Mg~froe Parle's 8.S .). Ten ml of Krebs 
so].ution were added to the dish and a single coll 
suspension was formed by ’ syringing:' throupdi a wide-bore 
needle as desci'ibed previously. A lml sample of the cell 
suspension was diluted with 9ml of ISOTON counting fluid 
and a 0.5^1 sample was drawn through a Coulter Counter 
(model ZF) and the resulting pulse heights displayed on a 
C1000 pulse height -analyser. The figure shows a plot of 
the number of cells in channels 0, 10, 20.... 99. The 
instrument was calibrated using latex spheres of known 
volume. The number of cells/dish and the mean cell volume/ 
dish were calculated by integration of the curve using 
Simpson's rule.
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Radioactive flux and uptake measurements ’ ;

On influx and uptake. The terms 'influx’ and 'uptake’ are 
sometimes used interchangeably in the literature. The 
failure to differentiate clearly between them has led to 
confusion in the interpretation of results. When a radio- 
labelled permeant, s, is added to the solution bathing cells ■
the appearance of intracellular label generally occurs .1;
exponentially as shown in Fig. X. . The term influx must be 1
reserved to describe the initial rate of uptake of s whilst V
uptake should refer to the intracellular concentration of s 
at equilibrium. When describing a curve such as that shown 
in Fig. -2, the use of the term uptake curve or simply uptake 
is acceptable.

The most common mistake when measuring an influx 
in tho failure to determine rates at sufficiently early ;S:
times. The unidirectional influx can only bo calculated from 
the initial rate of uptake. Later, an apparent reduction in 'I;
the forward rate occurs due to the appearance-of a '•
significant backflux. i

I

Uptake of metabolisable substrates. When the permeant is an $
intracellular substrate its intracellular conversion to a 
non-perraeant form will effectively eliminate backflux, 
prolong the linearity of the uptsilce curve and thus the period 
over which initial rates can be determined. In this study i
the uptake of phosphate and 2-deoxyglucose were affected in ?
this way. This process of intracellulai* 'trapping' 
introduces an additional difficulty to the measurement of 
transport rates. In a coupled series of reactions the ;
kinetics of the overall reaction reflect only the rate-
limiting step of the whole process. How can one be sure that 'p
the measured transport rate is not limited by intracellular

' y
enzyme activities? A low level of intracellular free
substrate indicates that translocation across the membrane ?



maximum [sj i

4" max

t
time

Fie. 2. Representative uptake curve for a permeant, s. 
Dishes of cells are incubated for increasing periods of 
time in an isotonic salt solution containing *s and then 
washed in an ice-cold salt solution to remove extra
cellular radioactivity. The radioactive content of the 
cells is measured and the intracellular molarity of s is 
calculated from the known specific activity of *s in the 
external solution. Thc influx is calculated from the 
initial rate of uptake:

J in = [sjĵ /t
where J in is the influx in m-mole/1. rnin and [*sj i the 
intracellular concentration of s (m-mole/1) at time t (min) 
For accurate influx determinations t must be small in 
relation to the half-time of uptake (T-g-). The equilibrium 
concentration is approached asymptotically.
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and not intracellular metabolism is limiting the rate of 
uptake* A demonstration that the rate of uptake of a 
substrate into intact cells is lower than the enzyme activity 
for the substrate measured in cell extracts is also evidence 
that metabolism is not rate-limiting.

Influx and uptake measurements* For all the substances 
examined the basic procedures for influx and uptake 
measurements were identical.

a) The growth medium was removed from dishes of 
cells and replaced by I0rnl of radiolabelled Krebs 
solution (TableJ). The cells were incubated at 
37° for the required period of time.
b) The incubation was terminated by aspirating 
off the radioactive solution and washing the cells 
in 4 changes of Krebs at 2^. The washing was 
complete within ^ 0 seconds.
c) Washed cells were detached from the. substratum 
by incubation for 10 minutes at 37° with 2ml 
trypsin (0.23% in Ca/Mg-free Earle’s B.S.S,).
d) Ten ml of Krebs were added to the dish and a 
single coll suspension was formed by ’syringing’ 
through a wide-bore needle.
e) A 1ml aliquot of the cell suspension was 
diluted with 9ml of ISOTON and the cell number and

\  moan cell volume determined as described previously,
f) An aliquot of the coll suspension was placed in 
a scintillation vial for radioactive counting in a 
liquid scintillation spectrometer (Packard,
Tri-Cqrb model 3320). For high energy emitters
(^^Rb, ^^Pi) 10ml of the cell suspension were 
counted without liquid scintillant by the Cerenlcov 
effect (Garrahan & Glynn, 1966). For ^Il-labelled 
compounds 1ml of the cell suspension was counted 
after the addition of I0ral of NE230 scintillant.



Table 3 Composition of experimental salt solutions

Components Krebs Ca-sorbitol

NaCl 137 m-mole/l
KCl 5.4 m~mole/l
CaC Ig 2.8 m-mole/l 2.8 m-mole/l
MgSO^. TEgO 1.2 ■ m-mole/l 1.2 m-mole/l
NaEgPO. 0.26 m-mole/l -
1Œ 2PO4 0.29 m-mole/l -
HCl 12 m-mole/l 12 m-mole/i
Tris base 1 660 mg/l 1660 mg/l
D-glucose 1000 m g /l

Sorbitol — 49.9 g/l
Calf serum 10 m l / l
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Dishes without cells were run concurrently to enable 
correction for radioactivity adsorbed by the dish and not 
removed by washing. When necessary counts were quench 
corrected by the channel ratio method. The influx was 
measured using suitably short incubation periods. All 
calculations were made on an Olivetti P101 or P602 programme 
calculator. Uptake was expressed as m-mole/1 of intracellular 
water and influx as m-mole/1. min.

Efflux measurements. A single-plate procedure was used for 
all efflux measurements. This involves measuring the washout 
of radioactivity from preloaded cells into successive changes 
of inactive collecting solution.

a) The growth medium was removed from dishes of 
cells and replaced by 10ml of a radiolabelled Krebs 
solution.

, b) The cells were incubated with the label for a 
period of time sufficient to allow equilibration of 
intra- and extracellular radioactivity.
c) _ The radioactive solution was aspirated off and
the loaded cells were washed (x4) with Krebs at 2°
and then rinsed quickly with Krebs at 37°*
d) Ten ml of inactive Krebs were added to the
dish which was then incubated at 37°*
e) After 3 minutes the effluent was quickly poured 
into a scintillation vial for isotope counting and 
a further 10ml of inactive Krebs were added to the 
dish. This procedure continued for a total of J>0 

minutes (i.e. 6 successive 3 minute intervals),
f) The cells were trypsinised and the cell number, 
cell volume and remaining cellular^activity were 
measured as previously described.

The fraction of radioactivity lost per 3 minute interval was 
calculated. For exponential efflux from a single intra- , 
cellular compartment the fractional loss is constant. Any 
treatment affecting the efflux can be detected from a
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histogram plot of the fraction lost against time.

The equilibrium intracellular concentration, 
the half-time of efflux (T^O can also be obtained from the 
data. The efflux (J out) can then be calculated with the 
equation:

J out « ( in2/Ti) . [s|
This equation (Keynes & Lewis, *1931) was derived for steady- 
state conditions. Strictly, the equation could not be 
applied when the intracellular concentration was changing 
with time. The equation has been used when the rate of 
change of concentration was small compared to the control 
flux.

Intracellular sodium and potassium measurements

Flame photometer. Cells were washed (x4) with Ca-Sorbitol 
(Table 3 ) at 2° and extracted in ^m l of deionised water for 
1 hour, Na and K were measured by comparison with an 
appropriate standard on an EEL (model A) flame photometer. 
Cell number and cell volume were determined from duplicate, 
unextracted dishes of cells. The Na and K were calculated 
and expressed as m-mole/1 of intracellular water.

The Na and K concentrations of experimental 
solutions were checked using an EEL 430 instrument.

Isotope equilibration. Values for K were also obtained from 
isotope uptake measurements. The cells were incubated with 

labelled Krebs for 5-4 hours and the equilibrium 
concentration determined following the general procedure 
described previously.
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Partition of intracellular phosphate

Isotope equilibration. The acid-soluble phosphate was 
extracted into perchloric acid. Kolybdate, which combines 
with only inorganic phosphate, was added and the resulting 
phosphomolybdate was extracted into ethyl acetate. The acid- 
soluble phosphate pool can thus be separated into its organic 
and inorganic fractions.

32Plates of cells were exposed to Pi labelled 
Krebs for the required period of time. The cells were washed 
Cx4) with Pi-free Krebs at 2°. The washed cells were kept at 
2° and 5*2ml deionised water, followed by 1.0ml of PATSA 
were added to the dish. The acid-soluble phosphate fraction 
was extracted for 4-3 minutes at 2°. Extraction for longer 
periods caused no significant increase in ^^Pi counts. A 
2.1ml aliquot of the extract was placed in a test-tube andp1.3ml of molybdnto reagent ’ followed by 4.0ml of ethyl
acetate wore added to the tube. Thorough mixing was achieved
using a rotamixer ( 1 0 x 2  seconds). The tubes v;ere left for
3 minutes to allow the phases to separate. The ethyl acetate
and aqueous layers were separated and placed in scintillation

32counting vials and the samples counted for Pi. Correction
for chemical quenching was made by recounting samples after

32the addition of a small volume of a known Pi standard to
each vial. Total cellular phosphate was measured on

52duplicate plates with Pi following the general uptake 
procedure described previously. The sise of the acid- 
insoluble phosphate fraction was calculated by subtracting 
the acid-soluble fraction from the total.

1» PATSA reagent was prepared by adding 4g of tungsto- 
silicic acid to 3ml of 70% perchloric acid and diluting to 
30ml with deionised water.
2. Molybdate reagent was prepared by dissolving 13 *1g of 
NaCl and 1.43g of Na molybdate per lOOral of deionised water.



RESULTS
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' K'^ transport in 3T3 and virus-bransformod 3T3 coll a

Effect of the cell population density on the K"* uptake. Theif ̂  ^short half-life of K complicates its use as a tracer in K
transport studies. For this reason Rb, which has a
substantially longer half-life, is often used as an
alternative tracer (Boardman et al,,'1974; Cuff & Lichtman,
1973)* Preliminary experiments (unreported) demonstrated
that Rb"̂  and were handled similarly by the cells used
here. ^^Rb has therefore been used as a tracer throughout
this work.

Initial experiments were carried out to examine the 
effect of cell population density on the uptake of K** by 3T3 
(Fig. 3 ) and Py3T3 (Pig* 4 ) cells. The calculated 
characteristics for uptake by both cell lines are shown in 
Table 4 * The 2-day-old 3T3 cultures were actively growing 
and contained about 1x10^ cells/ dish. The 6-day-old cultures 
contained about 3%10^ cells/dish and had reached the 
stationary phase. The results show that this 3-fold increase 
in cell density was accompanied by a 30% reduction in 
cellular and a 32% decrease in the K*' influx.' The half- 
time of K*̂  uptake was apparently unaffected by the increased 
cell density (Table 4 ), In the virus-transformed Py3T3 cell 
line, the cellular the half-time of K ' uptake.«and. the K' 
influx were all unaltered by an increase in cell density from 
2 to 12 (xlO^) cells/dish. The results indicate that in 
untransformed cells K*** transport shows a marked density- 
dependency. The data indicates that uptake was linear 
beyond 10 minutes in both cell lines and 10 minutes v;as 
therefore considered a suitable incubation period for 
measurement of influx, Tho effect of cell population 
density on k"̂  influx was further investigated for 3T3v Py3T3 
and SV3T3 cells.
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Fig, 3» Effect of the cell population density"on the r 
uptake of by 313 cells. Cells were seeded at 0.5x10 
cells/9cra dish and the K uptake was measured after 2 (o) 
and 6 (e) days growth. At zero time the growth medium was 
replaced with  ̂Rb-labelled Krebs solution. After periods 
ranging from 10 min to 3 hours the labelling.*Kr.ebs' was 
removed, the cells washed (x4) with Krebs at 2®, detached 
from the dish with trypsin and analysed for ^^Rb activity, 
cell number and cell volume. The K concentration of the 
Krebs solution was 5*'̂ 0 m-mole/l and the ^^Rb activity was 
about 0.2p.Ci/ml„ The temperature of the experimental 
solutions was 37° (-0.75°). Each point represents the 
value obtained for [ k j x  from a^single plate of cells. The 
calculated characteristics of K uptake are shown in 
Table Jf. .
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Effect of the cell population density on the  ̂
uptake of by Py3T3 cells. Cells were seeded at 0,8x10
Fig. 4. 
upti
cells/9cm dish. After 2 (o) and 6 (a) days growth t)ie K
uptake was measured according to the procedure described 
in the legend ̂ tp^ Fig. 3» Each point represents the value

; ingle plate of cells. Theobtained for from a :
calculated characteristics 
Table .

of K uptake are shown in
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foct of t)\o coll population donsity on the K^ influx„
Fig. ? shows the results of an experiment in which tho K * 
influx of 3T3 cells was measured each day, for several days, 
after coll seeding. The influx showed a small increase 
over the first 3 days reaching a maximum vaXuo of 3*83 nwmolo 
/I. min. The influx thon steadily decreased to a value of 
1.03 m«mole/l. min. after 7 days of growth. The onset of the 
decrease in the K**" influx appears to precede the cessation of 
cell growth since the influx fell markedly between days 3 and 
5 9 a period of rapid cell growth.

It was possible that this reduced influx was not 
directly related to cell density but was a reflection of the 
culture age. In order to eliminate this possibility the 
effect of the cell poulation density on the K*̂  influx into 
3T3 cells was more extensively investigated using an 
alternative procedure. Cells were seeded at various 
densities in the range 0.2 to 1.0 (xlO^) cells/9cra dish and 
allowed 3 or 4 days of grov;th. In this way the K"̂  influx of 
cultures of the same age but with a range of cell densities 
could be measured. The combined results of several experi
ments are shown in Fig, 6 . A 4-fold reduction in the K* 
influx was found over the cell density range examined. The 
values for 3" and 4-day-old cultures were found to lie on the 
same curve. The cultures seeded at high initial densities 
( 1.0x10^ cells/dish) had reached saturation within 4 days 
since there was no further increase in cell numbers during 
the following 48 hours. These results indicate that the 
reduction in transport v/as directly related to an increased
cell density. The data shown previously in Fig. ? has been 
included in Fig. 6 to facilitate a direct comparison of the 
two sets of results. In general the results are in close 
agreement. However, the small rise in influx seen at low 
cell densities in Fig, was not apparent in the data shown 
in Fig. 6 . Possible reasons for this difference will be ■
considered in the DISCUSSION.
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Fig. 5 . Effect of the cell population density on the K 
influx into 5^3 cells. Cells were seeded at 0.3x10^ cells/’ 
9cm dish. The K influx (o) was measured at the same time 
each day from 1 to 7 days after seeding. Incubations with 

were carried out for 10 min at 37° according to the 
procedure described in the legend to Fig. 3* The number 
of cells/dish (M) at the time of influx measurement has 
also been included in the'figure. Each point represents 
the value for influx or cell number obtained from a 
single plate of cells.'-. The lines were drawn by eye.
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tl I ' l ’oni a s i ip ' . ' le  p l a t e  o I' c o l l i " .  T lu ' r t 's u  1 t s  .'.how 
f! i\ I n t‘ I u X d t ie r t ' .a s t 'd  w i tdi t nc r o a s  I up; e e l  I d t' na I I.y 
t  (die v.‘i l  nos ob t.,a 1 nod .a I' t.e r  j, .and A da,ya p; row t. h 1 .11 ,‘ 
same c u r v e .  Tho d a t a  p r e v i o u s l y  p r e s e n t e d  f o r  i 'L ' j  
n I'M.p;.' .‘3 (O ) has  been  i n c l u d e d  i n  t h i s  g r a p h  to  
a to  .a d i r e c t  c o m p a r is o  n o f  th e  tw o  s o t s  o f  r o s . u l t s .
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The effect of cell population density on the influx of 
into Py3T3 and SV3T3 cells was followed using a similar 
procedure to that described for 3^3 cells in Fig. G . The 
combined results of several experiments are shown in Fig.7 »
At low cell densities the Py3T3 cells showed a wide range of 
values for the influx. At higher cell densities the 
influx appeared to be somewhat less variable. There was no 
evidence of a reduction in the K ' influx with increasing cell 
density. Indeed, when individual experiments, were-analysed a 
small, but significant, increase in the K** influx accompanied 
increased cell density. Fewer observations were made for the 
other transformed cell line, SV3T3. The values for influx 
were generally slightly lower than in Py3T3 cells but, once 
again, there was no tendency for the influx to decrease with 
increasing cell density.

These results sugp;est that the transport 
capacity of 3T3 cells is not markedly altered by virus- 
transformation. At low cell densities all three coll linos 
showed similar values for the influx. However, an 
important change after virus-transformation was the abolition 
of the density-dependent decrease in influx observed in the 
3T3 cells* This reduced transport could be caused by a 
reduction in either the * active' or ’passive' entry of K ‘ or 
a combination of both components. This problem was 
investigated by measuring the influx into 3T3 cells at 
different population densities in the presence or absence of 
either ouabain or metabolic inhibitors. The results (Fig.8) 
show that after treatment for 1 hour with DNP+IAA the K**'" 
influx war. reduced to a low level which was inde pond ont of 
coll do unity (moan valuo-•/5'A l 'O.âŝ „ If thin low level 
represents tho 'passive* entry of K^ into the cell, this result 
indicates that the permeability of the 3T3 cell membrane is 
unaffected by an increase in cell density. The reduced 
influx with increased cell density must thus be very largely 
caused by a reduction in'active' K* transport. The results
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Kl/’;. 7. Kli'oct of tiio ce 11 po pu lotion donr.ity on Uio K 
influx into ’Py3T3 (closed symbols) and SV3T3 (open symbols) 
cells. Colls wore seeded at various densities in the range 
0,2-1.3 (xlO^) cel’! s/9cm dish and the K influx measured 
after 3 ( q ) or 4 (□) days of /.yrowth. Incubations with ̂ ^Rb 
wore carried out for 10 min at 37° according to the 
procedure described in the^legend to Fig, 3« Each point 
represents tho value for K influx obtained from a single 
plate of cells.
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Fig. 8. K influx into 3T3 cells as a function of cell 
population density in the presence and absence of transport 
inhibitors. Cells were seeded at 0.2, 0.3, 0.4, 0.7 or 
1.0 (x10 )̂ cells/9cm dish and used after 4 days of growth. 
The influx, in the presence or absence of inhibitors, 
was measured for each initial seeding density. The cells 
were pretreate^d for 1 hour with control Krebs (O) , Krebs 
containing 10“̂ M ouabain (o) or 10"^M DNP+ 10"^M lAA (m) . 
Incubations with ®^Fb were carried out for 10 min at 3?® 
according to the procedure described in the legend to Fig.' ' 
The Inhibitors were included in the influx soluti.on. Fnch 
point refjro/iont/̂  the vnluo for K i.nf.iux obtninod from /: 

disli of cells.



34.

in the presence of ouabain (Fig. 6 ) support this
conclusion. As the total influx decreased the ouabain- 
sensitive influx decreased. Since ouabain is considered 
to specifically inhibit active Na-K exchange across the cell 
membrane this result indicates that the reduction in the K 
influx was due to a decrease in "Na-pump" activity at the 
higher cell densities* The apparent reduction in the sise 
of the ouabain-insensitive influx seen in this experiment 
is a consequence of the incomplete inhibition of Na-K 
exchange produced by ouabain in these cells which, being 
mouse cells, are relatively insensitive to the drug.' At all 
cell densities ouabain produced an inhibition of 40 to ^0%  

of the control IC"' influx.

Effect of cell population density on cellular K^and Na. 
Preliminary experiments (Table 4* ) suggested that the 
reduction in the influx in 3^3 cells at higher cell 
densities was accompanied by a decrease in the cellular 
concentrations. The effect of the cell population density 
on the K*"and Na^ concentrations of the 3 cell lines was 
therefore examined in more detail using flame photometry.

Cells were seeded at a single population density 
and the cell and Na'concentrations were measured after 2 
and 6 days of growth. The results (Table 3 ) show that in 
3T3 cells the decreased markedly with the increase in
cell density between days 2 and 6. The [N^ ̂  increased over 
the same period. In both the transformed lines the ^
rose slightly botwoon days 2 and 6 with little change in 

(inblo !> ). Tlio values ob Lai nod for 3'1'3 nnd i\Y3'I'3
cello in thin oxyiorimont wore in roasonablo agree men L with 
those obtained in the isotopic equilibration study reported 
in Table 4 .
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Effect of the coll population density on tho offlux, 515
cells were seeded at three different densities and allowed
to grow for 5 days. After this period dishes of cells at
each density were loaded with for 3 hours. The washout
of isotope from the cells into successive changes of
collecting solution was then followed during 3 minute
intervals for 30 minutes. The results (Fig. 9 ) show that
the "fractional loss” of was not significantly (P>0 .23)
different for the cells at different population densities.
With the exception of the values for the first 3 minutes the
fractional loss was effectively constant indicating a single
exponential loss of d^rom these cells. In these experiments
the values at 3 minutes are often erroneous due to the
technical problems of washing the cells, raising the
temperature from 2® to 37° and maintaining accurate timing.
From the data shown in Fig. 9 the half-time of K"* exit and
the K*̂  efflux can be calculated. The values at the different
cell densities are shown in Table 6 . Since the fractional
loss was independent of cell. density, T-J was also independent
of cell density. The , which was calculated from the

86total cellular Rb counts, decreased with increasing cell
density. The efflux thus decreased with increasing cell 
density. The values for the efflux at the various cell 
densities examined were in close correspondence with the 
influx values at similar cell densities (Fig.. 6. , -• The" half* 
time of exit was in close agreement with the half-time of 
uptake in 3T3 cells (Table 4 ).

The effect of cell population density on the 
washout of ̂ °Rb from preloaded SV3T3 cells is shov/n in 
Fig,10 . This was examined by seeding cells at a fixed 
donsity and moaaurlng tlio efflux after 1, 2 and 6 days of 
growth, Tlio results /ihow that the fractional loss at 1 day
(a) was not significantly (P> O.30) different from the« ttfractional loss after 6 days growth (c). However, at 2 days
(b) the fractional loss was significantly larger (P<0.01),
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Effect of the cell population density on tiie K efflux 
Cells were seeded at 0.3 (a), 0.3 (b) or 

cells/9cm dish and used after 3 days of growth, 
were "loaded" with for 3 hours and then washed
Krebs at 2® and rinsed rapidly with Krebs at 37®•

solution was quickly poured from the dish into 
vial for ®^Rb counting. A further lOml of

Krebs were added to the dish and the procedure repeated for a 
total of 30 min (6xlOml samples). The cells were then trypsin
ised and the cell number, cell volume and residua,!, cellular 
radioactivity were determined as described in METHODS. The 
column heights represent the mean value (n=2) for the fractional 
loss of K from the cells into the extracellular solution during
successive 3 min collecting periods, 
characteristics for exit from 313

The calculated 
cells are shown in Table 6.
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1 0 . Effect of the cell population density on the iC efflux 
SV3T3 cells. Cells were seeded at 1 .0 x 1 0  cells/9cm dish 

and the Iv'̂ efflux was followed after 1 (a), 2 (b) and 6 (c) days 
of growth. Experimental details were the same as those described 
in the legend to Fig. 9. The column heights represent the mean 
value (n=3) for the frac.tional loss of K from the cells into the 
extracellular solution during successive 3 min^collecting 
periods. The calculated characteristics for exit from SV3Ï3 , • 
cells are shown in Table 6,
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but the difference was very small ( 9/) and could easily
have been caused by small differences in technique on the
different days when the experiments were carried out. The
values for T ̂ a n d  K efflux (Table 6 ) show no
consistent dependence on cell density in these cells. The
efflux values arc slightly larger than the influx values for 
oV3T3 cells shown in Fig. 7 ? though still v/ithin reasonable
agreement.

Effect of the cell population density on the kinetic 
constants for transport. Cells were seeded at different 
densities and the K*̂  influx from a range of extracellular 
concentrations (0 .38-10.16 m-mole/1) was measured 3 days 
later. A linear transformation (v against v/s) of the data 
obtained is shown in Fig. 11 together with a summary of the 
calculated kinetic constants. The results show that the 
decreased K*̂  transport associated with increased cell density 
can be attributed to a reduction in Vmax with little change 
in the Km of the system. This conclusion is strongly 
supported by the combined results of several experiments 
which show (Fig.12La) a close inverse correlation between the 
cell density and the Vmax for influx in 3T3 cells. On the 
other hand. Km (Fig. 12b ) .appears to be independent of cell 
density with a mean value of 1,30 - 0.10 m-mole/1 .

Tho kinetics of influx into I3/3T3 colls are 
shown in Fig. 13 • In the transformed cells the Vmax appears
Io increaso wiLh incroasirip; co 1 1 popu 1.aL: lan dons 11y . The 
values for Km were similar to those found for 3T3 colls and 
showed no dependency on cell density.

An altered response of virus-transformed cells to ouabain

It is væll known that ouabain causes an inhibition 
of Na'’and movement across cell, membranes (Glynn, 1964).



V

6

5

4

3
po

2

1

0
1.0 2.00.5

V / M o

Fig. 11, Effect of the^cell population density on the 
kinetic constants for K transport by cells. Cells were
seeded at 0.25 (O), O.5O (□) or 1,0 (A)^(xlO^) cells/9cm dish 
and used after 3 days of growth. The K influx was deter
mined from Krebs with in the range 0,58-10.16 m-mole/1.
Incubations with ^^Rb were carried out for 10 min at 57°, 
according to the procedure described in the legend to Fig,5» 
The data is shown after linear transformation (v against v/S; 
APPENDIX B). each point represents a single value for the 
influx (v) which is expressed as m-mole/1. rain. Slopes and 
intercepts were obtained from a linear regression programme 
without weighted factors. The calculated kinetic constants, 
Krn and Vrnax, nr(î shown in the attached table.

sctxl .1 III'; 
daris 1, Ly

ill< ! a  n Cl )  I I II o  . /  

dish (xIO’̂)
I 'm Vm/) %

m-mi/t r; 'j rn 1 n
0 G.25 0,65 (:o.o2) 2.17 6.01
□ 0.50 1.60 (io.o4) 2.04 5.98
A 1.00 2.51 (-0.06) 1.82 2.67
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Relationship between cell population density
1 fa V ta Yl /I T̂ m 'Pr̂r* +‘Vra'noY-\r^V'  ̂ P̂Vl̂Fig. 12.

and the Vmax (a) and Km (b) for K' transport. The combined 
results from several experiments similar to that described'' 
in the legend -to Fig’. 11 are shown. The line (a) was fitted 
by a linear regression programme without weighted factors. 
The results show a close correlation between cell density 
and Vrnax (r=0.9l1; P<0,01) with no effect of cell density 
on Km (r=0.276; F>0^05).
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Fig. 13• Effect of the cell population density on the 
kinetic constants for K transport by Py3T3 cells. Cells 
were seeded at 0.4 (0), 0.7 ) and 1.0 (xiO ) cells/
9cm dish and used after 4 days growth. Experimental details 
were identical to those described for 3^3 cells in the legend 
to Fig. 11.

seeding
density

mean
dish

cell no./ 
(xl0"6)

Km
m-mole/1

Vrnax
m-mole/1. min

0 0.4 1.73 (2^.05) 1.32 2.28
p 0.7 3.98 (^^.11/ 1.21 2.47
A  1.0 6.49 (:0.10) 1.33 3.32
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-3In mouse 3T3 cells a concentration of 10 M is required to 
produce a 40/ reduction of the influx. The response was 
not significantly altered by up tp 60 minutes protreatment 
with the dru/'; ( Fig. 1T ) . Tliis result demons t;raLos, in 
agreement with others (Bonting et al., 1962; Mayhow & 
Levinson, 1968; Lamb & Machinnon, 1971) that mice cells 
retain liio low sensitivity of the species to this druj-;..
When the exporiment was repeated using ]-y and 8V40 trans
formed 3T3 cells it was found that the initial inhibition 
(40/) of the K ’̂'̂ influx was followed by an increase in the 
influx (Fig. 14 )♦ The chloride influx was not increased 
(P>0 .50) suggesting that the effect on k'** was not caused by 
non-specific membrane damage (unreported observation).

The effect of ouabain on the efflux of K* from 3T3
and virus-transforrnod 3^3 colic was investigated. Lig;. 13
shows the effect of various bathing solutions on the rate of 

86loss of 2b from preloaded Py3T3 cells. Extracellular
ouabain caused an increase in the rate of^^Rb loss from
these cells. The time-~course of the increase in influx and
efflux was similar and maximal after about 3O minutes
exposure to the drug (Figs. 14 & 13 ), The stimulation of the.;
.+

K efflux by ouabain was abolished by the removal of extra
cellular (Fig. 15 ). The efflux of k'*' from SV3T3 cells
showed a similar response to ouabain whereas the drug was 
without effect on the efflux of from 3T3 cells (unreport; 
observations). These results indicate that the effect of 
ouabain on the Effluxes of transformed cells was due to the 
stimulation of K-K exchange across the cell membrane.

It appears, then, that the influx of the trans
formed cells was initially reduced by the inhibition of Na-X 
exchange and later increased after the onset,.o.f*K--K exchange. 
To test whether inhibition of the Wa~K exchange continued 
after the initiation of K-K exchange Py3T3 cells were treated 
with ouabain and the intracellular Na"̂  and concentrations
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Fig, 14. Effect of ouabain protreatment on the K influx 
into ( O ) ,  Py5T:5 and SV^T3 (^) cells. The growth
medium was removed and the cells incubated at 37° in lOml 
of a Krebs-solution with or without ouabain (iQ”**̂!'!) for 
periods up to 60 rain and the K influx measured in the pre
sence or absence of ouabain. Incubations with %&Bb were 
carried out for 10 min according to the procedure described 
in the legend to Fig, 3» Each point represents the value 
for the K influx obtained from a single plate of cells, 
expressed as a % of the control value. The lines were 
drawn by eye; the error bars (- S.E.) refer to the 
horizontal lines.
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Fig. 15. Effect of ouabain on the rate of loss of K from 
Fy3T5 cells. Cells were "loaded" for J> hours in an 2&Rb- 
labelled Krebs solution. The radioactive solution was 
removed and the cells were washed rapidly with 3 changes 
of cold (2®) inactive Krebs and rinsed once with Krebs at 
37®. Tern ml of one of the following solutions were then 
added to a dish of cells : 1) control Krebs 2) Krebs +
10""̂  M ouabain 3) K^-free Krebs 4) K^-free Krebs + 10"  ̂M 
ouabain. After 3 min the solution v;as quickly poured into 
a vial for Kb counting, and another lOml of the__ same 
solution was added to the dish. The washout of Rb during 
6 successive 5 min periods is expressed as the fraction of 
S&Rb lost/3 min. The total column height represents the 
fractional loss from cells into Krebs + 10"^K ouabain.
Since the fractional loss into solution 1, 3 and 4 wore not 
sir nif icantly different (lÿO.^) the mean ( - S.E,) is shown. 
The shaded column height thus represents the additional 
loss of S&Rb caused by ouabain. The increased efflux was 
blocked by the removal of extracellular K .



were measured by flame photometry (Fig. 16 ). Over a 60
minute period the  ̂rose exponentially from 20 to 70
m-mole/1 and the j j ^  ^ f ell exponentially from 200 to l40 
m-mole/1 indicating a continuing inhibition of the Na-K 
exchange over 60 minutes. Therefore, in the transformed 
cells, ouabain caused a simultaneous reduction of Na-K 
exchange and a stimulation of K-K exchange.

The dose-response of the two effects produced by 
ouabain has been examined. . Fig. 17 shows the results of an 
experiment in which the effect of ouabain on the K"*" influx
into Py3T3 cells was measured with or without ^0 minutes

— 8 “•3 .pretreatment with the drug ( 10 to 10"" M)'.. The results show
that the inhibition of Na-K exchange and stimulation of K-K 
exchange exhibited a similar dependence on ouabain 
concentration. There was neither inhibition (no .pr,etreatment) 
nor stimulation (pretreatment) of the K*̂  influx at ouabain 
concentrations below 10” **'m, There was a small degree of 
inhibition and stimulation at 10~^M ouabain with larger 
effects at the maximum drug concentration of 10

The reversibility of these effects has been
invQs bi(’;aiod. -tV3'i’3 cells were IroaLod v/ibh oualsjin for CO

minutes after which the cells were transferred to a control 
Krebs solution. The K* influx was measured at 13 minute 
intervals for 120 minutes after the removal of ouabain 
(Fig. IS ). The K^ influx decreased during the first 60 
minutes, thereafter, the influx remained constant at a value 
some 40 to 30% below that of the untreated control. The 
ouabain-induced K-K exchange was thus more readily reversible 
than ouabain inhibition of Na-K exchange.

The effect of a reduction in experimental 
temperature to 20® on the response of the three cell lines 
to ouabain was examined. The results (Fig, 13 ) show that at



r4
0)
0
1

80
Py3T3

No

40180

160

140 20

o1—IoG
É

10 20 30 40 50
minutes of ouabain treatment

60

Fig, 16. Fffect of ouabain treatment time on the fhji and 
|Nâ  i of Py3T3 cells.’ The and Na" of Py3T3 cells was 
measured by flame photometry after periods (0-60 min) of 
treatment with 10"^M ouabain. Duplicate plates were used 
to measure mean cell number and cell volume/plate. The 
intracellular K"* (E!) and Na’*'(o) concentrations were cal
culated and are expressed as m-mole/1. Each point 
represents the value for Qc^i and i obtained from a
single plate of cells. The lines were fitted by linear 
regression after logarithmic transformation
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Fip;. 17. Dose-response of the K influx in Pypïp cells to 
ounbain w1 th and without drug pro treatment, Tlic K influx 
was measured :).n the prose nee of various concentrations of 
ouabain in the range 10“® to 10"® M. The cells had pre
viously been treated for J>0 min with either control Krebs 
(o) or Krebs containing ouabain (o) at the indicated 
concentration. Each point represents the value for K 
influx obtained from a single plate of cells expressed as 
a % of the control K influx. The results show that 
ouabain inhibition of Na-K exchange (control pretreatment) 
and ouabain stimulation of K-K exchange (drug pretreatment) 
exhibits a similar sensitivity to ouabain concentration.
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legend to^Fig, 3. Each point represents a single value 
for the K influx after ouabain treatment expressed as a 
% of the values obtained for the untreated controls. The 
10 rain influx measurement period has been added to the 
reversal period to give the total time after ouabain 
reversal. The value at 0 rain was measured in the continued 
presence of ouabain.
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the reduced temperature K-K exchange was not induced by 
ouabain in either transformed line. The possible 
significance of these observations will be considered in the 
DISCUSSION.

I
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Fig. 19. Effect of a decreased experimental temperature 
on the response to ouabain, 3T5, Py3T3 and SV3T3 cells 
were treated with Krebs - IQ-^M ouabain for 60 min at 
either 37° or 20° . The K"̂ influx was then measured at the 
same temperature in the presence or absence of ouabain. 
Incubations with ^^Fb were carried'out for 10 min accord
ing to the procedure described in the legend to Fig. 3»
The column heights represent the mean value (- S.E.) for 
3 determinations of the K influx in the ouabain-treated 
cells, expressed as a % of the value obtained for the K 
influx in the absence of the drug. The results show that

influx produced by ouabain in transformedthe increased K
cells at 37° did not occur at 20°
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Phosphate transport in 31*3 and virus-transformed 3T3 cells

ffeet of the coll population density on the phosphate
The uptake of phosphate (Pi) into 3^3 cells at 

different population densities is shown in Fig.ZO* The 
parameters of uptake, calculated after logarithmic trans
formation of the data shown in Fig»20, are presented in 
Table 7 » The initial rate of Pi uptake (influx) decreased 
with increasing cell density* The half-time of uptake 
increased with increasing cell density* However^ the intra
cellular phosphate concentration at equilibrium was 
apparently independent Icf the cell population density»
Weber & Edlin (1971) found no significant difference in the 
sise of the acid-soluble phosphate pool in growing and 
density-inhibited cultures of 3T3 cells. They obtained an 
equilibrium value of 80 n-raole/'IO^ cells. The total intra
cellular phosphate concentration of 20.75 m-mole/1 (Table/)
wâ
32,
was equivalent to 78 n-mole/lO^ cells. Since the amount of
■pi incorporated into the acid-insoluble fraction during 

the labelling period is small Table 0 ) the value
presented here is in close agreement with ..that of -Weber & 
Edlin.

The uptake of Pi by Py3T3 and SV3T3 cells at a 
single cell population density is shown in Fig.21 and the 
calculated parameters of uptake are presented” in Table 7 «
The intracellular phosphate concentration at equilibrium was 
similar in all three cell lines. However, the transformed 
cells, after 6 days growth, transported Pi more rapidly than 
3T3 cells after a similar growth period. Under these

321. Tlio symbols Pi, ' dll roprosont inorganic piio/.ip)n*,lo Lon/; 
with no specific valence being assigned.
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i'ic;« 20. Effect of the cell population density on the 
uptake of Pi by j5T3 cells, Cells were seeded at 0 . 10^ 
cells/9cm dish and the Pi uptake measured af ter 4- (o) ,
5 (ü) and 6 (-̂ ) days of f^rowth» At zero time the growth 
medium was replaced with '̂ "'̂ P-labelled Krebs solution. After 
periods ranging from 5 min to 3 hours t h e K r e b s  was 
removed, the colls washed (x4) with Krebs at 2'’, detached 
from the dishes with trypsin and analysed for activity, 
cell number and cell volume, Each point represents the 
value of [pliosphatej i obtained from a single plate of colls, 
The lines were fitted by eye. The Pi concentration of the 
Krebs solution was 0.35 m-mole/1 a n d P i  activity was about
0.1 pCi/ml. The temperature of the growth and experimental 
solutions was 37° (“0,75°)• The calculated characteristics 
of Pi uptake are shown in Table. 7®
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in the legend to Fig. 20. The effect of a 
the incubation temperature from to 20° on
of SV3T3 cells has been included (^). Each 

nts the value for [*phosphateJ_i obtained from 
e of cells. The lanes were fitted by eye. 
d characteristics of Pi uptake at J>7° are shown
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conditions, the population density of the transformed cells 
was times greater than that of the 3T3 cells<» This
result indicates that the rate of phosphate transport in 
transformed cells is less dependent on cell density than in 
untransformed cellsc For all cell linecv under all conditions 
examined the phosphate uptake was linear out to at least 10 
minutes « Five minutes was therefore chosen as a suitable 
incubation period for determination of Pi influx.

Fig.21 also shows the effect of a reduction in 
experimental temperature on the uptake of phosphate by SVJTp 
cells. When the temperature was reduced from 37° to 20*̂  the 
Pi influx decreased from 0.194 m-mole/1. min to 0.044 m-mole/
1. min® ' This result emphasises the need for careful 
temperature control when measuring phosphate.transport.. In 
the experiments reported here the incubation temperature 
during labelling and the temperature of the experimental 
solutions was maintained at 37° (-0 .75°)«

Partition of intracellular phosphate. The total cell 
phosphate is divided between the acid-soluble and the acid- 
insoluble pools. The former can be further subdivided into 
an organic and inorganic fraction. The effect of cell

32population density on the equilibrium distribution of "Pi 
between tnese three compartments in 3T3 and SV3T3 cells is 
shown in Table S  . Most of the total phosphate was 
consistently found in the acid-soluble organic fraction. 
Virus-transformation caused no major change in the partition 
of phosphate between the various compartments. The results 
in Table 8 indicate that, especially in 3T3 cells, the size 
of the cellular Pi fraction decreased with increasing cell 
density. A reduction of 49/o for 3T5 cells and 23% for SV3T3 
cells was found when 3°-day and 6-day old cultures were 
compared. Previous results (Fig.20) indicated that the Pi 
influx decreased with increasing cell density. It is 
possible that this reduced Pi influx is the cause of the
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reduction in the size of the cellular Pi pool. The effect 
of cell population density on the Pi influx has been examined 
in more detail.

KffÛCt of coll population density on the phosphate influx. 
Fig.22 shows the results of an experiment in which the Pi 
influx of ]5T3 cells was measured each day, for several days, 
after plating. The number of cells/dish a t the time of 
measurement has also been included in the figure. The Pi 
influx increased for the first 3 days after plating reaching 
a maximum of 0,325 m-mole/1. min. The influx then steadily 
decreased to 0,060 m-mole/1. min after 7-8 days growth. It 
can be seen that the onset of the decrease in the Pi influx 
precedes the cessation of cell growth. The Pi influx fell
between days 3 and 3 , a period during which significant cell
growth occurred. The influx continued to decrease rapidly 
between days 5 and 8 after the cessation of cell growth. The
effect of cell population density on the Pi influx of SV3T3
cells is shown in Fig',25, In these cells the Pi influx also 
increased to a maximum and then declined. However, the 
maximum Pi influx (0,431 m-mole/1. min) was slightly higher 
than in 3T3 cells and was reached one day later; that is, 
after 4 days of growth. The minimum influx (O.lB? m-mole/1, 
min) measured after 7 days growth was some 3 times larger 
than the minimum Pi influx into 3T3 cells. In this 
experiment no measurement was possible at 8 days. Even very 
gentle changes of solution caused the thick cell layer to 
detach from the dish.

The different effect of cell population density on 
the Pi influx of 3T3 and SV3T3 cells is seen more clearly in 
Fig.24. Here, the data in Figs.22and23 have been used to 
plot the Pi influx against the number of cells/dish (log 
scale). In 3T3 cells the Pi influx began to decrease at 
about 1x10^ cells/dish (approx. 40-30^b confluent). In SV3T3 
cells the’Pi influx continued to increase until the dish
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Fig. 22. Effect of the cell population density on the 
Pi influx into 313 cells. Cells were seeded at 0.4x10^ 
cells/9cm dish. The Pi influx (O) was measured at the same 
time each day from 2 to 8 days after seeding. Incubations 
with ̂ ^Pi were carried out for 3 min at 37° according to 
the procedure described in the legend to Fig. 20, The 
number of cells/dishl(m) at the time of the influx measure
ment has also been incuded in the figure. Each point' 
represents the mean value for 3 determinations of the 
influx or cell number. The error bars indicate 1 S.E.
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Fig. 25» Effect of the cell population density on the 
Pi influx into SV3T3 cells. Cells were plated at 1.0x10^ 
cells/9cra dish. The Pi influx ( o ) was measured at the same 
time each day from 2 to 7 days after plating. Incubations 
with ^^Pi were carried out for 5 at 37° according to
the procedure described in the legend to Fig. 20. The 
number of cells/dish (a) at the time of the influx measure
ment' has also been included in the figure. Each point 
represents the mean value for 2 determinations of the Pi 
influx and coll number. The error bars indicate - O.K.
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contained about 6x10^ cells (approx. 2-5% confluent). Thus, 
in vintransforraed cells, the Pi influx decreases before most 
cells are in close contact with one another; in the 
transformed cells the Pi influx does not decrease until 
after a multilayer of cells has formedo

Effect of cell population density on the kinetic constants 
for phosphate transporte The effect of cell density on the 
kinetics for Pi transport by 5T5 cells is shown in Fig,2^’ «
The Pi influx from a range of extracellular Pi concentrations 
(Ob 1-4.0 m-mole/1) was measured 39 5 or 6 days after plating. 
As expected the kinetics of Pi transport were dependent on 
cell densityB A linear transformation (v against v/s) of 
this data is shown in Fig. 26 together with a summary of the 
calculated kinetic constants« These results show that the 
decreased Pi transport associated v/ith increased cell 
density can be attributed to a reduction in Vrnax v/ith no 
change in the Km of the system. Similar findings have been 
reported for the decreased transport of 2-deoxyglucose with 
increasing population density in several cell lines 
(Plagemann, 1973; Bose & Zlotnick, 1973» Kletzein & Perdue, 
19744). Levinson (1972) found values of 0.33x10*“ and 
0.73 m-moles/kg.min for the Km and Vrnax of Pi transport by 
Erlich ascites tumour cells. The values reported here 
(Fig.26, TABLE) are in reasonable agreement with Levinson's 
results.

The results of a similar experiment using SV3T3 
cells are shown in Fig.27. Here again, increasing cell 
density led to a reduction in the Vrnax with little change in 
the Km for Pi transport. The maximum Vrnax measui’ed in the 
transformed cells was slightly greater ( lÔ o) than the 
maximum Vrnax of the untransformed cells. It should be 
emphasised that in SV3T3 cells the maximum Vrnax occurs at a 
much lilgher coll density than in 315 cells. The difference/: 
observed in Km botwoon the coll types wore smell and, though
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Fig. 25. Effect of the cell population density on the 
influx of Pi into 3T3 cells as a function of the extra
cellular Pi concentration. The influx of Pi from Krebs 
with [PiJ in the range 0.1 to 4.0 m-mole/1 was determined 
for 3 (O)1 5 (s) and 6 (^)-day-old cultures of 3T5 cells. 
Incubations with '̂ P̂i were carried out for 5 )̂ in at 37° 
according to the procedure described in the legend to 
Fig. 20. Each point represents the value for Pi influx 
obtained from a single plate of cells. The curves w o re  
fitted by linear regression after linear transformâtion 
of the data.
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Days of mean cell no./ Km Vrnax
growth dish (xlO-̂ ) m-mole/1 m-mole/1 . min
0 5 0 .8? (-0 .06) 0.21 . 0.55
a 5 2.51 (-0 .05) 0.28 0.41
A 6 2.54 (-0 .09) 0.26 0.22
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in Lercepta were obtained from a linear repreaa i on programme 
without weighted factors. '.I'he calculated Kinetic cons.tants 
Km and Vm.ax̂  are shown in the attached table.

Days of 
growth

mean
dish

cell no./ CxlO-G)
Km
m-mole/1

Vrnax
m-mole/1. min

© -7+ 4.6i 0.19 0.60
A 6 13.08 (lo.zo) 0.21 0.46
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difficult to test, are probably not significant.

For both cell lines, under all conditions, the 
curves of influx against substrate concentration showed 
clear evidence of saturation. The good fit obtained for the 
straight line transformations demonstrates that Pi transport 
"follows Michaelis“Mentsn kinetics". This is consistent 
with the view that Pi transport in these cells is carrier- 
mediated.

Sodium-dependent phosphate transport in 3f'5 and SV3T3 cells

Effect of the extracellular Na'*'concentration n the influx
and uptake of phosphate. In previous studies I observed an 
effect of the on Pi transport in L cells (Brown, 1971)*
Scholnlck et al (1973) have also reported an effect of the 

^ on the Pi influx in Erlich ascites tumour cells.
These observations suggest that Pi transport may exhibit a 
Na-dopondoncy similar to that demonstrated for the transport 
of several organic solutes (roviow; Schultz & Curran, 1970)« 
The effect of varying the on the influx and uptake of
Pi by 3T3 and SV3Ï3 cells has been examined. The results 
for 3T3 cells are shown in Fig.28 and for SV3T3 cells in 
Fig.29 o As the was reduced from the control level of
136 m-mole/1 there was little effect of the Pi influx until 
below about 70 m-mole/1 after which the Pi influx decreased 
markedly. Both cell types exhibited a similar Ka-dependency 
indicating that virus-transformation did not significantly 
affect this property of Pi transport. The 3^3 cells appeared 
to have a slightly larger Na-independent component as shown 
by the higher Pi influx when the  ̂ approached zero
(1.6 m-molo/l)(ïKO«Ol). The equilibrium phosphate 
conconti’ution wan also Na-dopondont« However, khio value 
did not begin to decrease until after the fDnh was reduced 
below about 40 m-mole/1. In all the experiments described 
choline was substituted for Na*" to maintain isotonicity.
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Fig. 28. Effect of the extracellular Na^'concentration on 
the influx and uptalce of Pi by 3^3 cells. The Pi influx
and uptake were measured from Krebs solutions in which the 

was varied between 1.6 and 136 m-mole/1. Cnoline was 
substituted for Na"* to maintain isotonicity. Incuoations _ 
with ^^Pi were carried out for 3 oiin (influx, ©) or 4h 
(uptake, □) according to the procedure described in the 
legend to Fig. 20. Each point represents a single value 
for Pi influx or [phosphate} i. The lines were drawn by eye
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the influx and uptake of Pi by SV3T3 cells. The Pi influx' 
and uptake were measured from Krebs solutions in which 
the |Nâ j was varied between 1.6 and 1^6 m-mole/1. Choline 
was substituted for Na to maintain isotonicity. Incubations 
^̂ Pi were carried out for 5 min (influx, 0 ) or 4h (uptake,® ) 
according to the procedure described in the legend to Fig.20, 
The points without error bars represent a single value for 
Pi influx or {phosphate^ i. Where error bars (-S.E, ) are 
included the points represent the mean value of 2 to 4 
observations. The lines were drawn by eye.
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Similar results (unreported.) were obtained when Li*’ was used 
as the Na"*" substitute* »

These results Indicate that facilitates Pi 
transport in both 3T3 and SV3T3 cells* A possible ÿ

o
Km of the system supports the proposal that Na^ increases

explanation for this effect is similar to that suggested for 
the Na-coupled transport of organic solutes (Schultz &
Curran, 1970 p. 6?2) # A simplified statement of tliin 
proposal would bo that the binding of Na^to the phosphate • &

transport carrier increases its affinity for Pi and thus 
facilitates Pi transport* v

Effect of the extracellular Na concentration on the kinetic 
constants for phosphate transport* If the above •’ ,
interpretation is correct, a reduction of the should
lead to an increase in the Km for Pi transport. Fig.30 
shows the results of an experiment in which the kinetic 
characteristics for the Pi influx were measured at different 
levels of The values calculated for the kinetic

s

constants are shown in Table 9. Reduction of from the i
control level of 136 m-mole/1 to 36 m-mole/1 led to an 
increased Km and a decreased Vmax, Km was most affected 
increasing by 2^0% whilst the Vmax fell by 22%, When the f
IjNâ o was further reduced to 1.6 m-mole/1 the Km increased
by 373% and the Vmax fell by 39% compared to the control |
values. The kinetics for Pi transport by SV3T3 cells
showed a similar response to. jjNâ  (Fig. 31 I Table 9 )

The observation that reducing [n^ increased the

the affinity of the transport carrier for Pi. However, the '%

fact that Vmax also appears to be dependent on |k^^ suggests 
that'the affect of Na^is not only on the carrier affinity* • ,
This possibility will be considered in more detail in the 
DISCUSSION. '

I
4
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Fig. 30. Effect of the extracellular Na concentration on 
the kinetic constants for Pi transport by 3T3 cells. The 
Pi influx from Krebs with ĵ PiJ in the ran^e 0.1 to 4.0 m~ 
mole/1 was determined at 3 levels of [Na jo (© , 136; 
a, 36 ; A, 1.6 m-mole/1). Incubations with ^^Pi were carried 
out for 5 min at 37° according to the procedure described 
in the legend to Fig. 20, Choline was substituted for Na 
to maintain isotonicity. Each point represents the value 
for Pi influx from a single plate of cells. The data is 
shown after linear transformation (v against v/S). The 
influx (v) is expressed as m-mole/1. min. Slopes and 
intercepts were obtained from a linear regression programme 
without weighted factors. The calculated kinetic constants $ 
Km and Vmax, are shown in Table 9»
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Fig, 51' Effect of the extracellular Na*concentration on 
the kinetic constants for Pi transport by SV5T5 cells. The 
experimental details were as described in the legend to 
Fig. 50, except that the. [Na"̂ Jo were slightly different;
(© , 150 ; Q , 25) , 1.6 m-mole/1) The calculated kinetic
constants, Km and Vmax, are shown in Table 9*
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Effect of the intracellular Na*" concentration on the phosphate
efflux. True efflux 'measurements can be conducted only with
substrates that are not metabolised by the cells. This is
clearly not the case for Pi. As shown previously (Table & )
most of the Pi which enters the cell is incorporated into
organic compounds. Since the cell membrane is relatively
impermeable to these compounds the phosphate is effectively
’trapped’ inside the cell. Nevertheless, when cells are

32pre-loaded to equilibrium with Pi a fraction of the total
label is present in the intracellular Pi pool (Table â ).

32Measurements of the rate of loss of Pi from this pool 
should provide some indication of changes in the outward 
transport of Pi under various conditions. Since no major 
differences in the Na-depondency of Pi transport wore found 
between 5T3 and SV5T5 cells the investigation of the effects 
of Na*on Pi transport was continued using only SV5T5 cells. 
These cells were chosen because the higher cell numbers 
obtained simplifies the measurement of the transport 
parameters.

The effect of on the outward movement of Pi
from SV3T5 cells has been investigated. This was achieved
by pre-loading cells with ^^Pi for severa]!T^a& measuring the 

32loss of Pi into successive changes of collecting solution. 
In some cells the [Ne^ ̂  was raised by the addition of ouabain 
(10“^M) during the final 90 minutes of loading. This was 
shown to raise the [ n ^ . from 19-4 m-mole/1 to 6li6 m-mole/1*X ^2
At the end of incubation the total cellular Pi in the 
control condition was 53*7x 10 c.p.m. and in ouabain-treated 
cells, 48,0x10^ c.p.m. The washout of ^^Pi from control and 
ouabain-treated cells is shown in Fig.32. • The ^^Pi counts 
in successive 10 ml batches of collecting solution are shown
after normalisation for the small difference in total

32 32cellular Pi. Approximately equal amounts of Pi were
lost from the cells during each 5 minute interval. In a
simple one-compartment system the washout of label from
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Fig. 52. Effect of ouabain on the washout of phosphate 
from SV5T5 cells. The colls were loaded with Pi for 4 h. 
Ouabain (10"^ M final concentration) was added to one plate 
for the final 90 min of loading.' The incubation was 
terminated by aspirating off the labelled Krebs and washing* 
(x4) with Krebs at 2° and finally rinsing once with Krebs 
at 57°• Ten ml of inactive Krebs (-10"^ M ouabain) were 
added to the dish, which was incubated at 37°• After 3 min 
the solution was quickly poured from the dish into a 
scintillation vial for counting. A further lOml of
Krebs were added to the dish and the procedure was repeated 
for a total of 30 min (6xlOral samples). The cells were 
then trypsinised and the cell number, cell volume and 
residual radioactivity were determined as described in the 
METHODS. Each point represents the activity passing
from the cells into extracellular solution during success
ive 3 min collecting periods. Flame photometric measure
ments showed that the (Na^]i rose from a value of 19-4 m- 
mole/1 in the control (O) cells to 6l-6 m-mole/1 in the 
ouabain-treated (© ) cells.
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pre-loaded cells is exponential (Riggs, 1963)• The amount 
of label in the bathing medium during a given period is a 
constant fraction of thè label present at the start of each p:f
period# The data in Fig. 52 show that transport out of the (
cellular Pi pool did not conform to this simple behaviour. ,
This point is considered in more detail in the next section.
The rate of Pi loss was significantly increased after
ouabain treatment (P<0.001). Although other causes cannot be

C n hove . • 'NaJ. may be caused by this increase.
This conclusion is supported by the evidence from other 3
Na-dependent transport systems. The inward movement of
substate is stimulated by the ^he outwayd. movement
by ; (Eddy et al, 19^7; Schulta & Curran, 1970). These f
effects have been termed cis-stimulation.

,K-

Effeet of the extracellular Na^ concentration on' the Pi
efflux. For some Na-dependent transport systems it has been ' |
found that increasing |Na^ ̂  inhibits the movement of
substrate out of the cell. This effect is known as trans-
inhibition (Schultz & Curran, 1970). The effect of [Ns^

32on the washout of Pi from pre-loaded SV3T3 cells is shown
in Fig. 55 * In the cells exposed to decreased []Nâ  ̂  the
loss of ■̂ ""Pi during the first 5 minutes was approximately *'

32equal to the control. However, the loss of Pi then
declined to reach a new steady level which was below that of
the control and depended on the Thus, the effect of
increasing [n^  appears to be a stimulation of ^^Pi loss.
This is the opposite of the expected trans-inhibitory effect.
However, closer examination of the points at 5 minutes
suggests that initially trans-inhibition of Pi loss by |Na|_32 r J omay occur. All the values for Pi loss when [NeJ^ was
depleted were found to be greater than the control value. In
a separate similar experiment the same effect was observed.

These seemingly contradictory results can be 3
explained by supposing that in the control condition the

■ ■ I
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Fig. 35. Effect of the extracellular Na - concentration on
the washout of from SV3T3,cells. The washout of P
from preloaded cells into Krebs,of various [Na J was 
followed as described in the legend to Fig. 32. Each point 
represents the "̂ P̂ activity passing from the cell into the 
extracellular solution during successive 5 niin collecting 
periods. Choline was substituted for Nà to maintain
isotonicity. The [Na^J of the Krebs were (O) l40 ; ,(0) 74;
(A) 47; (v) 17; (v) 1.6 m-raole/1.
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influx of Pi maintains the intracellular Pi pool at a
constant size. The specific activity of this pool could
also be maintained via rapid equilibration with the much
larger organic phosphate pool. In this way approximately

32equal amounts of Pi would be lost during successive
intervals. This would continue until sufficient label was
lost to cause a significant decrease in the specific activity
of the organic pool. When the was reduced the Pi
influx would be decreased (Fig. 29 ). This could lead to a |
reduction in the size of the intracellular Pi pool which
would decrease to a new steady level, the size of which
would depend on the degree of inhibition of the Pi influx.
The specific activity of this reduced pool would also be
maintained via exchange with the large organic phosphate'

32pool. A new decreased steady level of Pi loss would then 
be observed.

On this basis the data in Fig. 53 show that
inhibition of the Pi influx by decreasing led to a
reduction in the cellular Pi pool which was complete 15
minutes after the alteration of |Na^ . After this period 32 I- JO

Pi was again lost from the cells by a constant amount
during each successive interval. The different steady levels 

32of Pi loss during the period 15-30 minutes thus reflect 
changes in the Pi pool size rather than a direct effect of 
}Na| . The direct effect of,|Nal on the outward transportJo Sus3tst
of Pi is best judged from the values at 5 minutes which^that 
trans-inhibition occurs.

Trans-inhibition of substrate efflux should be 
reduced or abolished by raising the extracellular substrate 
concentration (Vidayer, 1964; Vidaver & Shepherd, 1968).

32This possibility has been" examined for the Pi efflux 
(Fig. 34 ). A similar procedure to that shown in Fig,53 
was carried out except that the Pi concentration of the 
collecting solution was raised I0-fold to 5.50 m-mole/1 .
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Fig,
the
levels of extracellular Pi* The experimental details were 
identical with those described in the legend to Fig. 33» 
except that the [pi] of the Krebs collecting solution was 
raised 10-fold from 0.53 to 5*5 m-mole/1.
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Since the data for Figs. 33 & 34 are from separate parts of
the same experiment the numbers of cells per plate and the
specific activities of the loading solution were not

32significantly different. The Pi counts are, therefore, 
quantitatively comparable. The increased jlpiĵ  caused art 
overall increase in the rate of loan presumably through
an enlargement of the cellular Pi pool due to an increased 
Pi influx. The increased ĵ PiĴ  decreased the Na-dependenôy 
of ^^Pi loss. This would be expected since, at high [PiJ ̂  
the Pi influx is less inhibited by a reduction of the jNa^^. 
(The effect of Qfa^^ is largely on the Km with less change 
in the Vmax for influx; Fig, 31 ). The values at 5 minutes
suggest that raising the [pi]^ has abolished trans- 
inhibition of the Pi efflux by Nat

Serum-stimulation of phosphate transport in 3T3 cells

Stimulation of the> phoaphato influx. Quiescent 3T3 colls 
can be stimulated to divide by either a complete change of 
medium or by adding serum to the existing medium (Todaro et 
al, 1965» 1967). One of the earliest changes to occur 
following serum addition' is an increase in the rate of sugar, 
uridine an,, p hosphate tr^nnsport (see INTRODUCTION) . The 
sorum-stimulation of phosphate influx has previously been 
measured only from solutions with a very low Pi '

32concentration; in fact phosphate-free except for the Pi 
label (Cunningham & Pardee, 19^9; Jimenez do Asua et al,
1974; Jimenez de Asua & Rozengurt, 197^). The effect of 
serum-stimulâtion on the influx of phosphate from a Krebs 
solution containing 0*55 m-mole/1 Pi is shown in Fig. 33 •
In these 7-day-old quiescent cultures a change to complete 
fresh medium caused a 2 to 3-fold stimulation of the Pi 
influx (P< O.OO1). Fresh medium without serum did not raise 
the Pi influx above the unstimulated controls (P>0.10).
The increased transport was only found when quiescent cells 
were used. Complete fresh medium did not significantly 
increase (P>0,10) the influx of Pi into rapidly growing
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Fig. 35. The influx of Pi into quiescent 3T3 cells as a 
function of time after the addition of fresh medium with 
or without serum. The growth medium was removed from 7- 
day-old cultures and replaced by (O) the same medium, (©) 
fresh medium + ^0% calf serum and (□) fresh medium without 
serum. The influx was measured from Krebs (0.35 m-mole/1 
Pi) at the indicated times. Incubations with Pi were 
carried out for 5 min at 37° according to the procedure 
described in the legend to Fig. 20. Each point represents 
the value obtained for the phosphate influx from a single 
plate of cells. The lines were drawn by eye.
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Fig. 36. The influx of Pi into growing 3T3 cells as a 
function of time after the addition of fresh complete medium, 
The growth medium was removed from 3"-day-old, rapidly 
growing cells and replaced by (O) the same medium, (©) fresh 
medium + ^Q% calf serum. The influx was measured from Krebs 
(0.55 m-mole/1 Pi) at the indicated times. Incubations 
with ®^Pi were carried out for 3 min according to the 
procedure described in the legend to Fig. 20, Each point 
represents the value obtained for the phosphate influx from 
a single plate of cells. The lines were drawn by eye.
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3T3 cells (Fig. 36 ).

The degree of stimulation of the Pi influx shown 
in Fig. 35 is similar to that reported by Cunningham &
I'nrdoo (19<̂ >9) and by Jimnno% do Asua ot al (197^0. Ilowovor, 
a 2 to 3‘̂ ’̂old otirriulo lion is lowor than Lha L most rooorikly 
reported by Jimonoz de Asua & Rozengurt (197^0* They 
obtained a biphasic response with a 5-fold increase in the 
Pi influx during the first phase and lO-fold stimulation 
during the second phase when the response was followed for 
5 hours after serum addition. The smaller stimulation shown 
here may have resulted from the higher jjPiJ ̂  used. In 
addition, after the stimulation period the cells in this 
study were transferred to a Krebs solution containing only 
’]% serum. 'It is possible that the increase in transport is 
rapidly reversed and that the full stimulation is only seen 
in the continued presence of 10% serum during the influx 
measurement. These possibilities have been checked by using 
the method of vTimonoz do Anun & Pozongurt to moaouro the 
stimulation of M. influx in those colls. Again a 2 to 
fold increase in tranopox't was found (I'lig. 57 ). Those 
results^show that neither a Pi concentration effect nor a 
reversed response explain the observed difference. Since 
the magnitude of the response was not diminished by 
measuring thé Pi influx from a Krebs solution this procedure 
was employed in further investigations of the serum - 
stimulation of Pi transport.

The combined results of several experiments are
shown in Fig. 58 . The results show that the increased Pi
transport was maintained for at least 24 hours after
stimulation. VHien cells were grown in medium containing 10%

neverserum prior to stimulation, a biphasic response^occurred.
In an attempt, to ensure complete quiescence, some cells were 
incubated in medium containing only 0,5% serum for 48 hours 
prior to stimulation. 4 biphasic response was found for the

j
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Fig, 57. The influx of Pi into quiescent 5^3 cells as a 
function of time after serum addition to the culture medium; 
method of Jimenez de Asua & Rozengurt (1974). Quiescent, 
6-day-old cultures of 5T3 cells were washed (x2) with warm 
Pi-free medium and incubated with 9ml of this medium at 37°• 
After 10 min, lml of dialled calf serum was added to some 
dishes and all the cultures v;ere incubated for an addition
al 30 or 120 min. Cells were labelled with Pi ( 1p,Ci/ml) 
during the final 3 min of incubation. The radioactive 
medium was aspirated off and the cells were washed (x4) 
with Krebs at 2°. Incorporation of Pi into the acid- 
soluble fraction was measured by extracting washed cells 
for 30 min at 4® with 3% trichloracetic acid and counting 
a lml aliquot in NE230 scintillation fluid. The column 
height represents the mean of 3 determinations Pi influx.
The error bars show the S.E,
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Fig. 58. The influx of Pi into quiescent 5^3, cells as a 
function of time after the addition of fresh medium and
i) the serum concentration of the previous growth medium
ii) the presence of cycloheximide in the fresh medium
iii) the absence of Na'*' from the Krebs influx solution.
All cultures had been growing for 6 days and were quiescent 
at the time of the experiments. Some of the cells had been 
exposed to medium containing reduced serum (0 .5%) for the 
final 48 h of growth. At time 0, fresh medium (10% calf 
serum) was added to cells which had previously been growing 
in medium containing 10% serum (©-©) or 0 .5% serum (m-a).
At the indicated times the Pi influx was measured as 
described in the legend to Fig. 20. The corresponding 
untreated controls for cells previously exposed to 10% 
serum (O-O) and 0,5% serum (□-□) are shown. Fresh complete 
medium containing cycloheximide (lOpg/ral) was added to some 
cells previously exposed to 10% serum (^) ,,or. 0-..5% se hum (v). 
Some cells received fresh complete medium for the indicated 
times after which the Pi influx was measured from Na-free 
Krebs (■̂ ) . Where error bars are shown they indicate the S. 
E. of the mean for 2 or 5 determinations of the Pi influx. 
Single points represent the value for the Pi influx 
obtained from one plate of cells. The lines were drawn by 
eye.
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serum-stimulation of the Pi influx into these cells. The 
early response (2h) was smaller than that found for the cells 
maintained in 10% serum but the maximum response (l1h) was 
greater.

The rooponoQ of Lho oollo mainloinnd in high aorum 
and the* initial response of cells maintained in low serum 
appears to be unaffected by cycloheximide-induced inhibition 
of protein synthesis. However, the second phase of the 
response of low serum treated cells was completely inhibited 
by cycloheximide. V/hen the of the Krebs solution was
reduced to 1.6 m-mole/1 no stimulation of the Pi influx was 
observed, indicating that serum stimulates Na-dependent Pi 
transport.

Effect of serum-stimulâtion on the kinetic constants for 
phosphate transport. Table 10 shows the values obtained for 
the Km and Vmax for Pi transport at different times after the 
addition of fresh medium to quiescent 5T3 cells. The data 
show that increased Pi transport was always associated with 
an increased Vmax. No comparable changes in Km were found. 
The significance of these results will be considered in the 
DISCUSSION.
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2-deoxyglucose transport in 3T3 and virus-transformed 3T3 cells

Time-course of 2-deoxyglucose incorporation into total cell 
material. The uptake of 0.5 m-mole/1 2~deoxyglucoso by 5f5, 
SV5T5 and Py3T5 cells over a 30 minute.period is shown in 
Fig.39 « Since equilibrium was not reached during this time 
it was not possible to determine whether the total uptake of 
2-deoxyglucose was altered by virus-transformation. Uptake 
in the transformed cells was linear out to 10 minutes and 
linear out to 30 minutes in the untransformed cells. This 
result indicates that 3 minutes would be a suitable 
incubation period for the measurement of 2-deoxyglucose 
influx in all cell lines. The data at 5 minutes in this 
experiment show that the influx was 0.4-3 m-mole/1* min in 
3T3 cells, 1.33 m-mole/1. min in SV3T3 cells and 1.38 
m-mole/1. min in Py3T3 cells. This suggests, in agreement, 
with others (see INTRODUCTION), that the rate of 
2-deoxyglucose transport is increased after virus- 
transformation. However, the cell population density has 
also been shown to affect 2-deoxyglucose transport (see 
INTRODUCTION) and the possibility of an interaction between 
cell density and virus-transformation should not be ignored.
The effect of cell population density on the 2-deoxyglucose 
influx has therefore been examined in more detail for the 3 
cell lines. :

Effect o f cell, population density on the 2-deoxyglucose 
influx. Fig.40a. shows the results of an experiment in which, 
the 2-deoxyglucose influx in 3T3 cells was measured each day, 
for several days, after plating. The number of cells/dish 
at the time of measurement is also included in the figure.
The 2-deoxyglucose influx increased for the first 2 days 
after plating to a maximum of 1.11 m-mole/1. min. The influx 
then steadily decreased to only 0 ,l8 m-mole/1 , min after 7 
days growth. It can be seen that the reduction in 
2-deoxyglucose transport precedes the cessation of cell
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free Krebs solution containing 0.50 m-mole/1 of 2-deoxy- 
glucose and '^H-2'-deoxyglucose ('^lpCi/ral) . Af ter periods 
ranging from 2 to 50 min the radioactive solution was 
removed, the cells washed (x4) with Krebs at 2®, detached 
from the dish with trypsin and analysed for activity, cell 
number and cell volume. Each point represents the value for 
[2~deoxyglucoseJ i obtained from a single plate of cells.
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Fig. 40. Effect of the cell population density on the 
2-deoxyglucose influx into 313 (a), SV3T3 (b) and Py3T3 (c) 
cells. Cells were seeded onto 9cm dishes at the indicated 
density . The 2-deoxyglucose influx (closed symbols)
was measured at the same time each day from 1 to 7 days 
after seeding. Incubations with 0.5 m-mole/1 H-2-deoxy- 
glucose were carried out for 5 "iln at 37° according to the 
procedure described in the legend to Fig. 39» The number 
of cells/dish (open symbols) at-the time of the influx 
measurement has also been included in the figures. Each 
point represents a single determination of the influx or 
cell number. '
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growth. A large reduction in the influx occurred between 
days 2 and 4, a period of a'lmost exponential cell growth.
The influx continued to decrease during the period from day 
4 to day 7 when little cell growth occurred. The effect of 
cell density on the 2~deoxyglucose influx in SV3T5 and Py313 
cells is shown in Fig.40b and 40c respectively. The results 
show that the transport of 2-deoxyglucose by virus- 
transformed cells was much less dependent on the cell 
population density. At day 7 no value was obtained for 
SV3T3 cells and the value for Py3T3 cells is unreliable due 
to the tendency of the thick cell layer to detach from the 
dish. In contrast to previous findings (see INTRODUCTION) 
these results indicate that polyoma and simian virus- 
transformation per se did not greatly increase the rate of 
2-deoxyglucose transport. The maximum influx in the 
transformed cells was only slightly larger than the maximum 
influx in the untransformed cells. The major change after 
vii'us-transformation appears to be the abolition of the 
reduction in 2-dooxyglucooc transport with increasing coll 
density. This observation will be considered in more detail 
in the DISCUSSION.

The effect of the cell population density on the 
influx of 2-deoxyglucose in 3^3 cells was also examined using 
an alternative procedure. Cells were plated at different 
population densities in the range 0.2- 1.0 Cx 10^) cells/dish. 
The influx was measured 4 or 3 days after plating. In this 
way a range of population densities was obtained in cultures 
of the same age. The results show that, once again, the 
influx of 2-deoxyglucose decreased with increasing cell 
densities. The values at 4 and 3 days have been represented 
by different symbols and can be seen to lie on the same 
curve ( O and a ; Fig, 4t ). The data shown previously for 3'f3 
cells in Fig. 40d has been plotted as influx against cell 
number and included in Fig. 41 (® ). The different
experimental procedures appear to produce quantitatively
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Fig, 4l. Effect of the cell population density on the 
2-deoxyglucose influx into 3T3 cells. Four dishes of cells 
were seeded at each of the following densities: 0 .2 , 0.4, 
0.5, 0.7 and 1.0 (xlO*) cells/9cm dish. After 4 days 
growth the 2-deoxyglucose influx was measured using 2 
plates from each batch* The remaining plates were used for 
influx measurements 1 day later. Incubations with 0,5 
ra~raole/l H-2-deoxyglucose were carried out for 5 at 57°
according to the procedure described in the legend to 
Fig, 39* Each point represents the value for the 2-deoxy-^ 
glucose influx obtained from a single dish of cells. The 
results show that the values obtained after 4 (O) or 5 (o) 
days growth lie on the same curve. The data presented for 
3T3 cells in Fig. 40a has been included in this graph (o) 
to facilitate a direct comparison of the two sets of 
ronults.
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different results for the effect of cell density on 
2-deoxyglucose influx'(compare curves in Fig, 41 )• When
cells were seeded at different densities and examined after 
a fixed growth period the initial rise in 2-deoxyglucose 
transport was not observed and the reduction in transport 
occurred at lower cell densities. This may have been a real 
effect caused by an interaction of cell density and culture 
age* Alternatively, the difference could .have been caused 
by changes in cell growth characteristics during the several- 
wee k interval between these experiments* In this respect it
should be noted that the cells showing the higher rate of

6 ..-.6  ■ ■;transport increased from 0 *5x10 to almost 5x10 cells/dish
during 5 days growth (@<-). The cells seeded at 0*5x10^
cells/dish in the other experiment reached only 2x10^ cells/
dish after 5 days growth (□<-), The observed experimental
differences may, therefore, have been caused by a difference
in cell growth rates between the two experiments*

'Effect of the cell population density on the kinetic ; 
constants for 2-deoxyglucose transport* The effect of cell 
density on the kinetics of 2-deoxyglucose transport by 5T5 
cells is shown in Fig* 42 , The influx from a range of 
extracellular 2-deoxyglucose concentrations (0 ,2-10,0 
ra-mole/l) was measured 2 and 6 days after seeding. The data 
is shown after linear transformation (v against v/ S ) 
together with a summary of the calculated kinetic constants. 
As expected, the kinetics of 2-deoxyglucose transport were 
dependent on cell density. The reduction of 2-deoxyglucose 
transport associated with increased cell density can be 
attributed to a reduction in Vmax with little change in the 
Km 0ir tl»o ays tom (Fiji;* 42 ),

In a similar experiment, SV5T5 cells (Fig, 45 )
showed a much smaller reduction of Vmax, again with no change 
in the Km, when 2 and 6 day-old cultures were compared.
There was little difference in the Km for 2-deoxyglucose
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. Effect of the co.Xl population density on the 
kinetic constants fox' P-dcoxyglucosc transport by 
colls. T]io influx of 2-dooxyp;lucoso from Krebs with 
{P~dooxyr:lucosc^ in the raip^o 0.2 to 10.0 m~molo/l was 
determined for 2 (©) and 6 ( a ) -day-old cultures of 
cells. Incubations with '̂ll-2-deoxyp;lucoso were carried out 
for 5 min at 37° as described in the legend to Fig. 39*
The data is shown after linear transformation (v a,gainst 
v/S ;\AiT'ENDIX B) , Each point represents a single value for 
the influx (v) which is expressed as m-mole/1. min. Slopes 
and intercepts were obtained from a linear regression 
programme without weighted factors. The calculated kinetic 
constants, Km and Vmax, are shown in the attached table.

Days of mean cell no./ Km Vmax
growth dish (xlQ-^) m-mole/1 m-mole/1 . min
© 2 0.36 (-0 .07) 2.01 6.00
A 6 2.43 (-0 .11) 2.84 1.90
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Fig. 43. Effect of the cell population density on the 
kinetic constants for 2-deoxyglucose transport by SV3T3 
cells. Experimental details were identical to those 
described for 3T3 cells in the legend to Fig, 42. The 
calculated kinetic constants, Km and Vmax^are shown in the 
attached table.

Days of mean cell no./ Km Vmax
growth dish (xlO-6) m-mole/1 m-mole/1. min

@ 2 1.89 (lo.io) 2.48 8.46
A  6 11.21 (-0.46) 2.23 6.44
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transport between 5T3 and SV3T3 cells. The Vmax was slightly 
higher (4l^) in low-density ,SV3T3 cells than in low-density 
3T3 cells and much higher (338/Q when high-density cells were 
compared. This result emphasises that, for these-cells at 
least, virus-transformation did not greatly increase the 
maximum transport capacity of the cells. The good fit 
obtained for the straight line transformations (Figs.42&43) 
indicates that, in both cell lines, the transport of 
2-deoxyglucose "follows Michaelis-Menten kinetics". The 
decreased Vmax associated with increasing cell density 
suggests that as the cell density increases the number of 
functional transport sites decreases* The absence of any 
change in the Km suggests that cell density does not influence 
the affinity of the transport carrier for the substrate.

Inhibition of 2-deoxyglucose transport by D-glucose and 
cytochalasin B . The observation that D-glucose 
competitively inhibits the influx of 2-deoxyglucose (Renner, 
Plagemann & Bernlohr, 1972) suggests that both substrates 
are transported by a single system. The mould metabolite 
cytochalasin B has been shown to be a potent competitive 
inhibitor of both substrates in several cell lines (
Bstensen & Plagemann, 1972; Miael & Wilson, 1972; Plagemann,_ 
1973; Kletsein & Perdue, 1973). The kinetics of 
2-deoxyglucose transport in 3T3 (Fig. 44* ) and SV3T3 cells 
(Fig, 43 ) have been measured in the presence of these
inhibitors. The data is shown after linear transformation 
(V against v/S) and the calculated kinetic constants are 
shown in Table 11 . In both cell lines both D-glucose and 
cytochalasin B competitively inhibited 2-deoxyglucose 
transport. The presence of the inhibitor caused an increase 
in the apparent Km of the system with no great change in 
Vmax. The Ki’s (Table 11 ) wore similar in both cell linos.
The significance of this result will bo considered in more 
detail in the DISCUSSION.
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Fig. 44.‘ Inhibition of 2-deoxyglucose transport by 
D-glucose and cytochalasin B in JT3 cells. The influx of 
2-deoxyglucose from Krebs (O) was determined over the 
concentration range 0.2 to 8.0 m-mole/1. Where indicated 
D-glucose (©; 2.0 m-raole/l) or cytochalasin B (□; 0.3 pg/ml 
final concentration) were included in the Krebs. The data 
is shown after linear transformation (v against v/S). Each 
point represents a single value for the influx (v) wliich is 
expressed as m-mole/1, min. Slopes and intercepts were 
obtained from a linear regression programme without 
weighted factors. The calculated kinetic constants, Km (Ka), 
Ki and Vmax are shown in Table 11.
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Fig. 4$. Inhibition of 2-deoxyglucose transport (o) by 
D-glucose (©) and cytochalasin B (Q) in SV3T3 cells. 
Experimental details were identical to those described for 
3T3 cells in the legend to Fig. 44. The calculated kinetic 
constants Km (Ka), Ki and Vmax are shown in Table 11.
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Sorum-atimulation of 2-dooxyglucoao transport in 3T3 colls

Stimulation of the 2-deoxyglucose influx. When quiescent 
315 cells are exposed to fresh serum they restart DNA 
syntheses and cell division (Todaro et al, 1963)* Within 
minutes of serum addition the influx of inorganic phosphate, 
uridine and glucose Increase several fold (see INTRODUCTION). if
However, there are differences in the literature as to the 
time-course and^magnitude of this transport stimulation. The 
effect of the addition of fresh medium on the influx of 
2-deoxyglucose into quiescent 3T3 cells was investigated.
The rate of 2-deoxyglucose transport was found to increase ';|
rapidly after the switch to fresh medium (P<0.001) reaching «
a maximum within 40 minutes after the change. Thereafter,

. kthe influx remained constant at a value some 2-fold greater |
than the untreated controls. The influx remained at this .f
elevated level for at least 3 hours after the change of •|
medium (Fig. 4-̂ ). k

'■ '  ̂ jA much larger’ (3-10 fold) biphasic response has ,4
been.reported (Jimenez de Asua & Rozengurt, 1974; Bradley &
Culp, 1974). While the first phase was found to be 
independent of protein synthesis, the development of the 
second phase was inhibited by cycloheximide. The effect of 
cycloheximide on the single phase stimulation of 
2-deoxyglucose transport reported here has been investigated *3;
(Fig, 47 ). The presence of cycloheximide in the fresh 
medium did not alter the response at 2 hours after the 
medium change. The slight reduction of the response in the 
presence of cycloheximide 3 hours after the change of medium 
is probably not due to a specific inhibition but to a more 
general effect brought about by the prolonged inhibition of 
protein synthesis. In this experiment some cells received 
fresh medium for 2 or 3 hours and the 2-deoxyglucose influx 
was then measured in the presence of cytochalasin B. The 
results (Fig. 47 ) show that the increase in 2-deoxyglucose

I
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Fig. 46. The influx of 2~deoxyglucose into quiescent 3TJ 
cells as a function of time after the addition of fresh 
medium. The growth medium was removed from 6-day-old 
quiescent cultures and replaced by the same medium (o) 
or fresh complete medium (©). The influx was measured 
from glucose-free Krebs (0.5 m-mole/1 2-dcoxyg'lucoso) at 
the indicated times. Incubations with "̂ H-2-dooxyglucose 
were carried out for 5 min at 37“ according to the 
pi'ocedure described in the legend to Fig. 39» Each point 
represents the mean for 2 determinations of the influx. 
The error bars show - S.E.
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Fig. 47. Effect of cycloheximide and cytochalasin B on the 
stimulation of 2-deoxyglucose transport by fresh medium.
The growth medium was removed from 6-day-old quiescent 3T3 
cells and replaced by the same medium, fresh medium, or 
fresh medium + lOpg/ml cycloheximide. After 2 or 5 hours 
the 2-deoxyglucose influx was measured from glucose-free 
Krebs. Incubations with ^H-2-deoxyglucose were carried out 
for 5 min at 37° according to the procedure described in 
the legend to Fig. 39» Cytochalasin 3 (0.3P-g/ml) was 
included in the Krebs solution used for some cells treated 
with fresh medium. The column height represents the mean 
value for 2 determinations of the 2-deoxyglucose influx.
The error bars show - S.E.

□ ntrol fresh medium + cycloheximide

fresh medium fresh medium/cytochalasin B 
in Krebs
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Effect of serum-stimulation'on the kinetic constants for 
2-deoxyglucose transport. Fresh medium was added to 
quiescent 3T3 cells. After 2 hours the kinetic constants 
for 2-deoxyglucose transport were measured and compared to 
untreated controls. The results (Fig. 48 ) show that the 
serum-induced increase in 2-deoxyglucose transport was 
associated with an increased Vmax with no comparable change 
in Km.

- 'i
transport was completely inhibited by this drug. The degree 
of transport inhibition (75%) was very similar to that shown 
previously for unstimulated control cultures of 3T3 cells rj
(79% ; Fig. 44 )• %
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48. Alterations in the kinobic constants for 
2-deoxyglucose transport following the addition of fresh 
medium. The growth medium was removed from 6-day-old 
quiescent cultures of 3f3 cells and replaced by the same 
medium (O) or fresh complete medium (©). After 2 hours the 
influx of 2-deoxyglucose was measured from Krebs with 
[2-deoxyglucos^ in the range 0.2 to 8.0 m-mole/1. 
Incubations with "^H-2-deoxyglucose were carried out for 5 
min at 37° as described in the legend to Fig. 39* The data 
is shown after linear transformation (v against v/S). Each 
point represents a single value for the influx (v) which is 
expressed as m-mole/1. rain. Slopes and intercepts were 
obtained from a linear regression programme without weighted 
factors. The calculated kinetic constants. Km and Vmax, are 
shown in the attached table.

medium Km Cm-raole/l) Vmax (m-mole/1. rain

ocontrol 2.59 1.55
© fresh 2,17 2.58
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Effects of the cell population density on membrane 
transport in 3T3 cells

3T3 cells were seeded at a single population 
density and the influx of K , inorganic phosphate and 
2-deoxyglucose was measured each day during growth to the 
stationary phase* The results indicate that the transport of 
all three substrates decreased with increasing cell population 
density. A possible objection to this conclusion is that the 
reductions in influx were related, not to the cell density, 
but to the age of the culture. However, this does not appear 
to be the case* When cells were seeded at different 
densities and incubated for a fixed growth period, transpoiv 
could be measured over a range of cell densities in cultures 
of the same age. This procedure demonstrated that the 
observed reduction in transport was, for K”* and 2-deoxy- 
glucose at least, directly related to the cell population 
density. Although the latter procedure was not used for
measurements of Pi transport it seems likely that a similar!
conclusion applies.

There was one noticeable difference between the 
results obtained using the two procedures outlined above.
With the former procedure (fixed seeding density, variable 
incubation time) an increase in transport was observed during 
the first 2 to 3 days after seeding.\ The increase was 
followed by a marked decline, in the rate of substrate uptake 
during the next few days. When the alternative procedure 
(variable seeding density, fixed incubation period) was used 
the initial increase in uptake rates was not observed. The 
most likely explanation for this difference is related to the 
state of the cultures at the time of seeding. The.cells were 
obtained from 4-5 day-old cultures growing in Roux flasks and 
direct measurements on the cells in the Roux flasks produced 
influx values similar to those for 5 day-old dish cultures. 
Thus, at the time of seeding, the transport rates of the
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cells were below maximum. Although transfer into fresh 
medium produces a rapid increase in transport activity it is 
possible that cells need some time to fully establish the 
higher rates of transport "appropriate" to the new lower 
density. The results indicate that 2 or 3 days may be 
required for this process. Thus an initial time-dependent 
response would be superimposed on a density-dependent 
response when using the fixed-density procedure. When using 
the variable-density procedure, where all cultures received 
at least 3 days incubation, the time-dependent response would 
not be observed. Under these circumstances results similar 
bo those obtained might be expected.

Influx and efflux •

Potassium. The results show a 4-fold reduction in the K* 
influx over cell densities from 0,2 to 4 (xlO^) cells/9cra 
dish (Fig. 6). In addition, actively growing cells were 
found to have a markedly higher  ̂ than quiescent cells
(Table 3)* The decreased transport was shown to be due to 
a reduction in "Na-pump" activity with no change in the 
passive fluxes across the membrane (Fig. 8), In this respect 
it is interesting that Elligsen et al. (1974) found a 2 to 4- 
fold reduction in membrane ( Na’*'-K^)-ATPase activity when 
growing and quiescent 3T3 cells were compared. These results 
suggest that the lower  ̂ of quiescent 3T3 cells resulted
from the reduced "Na-pump" activity. This would also be 
expected to give rise to an increase in jNa]] . and this was in 
fact observed (Table 3).

Over the range of cell densities investigated the 
reduced influx was shown to be balanced by a similar 
reduction in the efflux (Fig. 6 and Table 6) . '-This decrease 
in the efflux was due to a reduction in [k*̂  ̂  with no 
change in the "fractional loss" of K**'. However, the 
"fractional loss" was not measured at densities much above
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2x10 cells/dish. At this density the calculated efflux 
value was 2.58 m-mole/1. rain and similar values were obtained 
for the K"*" influx. At higher cell densities the influx was 
shown to fall to about 1 m-mole/1. min and unless the 
"frncbionol loss" decreased the [h/']would need to fall as 
low 0,0 60 m-mole/1 to maintain a citeady-stato, It seems 
unlikely that the [x*] would be reduced to such a low level 
and the minimum values observed in this work were around 110 
m-mole/1. It is possible that at the highest cell densities 
a reduced "fractional loss" of might become apparent.

Few other results are available on the effect of 
cell density on transport. Raab & Humphreys (19?4) found 
no density-dependent effects on  ̂in chick embryo fibro
blasts. Flame photometric analysis produced values of 105 m- 
raole/1 for both g r o w i n g ' a n d  density-inhibited cells. This 
value was claimed as typical for K'*' levels in h i g h e r  

vertebrate cells. In fact much higher values (150-200 m-mole/
1) have been generally reported f o r  cultured mammalian cells 
(eg. Lamb & Mackinnon, 1971; M c D o n a l d  et al., 1972; Quissell 
& Suttie, 1973; Boardman e t  a l . , 1974; Prigent et al,, 1975; 
Cuff & Lichtman, 1975) • R a a b  & Humphreys found a 
decrease in the r a t e  of exchange in density-inhibited 
cells compared to growing cells. They argue that this c h a n g e  

was probably not significant. K i r a e l b e r g  & Mayhew (1975) 
found a reduction in the "uptake" (measured over 1 hour) 
in.density-inhibited 3T3 cells. In contrast to the results 
presented here, the reduction in uptake was not apparent 
until after the cessation of cell grov/th. The growth curve
for 3T3 cells presented by these workers shows that the cells

5 —2reached a density of 2 .5x10 colls cm " after 6 days growthi. 
This is equivalent to about 15x10^ cells/9crn d i s h  and is far 
too high a saturation d e n s i t y  for "true" 3T3 cells in 
s t a n d a r d  c u l t u r e  conditions. It seems possible that 
Kiraelberg & Mayhew were working with a line of 3T3 cells 
which had become "spontaneously transformed", I have
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observed that "3T3" cells with a greatly increased saturation 
density, exhibited a smaller density-dependent reduction in 
the K**’ influx than normal and the reduction occurred at high 
cell densities (unreported observation).

Phosphate. The rate of uptake of inorganic phosphate into 
total cell material will accurately represent Pi transport 
only if movement across the membrane is the rate-limiting 
step for the process. No unequivocal evidence is available 
on this question. However, the small size of the intra
cellular free Pi pool (6-12/c of total cell phosphate) 
indicates that Pi, on entering the cell, is rapidly 
incorporated into organic compounds (Table 8). This finding 
suggests that transport, not intracellular metabolism, is the 
rate-limiting step in phosphate uptake.

The influx of Pi into 3T3 cells was shown to 
increase during the first 3 days after seeding and then 
decrease during growth to the saturation density (Fig, 22).
An overall 3~fold reduction of the influx was observed. The 
equilibrium value for total intracellular phosphate was 
apparently independent of cell density (Tables 7 & 8).
However, the size of the small intracellular Pi pool showed 
some reduction with increasing cell density (Table 8),

Previous experiments have indicated that phosphate 
transport in L cells (Brown, 1971) and Erlich ascites tumour 
cells (Levinson, 1972) is carrier-mediated. In this study the 
curve for Pi influx as a function of extracellular Pi 
conco n tn'n b 1.0 u showed clonr evidence of r.a burn t'i on (Fin:. 2‘>) ,
Til bn I n  conn  i n ben b wi. bh ca I ' r  I e r - m e d  1 n t i o n  . The Km, o r

nil I lO I. m  be ,eo ncr> n b t‘n b I on I'oi' iinll' o 1' b ho ttunx.lmn'l I n I' I n x , won
iit-mo I e/'l. nnd bhe Vmax for r:row:i nu; cel I a wan O.Uu in-molo/1, 

min* Fpr Fr.l ich a n d  be a cell a Lov:i.nr.on ( P)7P) obbainod Km and 
Vmax values of 0 . >  m-molc/1 and Ü.73 m-molo/1, min. 
rospocbivoly,
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The intracellular concentration of free Pi in growing 3^3 
cells was shown to be 2.40 ra-raole/l (Table 8), The extra
cellular concentration of Pi in Krebs was 0.55 ra-mole/l. 
Chloride distribution studies across the 315 cell membrane 
indicated that these cells have a membrane potential of about 
-l5mV (unreported observation). It is clear that Pi is 
accumulated against a substantial electrochemical gradient.
It is difficult to test whether the transport, of- -Pi requires 
a direct supply of metabolic energy. The usual test for this 
possibility is to measure substrate transport in the presence 
of metabolic inhibitors. Incubation with DNP+IAA was shown 
to reduce the Pi influx to about 5% of control values.
However, this result is difficult to interpret, since, in the 
presence of the inhibitors, intracellular phosphorylation 
would be inhibited and transport will no longer be the rate- 
limiting stop in phosphate uptake, The kinetics of uptake 
could be expected to change under these circumstances.

The demonstration of a Na-dependency of Pi 
transport suggests that some of the energy for phosphate 
accumulation may be provided through an Na-coupled transport 
system. Such systems have been extensively demonstrated for 
the transport of organic solutes, particularly amino acids 
(Schultz & Curran, 1970). In a coupled system, the entry of. 
Na*" into the cell down its concentration gradient furnishes at 
least part of the energy requirement for the accumulation of 
a co-substrate against a concentration gradient. No major 
differences were found between 3T3 and SV3T3 cells for Na^ 
offects on 111 transport. Using the combi nod evidence from 
3'l’3 end ;'>V3T3 cells the followin/v conclusions may be made 
concerninp; the Na-dependency of Pi transport :
1) It is specific for Na* since neither choline^ nor Li'‘ were 
able to maintain Pi transport levels when [ N a ^  was reduced*
2) Although the Vmax for Pi influx was reduced by decreasing 
L^uJo by far the greater effect was on the Km which
increased markedly with decreasing \ĥ aj ̂  (Table 9) • This



63

result suggests that the main effect of Na" on Pi transport is 
to facilitate binding 'of Pi to a phosphate-carrier molecule.
3) The slight sigmoid shape of the curves for Pi influx 
against  ̂ (Figs. 28 & 29) suggests that the phosphate
carrier may require more than one Na for each Pi molecule.
A plot of the Na-dependent Pi influx (v) against v/[NaQ ̂  
produced a reasonable straight line (r=0.91i P<O.Oi) whereas 
a plot of V against did not produce a good fit
(r=0.07; PA0.05).
4) Efflux of Pi was shown to be complicated by the complex 
compartmentalisation of phosphate within thé cell. When 
cells were treated with ouabain the Pi efflux increased 
suggesting that the outward movement of Pi is also Na- 
dependènt (Fig. 32). Preliminary evidence suggests that 'the 
efflux of Pi from preloaded cells was inhibited by increasing

V/hen the [Pi] ̂  v/as raised this inhibition was 
eliminated (Figs. 33 & 34).

These characteristics are very similar to those 
shown for glycine transport in pigeon erythrocytes by Vidaver 
who has proposed a detailed kinetic model for that system 
(Vidaver & Shepherd, 1968). A model for Na-dependent Pi 
transport, based on the scheme of Vidaver, is presented in 
Fig. 49. The model is speculative and will no doubt require 
modification when further experimental evidence is obtained * 
One immediate difficulty is that the model predicts that in 
the absence of extracellular Na^ no influx of ĵ i will occur. 
The da La shown in Figs, 28 & ,?9 indicate that a small Pi 
influx would be present. It is possible that this influx 
represents entry by simple diffusion. however, the kinetic 
studies presented in Fig. 26 show that a good fit to 
Michaelis-Menten kinetics was obtained without applying a 
CO)'rection for simple diffusion* This suggests tliat at a low 
jj'iĴ  the contribution of simple diffusion to the total Pi 
influx was negligible. An alternative possibility for the 
residual Pi entry in the absence of Na*" is that EPi (Fig. 49)
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can bo formed and cross the membrane, though perhaps more 
slowly than ENa^Pi. This might also account for the smal! 
effect of [Na^ on the Vmax for Pi influx.

The data in Fig. 38 show that the Na-independent 
influx into quiescent 3^3 cells was not significantly 
different from the Na-independent influx into growing 3T3 
cells (Fig. 28). The density-dependent reduction in the 
total Pi influx appears, therefore, to be due to a reduction 
in Na-dependent transport. This is supported by the 
observation that, although the total Pi influx increased 
rapidly after the addition of fresh medium to quiescent cells, 
the Na-independent component did not increase (Fig. 38). If 
the Na-independent .transport is carrier-mediated this 
observation suggests that the Na-dependent and Na-independent 
carriers are qualitatively different since the activity of 
‘ - the former decreased with increasing cell density whereas
the activity of the latter did not. If Na-independent 
transport is the result of simple diffusion of Pi into the 
cell its independence of cell density might be expected since 
the results for transport indicate, that the permeability 
of the membrane does not alter with increasing cell density.

2-deoxyglucose. Previous work on the effects of cell density 
on 2-deoxyglucose transport in 3T3 cells has yielded con
flicting results. Bannai & Sheppard (1974), using variable- 
density seeding, found an exponential decrease in the 
2-deoxyglucose influx with increasing cell density. The 
reduction in transport began at cell densities as low as 
2xl0^colls cm  ̂ (0 .13x10^ cells/9cm dish). f'.ose & Elotnick 
(1973) used both fixed-density and variable-density seeding 
procedures and, in both cases, found a similar exponential 
reduction in transport with increasing cell density. In 
contrast, Schultz & Culp (1973) using fixed-density seeding, 
found that 2-deoxyglucose transport did not decrease until 
after the cessation of cell growth on the formation of a 
confluent monolayer. At confluency the 2-deoxyglucose influx 
decreased sharply.
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The results reported here are more consistent with the former 
observations. Using variable-density seeding the decline in 
2-deoxyglucose influx with increasing cell density (Fig, 4l) 
fits an exponential reasonably well ( r= 0.153 ; P < û . o j ) .  When 
the fixed-density procedure was used the decline in transport 
began at slightly higher densities but still well before the 
cessation of growth. A close analysis of the data of Bose & 
Zlotnick (their Fig. 2) shows that they also obtained a small 
increase in uptake rate during the initial period of cell 
growth. This is in agreement with the result shown here.

Kinetic constants for transport

With the exception of the data of Schultz & Culp 
(1973) there is general agreement that the density-dependent 
reduction in the rate of 2-deoxyglucose transport is due to 
a decreased Vmax with no change in Km. The results presented 
in this study support and extend this view since the 
decreased transport of 2-deoxyglucose, inorganic phosphate 
and K ̂  were all shown to be attributable to changes in Vmax 
with no change in Km, The results for K ' transport are 
particularly convincing since the kinetic constants v;ere 
moaourod over a wido range of cell densities. The results 
show a clear correlation between coll density and Vmax and no 
correlation with Km (Fig. 12). Since the measurement of cell 
density effects on K^ transport is not complicated by 
possible effects on intracellular metabolism, the reduction 
in transport reported here is clear evidence of a direct 
membrane effect.

The kinetic studies suggest that the membrane 
alteration is quantitative rather than qualitative. Since 
•transport K m ’s were independent of cell density, reduced 
transport cannot be due to a reduction in the affinity of 
carrier sites for the substrate. The reduction in Vmax 
suggests that the decreased transport was associated with a
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reduction in the number of functionally active transport 
sites. This could result from one (or a combination) of the 
following conditions:

1) Reduction in the number of transport sites in 
the membrane.
2) Complete inactivation of sites which remain in 
the membrane.
3) Reduced transport turnover at sites.
4) A reduction in the cell's surface area/volume 
ratio.

For one possible way of distinguishing between these
possibilities would have been to use ouabain to measure
the number of "Na-pump" sites directly. Unfortunately, these

«-■5cells require high ouabain concentrations (10 ) to inhibit
Na-K exchange. Ouabain-binding studies cannot be accurately 
performed because of the high level of non-specific binding 
which occurs at this concentration. However, the observatio 
that the membrane (Na*'*-K'*')-ATPase level decreases with 
increasing 3^5 cell density (Elligsen et al., 1974) indicate;-, 
that at least part of the reduced transport of was due to 
condition 1.

\.
Effects of virus-transformation on membrane transport 
properties

Virus-transformation appears to reduce or abolish 
the density-dependent reduction in membrane transport which 
was observed in untransformed cells. The influx of and
2-deoxyglucose into Py3T3 and SV3T3 cells was shown to be 
independent of cell population density. The influx of Pi 
into SV3T3 cells did show a reduction with increasing cell 
density but this was smaller and occurred at much higher cell 
densities than the Pi transport reduction in 3^3 cells.

It is widely believed that transformed cells 
transport 2-deoxyglucose 2 to 4-fold more rapidly than the 
corresponding untransformed cells (see INTRODUCTION). The 
results presented here do not support this view. The maximum
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influx of Pi and 2-deoxyglucose into transformed 3^3 cells .ÿ
was only some 30% and'30% higher than the maximum influx into
3T3 cells. The maximum influx of was no higher in the
transformed cells; indeed, the data at very low cell
densities suggest that the untransformed cello may hove the
h:U';hnr rate? of K** upludto. It Is posslblo that many provious
results were obtained using untransformed cells at a
population density which exhibited density-reduced transport
rates. Much of the observed transport difference between the
cell lines could thus be due to a failure to measure maximum
transport rates in the untransformed cells. Of course, some
workers were aware of this problem and ensured that they used
preconfluent growing cultures for comparison. However, it has'
been.shovm here that a density-dependent decrease in transport
becomes apparent at very low cell densities. Thus, the fact. -
that cells are preconfluent and growing would not ensure that.
maximum uptake rates were measured.

i

Other workers have obtained results similar to 
those reported here, Bose & Zlotnick (1973) found that the 
maximum rate of 2-deoxyglucose uptake by 3T3 cells (measured 
at very low cell densities) was similar to that in mouse 
sarcoma virus-transformed 3T3 cells. Plagemann (1973) showed

Ithat the influx of 2-deoxyglucose into mouse embryo fibro
blasts at low densities approached the level measured in 
virus-transformed MKF. Those results support the proposal .0
that v i r u s - t r a n s f o r m a t i o n  a b o l i s h e s  the density-dependent 
transport reduction of un transformed cells but does not cause 
a n  additional increase in transport capacity.

-I
Most workers were unable to find differences in M

the Km for 2-deoxyglucose transport when normal and trans- 
formed cells were compared (see INTRODUCTION). In this study %
no differences in Km were observed between 3^3 and SV3T3/
Py3T3 cells for , Pi and 2-deoxyglucose transport. In ' "'3addition the Ki’s.for inhibition of 2-deoxyglucose transport

I
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by glucose and cytoehalasin B were similar in the 
untransformed and transformed cell lines. These results 
indicate that, for a variety of transported substrates, 
virus-transformation does not qualitatively alter the membrane 
carrier sites.

The altered response of virus-transformed cells to ouabain

The altered response of the virus-transformed cells 
to ouabain suggests that their plasma membrane is in some way 
different to that of 3T3 cells. The mechanism of the ouabain- 
induced K -K exchange in Py3T3 and SV3T3 cells remains 
unknown. Ouabain-inhibition of Na -K exchange is brought 
about by the binding of the drug to specific membrane sites. 
This was shown to occur rapidly and was very slowly reversed, 
whereas the ouabain-induced K-K exchange developed and was 
reversed with similar half-times of about 20 minutes (Figs.
14 & 18), The markedly different time-courses for the two 
effects, together with the fact that both can exist 
simultaneously, suggests'^ that K-K exchange was not caused by 
ouabain-binding to ”Na-pump" sites. It is possible that K-K 
exchange was not caused by binding of the drug to any 
membrane sites but by a more general interaction with 
membrane lipids. This might account for the slower develop
ment but more rapid reversal of the response.

Barnett et al. (T9?4) have demonstrated that the 
plasma membrane .of SV3T3 cells is more ’’fluid” than the 
membrane of 3T3 cells at 37°. This is thought to indicate 
a decrease in the fraction of membrane lipids existing in an 
ordered state in the transformed cell membrane. It is 
possible that the altered response of transformed cells to 
ouabain is due to this change in the properties of membrane 
lipids. At 20° ouabain did not induce K-K exchange in the
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tranoformed cells (Fig. 19) • .Since a reduction in 
tern pern Lure miglit bo oxpec tod to reduce membrane fluidity 
(CliMpman, 1979) thio result is consistent with the previous 
proposal. Further information needs to be obtained by 
examining the effect of ouabain at several temperatures 
between 4° and 37°•

Kimelberg & Mayhew ( 1973) measured the uptake of K*** 
into 313 and SV3T3 cells in the presence and absence of 
ouabain. They concluded that the SV3T3 cells showed increased 
ouabain-sensitive "uptake" measured over 60 minutes. I 
have observed (unreported observation) that, in the presence 
of ouabain, transformed cells show anomalous, non-exponential 
uptake curves. The. curve shows a marked flattening or even a 
decrease after the first 30 minutes, presumably due to the 
delayed effect of ouabain on the cells. The uptake curve 
of Kimelberg & Mayhew (their Fig, 1) also shows this effect 
which has been mistakenly interpreted as an increased ouabain- 
sensitive "uptake". It is not known whether the induction of 
K-K exchange by ouabain is general after virus-transformation. 
The experiments described here need to be repeated using 
other cell lines, preferably more sensitive to ouabain so 
that lower drug concentrations can be employed.

Serum-stimulation of membrane transport in quiescent 
3T3 cells

.Previous reports have indicated that the addition 
of fresh medium to quiescent cultures of 3T3 cells produces 
a rapid increase in the rate of uptake of several substrates 
(see INTRODUCTION). I have confirmed that the influx of Pi 
and 2-deoxyglucose increased 2-fold within 30 minutes of the 
medium change. Fresh medium without serum did not cause an 
increase indicating that t-ha-t factors in the serum are 
responsible for the stimulation. Preliminary results (un
reported) have indicated that the influx of K^ did not
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increase during the first 3 hours after a medium change but 
was usually some 30-100% increased ?A hours after the change.
The time at which the increased transport begins to appear
is not yet known.

The results for Pi and 2-deoxyglucose transport 
demonstrate that the increased influx was attributable to an 
increase in Vmax with no change in Km, This result would be
oxpoctcd if tlio of foe t of fresh medium is to reverse tho
tionn I {;,v-doiu>iulon I; roduction :1 n i.i‘ansporl.. soon in colls»
ilowovor, in those oxporimonIs fresh medium did noU stimula to 
transport to the maximum levels measured during the growth of 
preconfluent cultures. This could be explained by supposing 
that cells at high densities have a higher requirement for 
serum factors or that the factors are more rapidly destroyed/ 
inactivated by dense cultures. That this is a possibility is 
indicated by the results in Fig. 3Ô. Cells which had 
previously been grown in 0 .3% serum exhibited a biphasic 
increase in Pi transport after the addition of fresh medium 
(10% serum). The maximum transport levels reached in this 
experiment were virtually as high as those seen during pre
confluent growth. However, these cultures contained fewer 
cells (mean 1.72x10^) than the cultures continuously 
maintained in 10% serum (mean 3*34x10^). It is possible that 
the enhanced response was due to this lower cell density.

Tho early transport increase in colls maintainod in 
oibhor high or lev/ serum concentrations was independent of 
protein synthesis. The second phase of tho response of cells 
exposed to low serum was inhibited by cycloheximide. These 
results indicate that serum factors cause a rapid increase in 
transport perhaps by direptly stimulating existing transport 
sites in the membrane. Serum was shown to' produce an 
additional delayed increase in the transport capacity of 
cells at lower densities. This increase, which requires 
protein synthesis, may be due to the insertion of new
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transport sites ipto the membrane. This interpretation, 
appears consistent with the increase in transport observed 
during the first few days after reseeding cells in fresh 
medium at reduced densities.

RtVl o of moml)T'ano trans nor b chnn,!';on in coVl grow Lh c o  n brol 

Tlic oxistouco of itrowLli-relaLed changes in membrane\transport is now well established, though their role in the 
control of cell- proliferation remains to be determined.. It 
lias been shown that, for untransformed cells, conditions of 
rapid growth are accompanied by high transport rates whereas 
quiescence is associated with decreased rates of transport.
In view of the role of glucose and inorganic phosphate in the 
cell’s energy metabolism it seems advantageous that their 
entry into the cell should be closely regulated. One might 
expect this regulation to involve changes similar to those 
described here; a plentiful supply during cell growth with a 
limited supply to resting cells. Lubin (1967) has shown that 
depletion of cell by amphotericin was paralleled by a 
depression of the rate of synthesis of protein and DNA. If 
the amount of K*̂  in the medium was increased nearly normal 
levels of could be maintained in the leaky cells and the 
depression of macromolecular synthesis could be largely 
prevented. This sugg' 
favourable to growth.
prevented. This suggests that high cell levels are also

It is tempting to speculate that the apparent 
correlation between transport and growth represents a causal 
effect of transport bn growth. Increased or decreased 
transport- could directly modify the intracellular environment 
in such a way as to initiate or inhibit cell division. 
Alternatively, the transport alterations could be secondary 
to a more basic and, as yet, unknown change. It has been 
shown that density-dependent transport reductions precede the 
cessation of cell growth and that an increased^influx -of Pi
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and 2-deoxyglucose is measurable very soon after the addition 
of fresh medium to quiescent 313 cells. These results 
suggest, but by no means prove, that transport rates may have 
a causal control over cell division.

As described in the INTRODUCTION, the availability 
of serum factors is the most important external regulator of 
density-dependent inhibition of cell growth. In a recent 
review Holley (1973) concluded that these factors are probably 
polypeptide hormones or hormone-like materials. In Fig. 50 
a model is proposed which attempts to explain the mode of 
action of these polypeptide factors in terms of transport 
regulation. However, the possibility of other actions is 
accepted and included in the model.

Although the proposed model is mostly speculative 
it has been shown that serum produces a rapid increase in 
some transport activities. Evidence has also been presented 
for a later, additional, increase in the number of transport 
sites under certain conditions. On the basis of this model 
growth restriction could be caused by a depletion of growth 
factors from the medium, an increased rate of factor- 
inactivation, or by a reduction in the number of receptor 
sites in the membrane. Transformed cells would escape growth 
restriction through a reduced requirement for growth factors. 
Tho colls could inactivate tho factors loss rapidly or they 
could li/rvo an in or oa sod numbor of receptor si Los at tho 
mombrano.

Dulbecco (1975) has stressed the importance for the 
organism that the growth of each cell type is controlled 
independently of other cell types. He states "the evidence 
suggests that a given growth promoter can affect a spectrum 
of cell types and that a cell type responds to a spectrum of 
promoters. In addition, there is evidence for the existence 
of growth inhibitors, again with some degree of specificity.
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Fig. 50. Hypothetical model which explains the growth regulatory 
function of serum polypeptide factors in terms of their action on 
membrane transport. It is proposed that serum factors interact 
with specific receptor sites (0) at the cell membrane. This inter
action produces an increased activity of membrane transport sites 
(ô) via routes 1 & 2 , Alternatively the factors could interact 
directly with the transport sites (3). In either case the 
increased transport would alter the"intracellular environment",
IE (4). It has been shown that serum also causes rapid changes in 
cellular cyclic nucleotide levels (Kram & Tomkins, 1973) and the 
possible involvement of cAMP and cG!4P is included (5). Other un
known effects are represented (6), It is suggested that the sum
mation of these, effects produces a change in IE which is favourable 
to RNA synthesis, protein synthesis, the initiation of DNA synthesis 
and ultimately mitosis (dotted lines). One specific effect of the 
increased protein synthesis is the insertion of new transport sites 
into the membrane producing a positive feedback on IE (? & 8).
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Growth regulation of a cell type is likely to depend on the 
balance between all i;he various regulators; specificity may 
arise from the summation of many relatively small differences 
of affinities of regulators,' or their effectors, for 
constituents of different cells." The scheme shown in Fig. 30 
could easily be extended to include this type of multi
factorial regulation.

\ The model suggests several directions for further 
investigation. What is the nature and origin of the poly
peptide factors? How many factors exist? Are these factors 
the component of serum which stimulates transport? Are the 
various transport systems controlled by different factors or 
by substances produced in the cell in response to a single 
factor? Finally, and perhaps most importantly, what 
components in the intracellular environment are ultimately 
responsible for the control of DNA synthesis?

Although the past five years have produced a great 
deal of valuable information, the major problems remain 
unsolved.
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APPENDIX A/  «..-.I-..— - « a u  . .1

Measurement of glucose transport in cultured cells

and -glucose were used as a tracer in
most of the early studies on glucose transport in cultured 
cells (Hatanaka et al., 19^9)* The value of results 
obtained using labelled glucose as a tracer has been 
questioned (Senner et.al., 1972). • Mammalian cells in 
culture metabolise glucose, particularly at high 
concentrations in the medium, very rapidly to CO^ and lactate 
which are released intd; the medium. Renner and co-workers 
showed that almost immediately on adding -glucose to a
suspension of Novikoff rat hepatoma cells, significant 
amounts of glucose began to be converted to extracellular, 
radioactively-labelled, lactate and CO^. Thus the intra
cellular label represented only a proportion of the total 
glucose transported into the coll. The relative amounts of 
glucose converted to lactate and CO^ and assimilated into ' 
cell material varied markedly with the glucose concentration 
of the medium. The ratio was higher for higher glucose 
concentrations. The error can thus be minimised by using 
very low glucose concentrations (lOp-mole/l) and very short 
labelling times. Even then significant errors could be 
expected toorise.   .

A better solution to the problem is to use a non- 
metabolisable glucose analogue eg. 2-deoxyglucose or 
3-0-methylglucose. The former is rapidly phosphorylated by 
mammalian cells to deoxyglucose-6-phosphate; a trace of which, 
is then oxidised to 6-phosphodeoxygluconate (Renner et al., 
1972). Providing that cellular ATP pools are sufficient the 
phosphorylation is rapid and the 2-deoxyglucose is 
effectively "trapped" inside the cell. Under these conditions 
the transport reaction proceeds linearly for an extended 
period of time enabling relatively easy determinations of

I



75.

\

initial rates of uptake to be made.

3-0-methylglucose is a nonphosphorylatable glucose 
analogue. Because it is transported into the cells but is 
not phosphorylated this analogue is useful in isolating 
direct transport alterations from alterations which may be 
due to changes in cellular metabolism. A major disadvantage 
however, is the very rapid equilibration across the cell 
membrane exhibited by 3-0-methylglucose. Equilibration is 
reached within 1-2 minutes.(Weber, 1973)* Estimations of 
initial rates of entry are difficult to obtain because of the 
very short influx times (15-30 sec) which must be employed.

Glucose, 2-deoxyglucose and 3~0-methylglucoee are 
apparently transported by the same system in cultured colls 
(Renner et al., 1972; Weber, 1973; Plagemann, 1973; Kletzein 
& Perdue, 1974a).
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APPENDIX B

Evaluation of the kinetic characteristics of carrier-mediated 
transport systems

In enzyme kinetic studies the starting point for 
the determination of the characteristics of the system is to 
measure the initial reaction rate over a range of substrate 
concentrations* The data is then analysed to determine 
whether they conform to simple Michaelis-Menten kinetics 
(1913) and, if so, what values are obtained for the kinetic 
constants Vmax and Km. Since transport reactions often 
"follow Michaelis-Menten kinetics", they can be analysed in 
a similar way. In,the case of transport into a cell the 
reaction rate is talcen as the initial rate of uptake (ie. 
influx) and the substrate concentration, corresponds to the 
extracellular concentration of the substance being followed.

In the absence of a significant contribution to the 
uptake rate from simple diffusion the graph of influx (v) 
against substrate concentration (S) produces a rectangular 
hyperbola (Fig. B1) which is described by the Michaelis- 
Menten equation:

V  =  Vmax.S/(S +  Km) B1 
where Vmax is the maximal rate of unidirectional carrier 
transport; Km is the Michaelis constant for carrier transport 
which has a value equal to the substrate concentration at 
which half the maximal rate of transport is attained ie, the 
value of S when v = Vmax/2.

When a significant amount of substrate also enters 
the cell by simple diffusion the curve is altered to that 
shown in Fig, B2 In this case the total transport can be 
represented by the following equation:

V  = (Vmax.8 / ( 8  + Km)) ^ (K^ S) ' B2
(carrier) (diffusion)

where K^ is the diffusion constant.
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Fig. B1. Effect of the extracellular substrate concen
tration (S) on the initial rate of substrate uptake (v) 
in a carrier-mediated system. Characteristic curves 
for substrates with low or^kigh Km and the same Vmax 
are shown. The process is saturatable.

s
'■I
•;f£

;



total tranofor

Vmax

rrier tranaport
(V)

Vmax

diffusion

A
Km ( s )

Pig. B2. Effect of diffusion on the kinetics of carrier 
mediated transport* The total transfer is the sum of 
the saturable carrier component and the non-saturable 
diffusional component. -
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Since the relationship between S and v is curvilinear the 
transport characteristics, Km and Vmax, are usually estimated 
from plots of one of the following linear transformations of 
equation B1.

(l/v) » C1/Vraax) + (Km/Vmax) (1/S) B1 (a)
V » Vmax-Km (v/S) Bl (b)
S/v = (Km/Vmax) + (l/Vmax)S Bl (c)

From equation (a) a plot of 1/v against 1/S is linear. The 
slope of the line corresponds to Km/Vmax and 1/Vmax is
obtained from the y intercept (Fig. BJa).
From equation (b) a plot of v against v/S is also linear.
The slope of the straight line obtained corresponds to -Km 
and the y intercept to Vmax (Fig. B^b).
From equation (c) a plot of S/v against S is linear. The 
slope of this line corresponds to 1/Vmax and the y intercept 
to Km/Vraax (Fig. B^c).

In addition to these graphical procedures for the 
determination of kinetic constants, algebraic methods are 
also available. Wilkinson (1961) has presented one method 
in detail. Kearae & Richards (1972) have suggested an 
alternative method, based on simultaneous equations which is 
simpler in approach and in the calculations required. The 
advantage of algebraic methods lies in their ability to 
furnish not only values for the kinetic constants, but also 
an estimate of ^heir accuracy (eg. standard error). The 
advantage of the graphical method is that, used correctly, 
deviations from Michaelis-Menten kinetics will be observed 
as deviations from linearity after transformation. For this 
reason even when algebraic methods are employed the data 
should always be examined graphically as well.

The Lineweaver-Burk, o r ,double-reciprocal plot 
(B5a) is, by far, the most widely used of the available 
graphical methods. For example, in the 1971 issue of The 
Journal.of Biological Chemistry 9 7 *3 %  o f all the transformed



(a) Plot of l/v against 1/S (Lineweaver-Burk plot)
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Fig. B3* Graphical procedures for the estimation of the kinetic 
characteristics of transport systems
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plots were of this type (Walter, 197^)* Virtually ^00% of 
the transport studies cited in this thesis also employed 
this transformation. The widespread use of double-reciprocal 
plots is surprising since it is generally considered the least 
satisfactory of the transformations.

Dowd & Riggs (1965) conducted a thorough analysis 
of the relative merits of the various linear transformations.
A digital computer was used to generate random samples from 
populations of simulated data and to estimate Km and Vmax 
from each sample for each of the linear transformations. The 
distribution of the sample estimates of the kinetic constants 
could then be compared with the "true" values. When using 
unweighted observations, Dowd & Riggs found l/v against 1/S 
to be the least satisfactory under all the conditions 
examined. It proved more difficult to choose between the 
other two transformations, but, except when the error in v 
was very small, v against v/S generally proved more 
satisfactory in accurately estimating the kinetic constants.
In addition a plot of v against v/S was most sensitive to 
deviations from the linear relationship expected on the basis 
of Michaelis-Menten kinetics. A similar conclusion has been 
reached by Walter (1974). Lineweaver-Burk plots on the other 
hand gave apparently good straight line fits even to data 
subject to a large error. Dowd & Riggs conclude, "We are thus 
confronted with the paradox of obtaining the best estimates 
from the * worst-fitting’line and the worst estimates from 
the ’best-fitting* line I The undeserved popularity of the 
Lineweaver-Burk method may well be based upon just this 
ability to provide what seems a good fit even when the 
experiments are poor". In this work the plot of v against 
v/S fitted by the least-squares method to unweighted data 
has'been used.
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APPENDIX C

Derivation of equations for exponential substrate uptake 
and efflux

Uptake from a constant source. Let a cell of surface area
2 3A (cm ) and volume V (cm ) with an internal concentration

Ci (mole/cm ) of a substrate,s, be suspended in a solution
containing the same substrate at a concentration Go (mole/
cm ). Some of the external substrate is then replaced by

*labelled substrate s ; the specific activity of the bathing
solution is then Co/Co (usually expressed as so many counts
per minute per mole of total substrate present). The rate

<¥
of accumulation of s inside the cell is given by the 
equation *

d  S  - i  ,  *  *  V^  = - PA (Ci - Co) C1♦ dt
where Si represents the amount of intracellular labelled 
substrate and P is the permeability constant (cm/sec). 
Dividing eqn. 01 by the cell volume, V

I â|î =. 4 (ci - cL
S .

*dfl-i * *~  = - k^ (Ci - Co) C2
where k is the uptake rate constant (sec ^). Integration• * * * *
of eqn.C2 between Ci=Ci(0)when t=0 and Ci=Ci when t=b gives

1 *dCi = -k* + Ci - Co

[ln(Ci - Co)]^ - “^ i M o

-k^tIn Ci - Co *—Co
* *Ci — Co —k t  —  =  e  1
-Co

Ci = Co - Co e“’̂ 1^
Ci = Co (1 - e~^1^) CJ

* *Ci may be obtained by dividing Ci by Co/Co. In practice,
Ci is measured at several values of t and the data are plu;



when t=t gives

Ui = ‘*̂2 
2̂

In Ci% = -kpt
Ci(0) ^

Gi(0)
Ci = Ci(0)e"^2^ C6

It is often convenient to express e q n . C 6  in terms of log . , so 
that it becomes

ÜÜ. ^

as ( 1-Gi/Ci(*>=') ) against b on semi-log {';raph paper. The
resulting straight line will have a slope equal to -0 . J

Efflux. The cell is allowed to accumulate radioactive r
substrate until an equilibrium state is reached and then >'

’Vtransferred into an unlabelled bathing solution. 9
» ::

^  = - PA (Ci - Co) j
Dividing through by V gives l;

^  = -k (Ci - Co) C4
where is the efflux rate constant (sec )
If the volume of tho bathing solution is sufficiently large |* ;'é'.in relation tp cell volume, Co will approximate to zero and ÿ

%can be neglected. Eqn. C4 can then be written as I

—  » -k (Cl) C5 . I
dt

* 1 * *Integration of eqn C5 between Ci=Gx(0) when t=0 and Ci=Ci

fi.

logCi » logCi(O) - 0.4343kpt 
In practice Ci is obtained at various times and a plot of 
log Ci against t gives a straight line of intercept logCi(O) 
and slope -0.4343kg. 9
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