
J. Membrane Biol. 26, 19-30 (1976) 
�9 by Springer-Verlag New York Inc. 1976 

Control of the Uptake of Amino Acids by Serum 
in Chick Embryo Cells, Untransformed or Transformed 

with Rous Sarcoma Virus 

P.M.  B h a r g a v a *  a n d  P. Vigier  

Institut du Radium, Section de Biologie, 91-Orsay, France 

Received 7 December 1973; revised 15 August 1975 

Summary. Forty to fifty minutes after removal of serum, the net total uptake of 
amino acids in growing secondary cultures of normal or virus-transformed chick embryo 
cells, stopped or proceeded only at a highly reduced rate. In both normal and transformed 
cells, the initial (0-40 min) rate of the above uptake was the same in the absence of 
serum as in its presence. The initial rate of the total uptake of amino acids in growing 
transformed cells was about the same as in growing normal cells. Neither in the normal 
nor in the transformed cells was the rate of the total uptake of amino acids reduced by cell 
confluence alone. In highly dense, hyperconfluent cultures of normal cells in which cell 
growth was arrested, the rate of uptake in the absence or in the presence of serum was 
four- to fivefold lower than the rate obtained in growing normal cells under similar condi- 
tions; in the absence of serum, the net uptake stopped after 40 min in the hyperconfluent 
cultures as well. It appears that cells growing in tissue culture require a serum factor 
for maintenance of the required high rates of uptake of amino acids and that the inhibition 
of growth at high cell densities is a result of depletion of this factor from serum, or 
the inability of the cells in a dense culture to respond to the factor. A serum factor 
is apparently also required for maintenance of the reduced rates of uptake of amino 
acids observed in hyperconfluent cultures. 

A v a i l a b l e  evidence,  e.g. for  r egene ra t ing  liver [8], l y m p h o c y t e s  [2, 

17, 25, 31, 32, 36] a n d  B H K  cells [3], suggests  tha t  w h e n  res t ing  m a m m a -  

l ian cells are  s t imu la t ed  to  divide,  one  o f  the  earl iest  events  to  occur  

is a severa l - fo ld  increase  in the  ra tes  o f  t r a n s p o r t  o f  nut r ients .  Fu r the r ,  

the  ra tes  o f  t r a n s p o r t  o f  nu t r i en t s  in d iv id ing m a m m a l i a n  cells a p p e a r  

to be  a b o u t  a n  o rder  o f  m a g n i t u d e  g rea te r  t h a n  in h o m o l o g o u s  res t ing 

cells (e.g. ref. [5]). In  this p a p e r  we have  s tudied  the  effect  o f  s e r u m  

on  the  ra te  o f  the net  to ta l  u p t a k e  in ch ick  e m b r y o  f ib rob las t s  o f  several  

a m i n o  acids which  are  no t  m a d e  by  the  cell a n d  do  no t  r ep re sen t  c o m m o n  

m e t a b o l i c  poo l s ;  we show tha t  s e r u m  is essent ia l  for  the m a i n t e n a n c e  
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of these rates at the high level necessary for growth of these cells in tissue 
culture. Although an overall stimulatory effect of serum on transport 
is well-established [11-14, 21, 30], in only a few earlier studies was the 
effect of serum on the transport of nutrients studied under conditions 
required for sustenance of cell growth. Griffiths [18] demonstrated the 
stimulatory effect of serum on the uptake of amino acids in limiting 
cultures, and Adamson, Herington and Bornstein [1] showed that serum 
stimulates the intracellular accumulation of amino acids by stimulating 
the formation of an amino acid-membrane complex. These observations 
are in agreement with the general conclusions arrived at in the present 
study. 

We also show here that the rates of the net total uptake of amino 
acids decrease by a factor of 4-5 when normal chick embryo cells become 
hyperconfluent and stop growing. Our observations suggest that serum 
may exercise its stimulatory effect on growth in tissue culture, at least 
partly through interference with a mechanism operative in resting mam- 
malian cells which restrains the uptake of essential nutrients. 

Materials and Methods 

Cell Culture 

The normal cells used were secondary cultures of chick embryo fibroblasts (CE cells), 
obtained by subculturing 4- to 6-day-old primary cultures of single, whole, lymphomatosis- 
free, Brown Leghorn chick embryos [15]. The primary cultures were grown in 10-cm Falcon 
dishes in Eagle's minimum essential medium containing double the normal concentration 
of amino acids and vitamins, 10% tryptose phosphate broth (TPB, Difco), 5% calf serum, 
and antibiotics (penicillin, streptomycin, kanamycin). Subculturing of 1 x 106 primary CE 
cells in 6-cm Falcon dishes yielded low density, nonconfluent or subconfluent, actively 
growing cultures (1-3 • 106 cells/dish) 1 3 days later; subculturing of 3~4x 106 CE cells 
on the 6-cm dishes yielded high density, confluent, slow-growing or nongrowing cultures 
(6-10 x 106 cells/dish) 3 days later. It has been shown earlier that under the experimental 
conditions used here, CE cells become confluent at about 4 x 106 celts/dish in 6-cm dishes 
[16]. Cells continued to grow in confluent cultures containing 6-7 x 106 CE cells, though 
at a slower rate than in nonconfluent cultures ; the growth was totally arrested in hypercon- 
fluent cultures containing 10 v cells. 

The virus-infected (transformed) cells used were also secondary cultures of CE cells, 
derived from primary cells infected, at the time of plating, with a cloned, high-titer isolate 
of Schmidt-Ruppin strain Rous sarcoma virus (SR-RSV-D) [6]. Over 50% of the cells 
were transformed and producing virus at the time of subculturing, and over 80% at the 
time of the experiments which were carried out in parallel on replicate infected and unin- 
fected cultures. The medium used for the infected cultures was the same as for the uninfected 
cultures. 

All cultures were grown at 37 ~ in airtight boxes containing a water-saturated atmo- 
sphere of 95% air plus 5% CO 2. 
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Labeled Amino Acids 
High specific activity, tritium-labeled leucine, lysine, valine and arginine were obtained 

from the Commissariat a l'Energie Atomique (Saclay, France). The concentration of the 
unlabeled amino acids present in the growth medium was not significantly altered by 
the amount of the labeled amino acid added for the uptake studies. 

Measurement of Uptake 

The cells, grown to the desired density, were washed twice, each time with 5 ml of 
serum-free growth medium warmed to 37~ Addition or removal of the medium was 
done with a pipette, and the original medium in which the cells were grown was saved 
and stored at 37~ After the two washings, 2.5 ml of the appropriate medium (the serum- 
free growth medium used for washing or the original medium which had been stored) 
was added, and followed immediately by the labeled amino acid in 0.05 0.10 ml of 0.9% 
NaC1. The dishes were then incubated as above at 37~ in the airtight boxes used for 
growing the cells. At the end of the incubation period (up to which time all the operations 
were carried out in a 37 ~ room), the cultures were chilled and washed rapidly 5 times, 
by decantation, each time with 5 ml of cold Dulbecco's phosphate-buffered saline containing 
azide and the unlabeled amino acid [3]; the entire washing took less than 3 rain. It was 
shown in several experiments that the last wash contained less than 1% of the radioactivity 
contained in the cells after this wash. The pattern of fall of radioactivity in the serial 
washes did not indicate any significant leaking out of the labeled amino acids taken up 
by the cells. 

The cultures were then incubated with 1.5 ml of a trypsin-containing solution [3] for 
5 10 rain at 37~ until all the ceils were detached as revealed by microscopic examination. 
The cell suspension was transferred to 5-ml centrifuge tubes and the dishes rinsed with 
1 ml of azide-PBS. Two ml of 12% trichloroacetic acid (TCA) was added, the mixture 
allowed to stand in the cold for a few hours and then centrifuged. Radioactivity was 
determined in 0.5 ml of the supernatant to arrive at the total radioactivity in the acid-soluble 
fraction. The residue was washed twice with 5% TCA by centrifugation and dissolved in 2 ml of 
0.6N NaOH. Radioactivity was determined in 0.2ml of the solution to arrive 
at the total incorporation in the acid-insoluble fraction. Radioactivity measurements were 
carried out as described earlier [3]. 

It was shown that CE cells incubated at 37~ in the serum-free growth medium 
for 180 min (the maximum period of incubation used here), retained their viability as 
judged by the exclusion of trypan blue. 

The uptake values are given on the basis of the protein content of the dishes, as 
protein estimations gave a more reliable estimate of the cell density than did cell counting. 
Protein was estimated by Folin's reagent in 0.1 0.5 ml of the alkali solution. The sum 
of the radioactivity in the acid-soluble and the acid-insoluble fractions was taken to represent 
the total uptake of the amino acid; unless otherwise mentioned, the term '~ uptake" refers 
to the total uptake. As the back flow was not estimated, the uptake values refer to the 
net uptake. 

Results 

Effect o f  Serum on the Uptake o f  Amino Acids 
by Growing Normal and Virus-Transformed Cells 

F i g s .  1 a n d  2 s h o w  t h e  n e t  t o t a l  u p t a k e  o f  f o u r  a l l - l a b e l e d  a m i n o  

a c i d s  ( a r g i n i n e ,  l e u c i n e ,  l y s i n e  a n d  v a l i n e )  f o r  p e r i o d s  u p  to  70 m i n  in  
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the absence of  serum and the distribution of the radioactivity taken 

up in the acid-soluble and the acid-insoluble fractions, in normal and 

RSV-transformed CE cells grown to two different cell densities, one 

below cell confluence and the other above confluence but still permitting 

cell growth. Up to 40 min, the total uptake increased with time in all 

the cases, linearly in some and nonlinearly in the others. At  40-50 min, 

the uptake stopped or its rate was drastically reduced, at both cell 

densities in normal  cells and at the lower cell density in transformed 

cells. In transformed cells at the high cell density, the uptake of all 

the amino acids continued beyond 40 min but at reduced rates. No 

significant or consistent differences were found between growing normal 

and transformed cells in regard to the rates of the total uptake of  amino 

acids. 
The virtual cessation of or reduction in the net total uptake of amino 

acids at 40-50 min in the absence of  serum was not due to cessation 

of  protein synthesis, as synthesis of protein from the amino acids taken 

up continued all through the duration of the experiment in normal as 

well as in transformed cells (Figs. 1 and 2; see also Table 1) ; consequently, 

the total radioactivity in the acid-soluble pool fell after 20-40 min, the 

extent of drop from the maximum value attained at 20 or 40 min being 

the least for transformed cells at high cell density. As labeled amino 

acids were used at concentrations at which they were normally present 

in the tissue culture medium for growth of the cells, the above cessation 

of  uptake could not  be due to depletion of the precursor. In the presence 

of serum, the uptake of amino acids in growing cultures of normal 

CE cells at both low and high cell densities continued almost linearly 

Fig. 1. The time-course of uptake of valine and leucine by normal CE cells and by RSV- 
transformed CE cells, at low and high cell densities. The cells were washed on the petri-dish 
with serum-free growth medium, incubated for the specified time in the serum-free medium 
with the 3H-amino acid (22.0 • 106 cpm), washed again, released from the dish by trypsin, 
and processed for the estimation of uptake (total uptake and that into the acid-soluble 
and the acid-insoluble fractions taken separately) as described in the text. A separate 
petri dish was used for each time point, each amino acid and each cell density. The 
amount of protein per petri dish varied from 214~374 (mean 302+_13) gg for normal 
cells at low cell density (o), 585 891 (mean 688_+21) gg for normal cells at high cell 
density (e), 221-381 (mean 310_+11) ~tg for transformed cells at low cell density (zx), 
and 641 780 (mean 706+_ 10) gg for transformed cells at high cell density (A). Low cell 
density: ~ 3 x 106 cells; high cell density: 6-7 x 106 cells. (A) Total uptake (acid-soluble + 
acid-insoluble); (B) radioactivity in the acid-soluble fraction; (C) radioactivity in the acid- 

insoluble fraction. The data given are of a typical experiment 
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Table 1. Comparison of the uptake of valine and arginine by nonconfluent growing cells 
and by hyperconfluent nongrowing cells, in the presence and in the absence of serum" 

3H-amino Nature of the Medium Time of 
acid culture of incuba- 

incuba- tion 
tion (min) 

Uptake (10- 3 • cpm/mg protein) 

Acid-soluble Acid-insoluble Total (acid- 
soluble + 
acid-in- 
soluble) 

Arginine Growing + Serum 42 58.3 (50.2) 57.8 (49.8) 116.1 
82 73.7 (32.2) I55.0 (67.8) 228.7 

-Serum 42 54.5 (47.6) 60.0 (52.4) 114.5 
82 25.3 (22.0) 89.4 (78.0) 114.7 

Nongrowing +Serum 42 8.5 (39.2) 13.2 (60.8) 21.7 
(hyperconflu- 82 18.3 (40.3) 27.1 (59.7) 45.4 
ent) 180 19.4 (24.1) 61.2 (75.9) 80.6 

-Serum 42 10.7 (46.3) 12.4 (53.7) 23.1 
180 7.7 (33.0) 15.6 (67.0) 23.3 

Valine Growing +Serum 42 175.0 (44.1) 221.0 (55.9) 396.0 
82 202.0 (29.3) 488.0 (70.7) 690.0 

180 195.0 (7.0) 954.0 (83.0) 1,149.0 
- Serum 42 156.0 (38.2) 252.0 (61.8) 408.0 

82 105.0 (26.3) 294.0 (73.7) 399.0 
180 57.5 (14.0) 352.0 (86.0) 409.5 

Nongrowing +Serum 42 41.4 (43.6) 53.5 (56.4) 94.9 
(hypercon- 82 48.5 (29.7) 115.0 (70.3) 163.5 
fluent) -Serum 42 39.2 (42.8) 52.3 (57.2) 91.5 

82 32.9 (31.4) 71.7 (68.6) 104.6 
180 24.2 (23.9) 76.9 (76.1) 101.1 

a Replicate cultures of normal CE cells (95_+ 2 gg protein/dish in the case of nonconfluent 
growing cells and 841 + 24 lag protein/dish in the case of hyperconfluent nongrowing cells; 
i.e. about 106 and 107 cells, respectively) were washed with the serum-free medium and 
incubated in 2.5 ml of either the original medium removed and stored before washing, or the 
serum-free medium, with 3H-arginine (26.4 x 10 ~ cpm) or 3H-valine (44.0 x 106 cpm) for the 
specified period. After incubation, the monolayers were washed and removed from the 
dish by trypsinization, and the uptake into acid-soluble and acid-insoluble fractions deter- 
mined as described in the text. A separate petri dish was used for each time point, each 
amino acid and each cell density. The values in parentheses are percentages on the total 

uptake given in the last column. 

Fig. 2. The time course of uptake of arginine and lysine by normal CE cells and by RSV- 
transformed CE cells, at low and high cell densities. For details of experimental conditions 

and notation, s e e  Fig. 1 
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beyond 40 min (Table 1); the rate of uptake for the first 40 min in the 
absence of serum was the same as in the presence of serum for all 
the amino acids tried. 

Effect of Cell Density on the Uptake of Amino Acids 

Table 1 shows that the total uptake of arginine and lysine at all 
time points, both in the absence and in the presence of serum, was 
four- to fivefold lower in hyperconfluent cultures of CE cells (about 
107 cells/dish) in which growth was almost completely arrested, than 
in nonconfluent cultures (about 106 cells/dish) in logarithmic growth. 
The absence of serum from the incubation medium had no effect on 
the uptake in the first 40 min but, in both types of cultures, no detectable 
uptake occurred beyond this period in the absence of serum. 

The rate of the total uptake of amino acids in nonconfluent cultures 
containing about 3 x 106 cells/dish was similar to that observed in con- 
fluent cultures containing 6-7 x 106 cells/dish in which cell growth still 
continued (Figs. 1 and 2). Therefore, during growth of CE cells in culture, 
the cessation of mitotic activity and a drastic reduction in the rate of 
uptake of amino acids may occur only at a cell density which is above 
that at which confluence is achieved. 

It may be further noted that the total uptake of arginine and valine 
for 3 x 106 and 6 x 106 CE cells in Figs. 1 and 2 was about twofold 
less than that for 106 cells in Table 1. This suggests that there may 
be a continuous decrease in the rate of uptake of amino acids with 
cell density rather than a sudden decrease beyond a critical cell density. 
However, this view cannot be taken as established since the experiments 
in Figs. 1 and 2 on the one hand and in Table 1 on the other, were 
carried out on different sets of cultures and with different batches of 
labeled amino acids. 

Discussion 

Mechanism o fAction of Serum 

The above experiments strongly suggest that the drastic reduction 
observed in the rate of the net total uptake of amino acids in growing 
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normal and RSV-transformed CE cells, 40-50 min after removal of serum 
is due to a control exercised on the transport of amino acids by some 
factor(s) contained in serum. This serum factor (SF) or factors may 
(a) exercise a "positive" control on the uptake of amino acids, e.g. 
by directly stimulating the transport of amino acids into the cells; or 
(b) unblock a "negative" control exercised by a cell factor (CF) on 
the uptake of amino acid. 

The existence of CF is suggested by the observation reported in 
an accompanying paper [4] that rat liver parenchymal cells in suspension 
secrete a macromolecular material which is inhibitory to the uptake 
of amino acids by these cells. Possibility b is also supported by the 
observation that certain proteases mimic the effect of serum in contact- 
inhibited cultures [7]; these enzymes could act by destroying CF. The 
present study, however, does not allow an unequivocal choice between 
the two possibilities. 

Effect of Cell Density 

In earlier reports, the uptake of phosphate and of nucleic acid precur- 
sors (such as uridine), and synthesis of macromolecules, have been shown 
to proceed at a several-fold higher rate in low-density growing cells 
than in confluent cells [10, 11, 13, 23, 27, 33-35]. On the other hand, 
only a marginal difference has been reported between nonconfluent and 
confluent cells in regard to the uptake of nonmetabolizable amino acids, 
c~-aminoisobutyric acid and cycloleucine [15]. 

Our data (Table 1) show that in chick embryo fibroblasts, growth 
stops and the rate of the net uptake of amino acids is drastically reduced 
when a high cell density (about 107 cells/6-cm dish) is reached. As this 
density is far above the density at which confluency is attained and 
as no reduction in the rate of uptake was observed on the attainment 
of confluency (Fig. 1), cell-to-cell contact is presumably not the cause 
for the decrease in uptake. 

A possible cause for the above decrease in the rate of amino acid 
uptake could be the depletion from the medium of the serum factor 
(SF) postulated above; addition of fresh serum has been shown to stimu- 
late division of confluent, density-inhibited cells [9, 10, 25, 30]. Alterna- 
tively, the postulated serum factor even if not depleted, may not be able 
to act in hyperconfluent cultures, e.g. due to slower diffusion [28]. Our 
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data, however, provide only indirect evidence in favor of suggestions 
such as those stated above. In this connection, it is of significance that 
the difference we have observed between growing and hyperconfluent 
nongrowing cells in regard to the rates of uptake of amino acids, is 
of the same magnitude as the difference in this respect between normal 
(resting) liver cells and hepatomas (solid and ascitic) [5], or between 
nondividing and dividing BHK cells in tissue culture [3]. 

The transport-stimulatory serum factor(s), SF, for which we have 
presented evidence here, would explain, at least partly, the obligatory 
requirement for serum exhibited by most cells of higher organisms for 
growth in tissue culture. The residual uptake of amino acids in hypercon- 
fluent nongrowing cultures, in the presence of serum, could represent 
the requirement for some protein synthesis during cell maintenance; 
this low-level uptake must also require a serum factor(s), as it too virtually 
stopped 40 min after removal of serum. Whether or not this factor is 
the same as that required for maintenance of the high-level transport 
in dividing cells, cannot be said at present. Recently, some evidence 
has been brought forth for the presence of two types of growth factors 
in serum, one which is necessary for cell multiplication and the other 
for cell survival [26]. 

Comparison of Uptake by Normal and RSV-TransJormed Cells 

In support of earlier observations [19, 20, 23], no significant differ- 
ences were suggested by our experiments between growing normal and 
transformed CE cells in regard to the uptake of amino acids in the 
presence of serum. The continuance of this uptake beyond 40 50 rain, 
however, seemed to be a little less susceptible to the absence of serum 
in high-density transformed cells than in high-density untransformed 
cells. The difference between the rates of uptake of amino acids in normal 
and RSV-transformed cells may be more significant in media containing 
marginal amounts of serum, as transformed CE cells have a lower require- 
ment of serum than normal cells [29]; the reduction in uptake when 
hyperconfluency is reached, may also be less marked in the transformed 
than in the untransformed cells. These points remain to be investigated. 

This work was carried out during the tenure of an Eleanor Roosevelt International 
Cancer Fellowship Award to one of the authors (P.M.B.). Highly skilled technical assistance 
of Mrs. Y. Nouvian and Mr. C. Bornecque is gratefully acknowledged. 
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