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ABSTRACT

Transformed BALB/3T3 cells, which proliferate without restraint in
culture, consistently produce rapidly growing sarcomas when IO5or more

cells are inoculated into nude mice but produce sarcomas, of widely
varying latent periods and growth rates, or negatives when IO4or fewer

cells are inoculated. In an attempt to simulate the in vivo constraints on
tumor development, these cells were cultured on plastic surfaces in
concentrations of lymph up to 100%. Calf lymph was less effective in
supporting multiplication than calf serum at all concentrations up to
about 50%. The rate of cell multiplication progressively decreased with
increasing concentrations of both fluids above 50%. Nonetheless, rapid
multiplication could be achieved even in 100% serum or lymph by
supplementing them with the high concentrations of nutrients used in the
synthetic medium MCDB 402. Supplementation of cystine and glutamine
was essential for the growth-enhancing effects of the other nutrients.
When the cells were suspended in agar, lymph was much less effective
than serum in promoting colony formation even when both were supple
mented with cystine and glutamine, or with all the constituents of the
synthetic medium. We conclude that part of the low efficiency of tumor
production and reduced growth rate of the transformed cells in mice
resulted from a combination of (a) the paucity of growth factors in
interstitial fluid, (b) the marked reduction in concentration of essential
amino acids encountered by the cells in passing from culture into mice,
and (c) the fact that cells multiplying in s.c. space do so without benefit
of attachment to a solid substratum. Other factors, such as the growth
inhibiting effects of direct contact with quiescent muscle and connective
tissue cells, remain to be evaluated.

INTRODUCTION

When large numbers (105-106) of spontaneously transformed

BALB/3T3 cells are inoculated s.c. into nude mice with strongly
impaired immune capacity, tumors become palpable in about 2
weeks (1-4). Once they reach a reliably measurable size, these
tumors may double in diameter weekly until they result in death
of the mouse. Since the tumors are not spherical, the weekly
increase of tumor mass is less than 8-fold, equivalent to no
more than an average of 3 cell divisions/tumor cell/week. If
smaller numbers of cells (103-104) are inoculated, the tumor

growth is much slower, and some tumors do not appear until 2
months or more after inoculation. Inoculation of fewer than
IO3 cells rarely results in tumor formation. By contrast, the
original cultured cells used for inoculation divide every 12-15
h in sparse cultures and increase in number 2000- to 4000-fold/
week. They clone on plastic and in agar with an efficiency of
50% or more.

It is apparent, therefore, that the transformed cells multiply
more slowly and less efficiently in vivo than in vitro. Although
some tumors are infiltrated with leukocytes, most are not (1-
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3), suggesting that the host immune response cannot fully
account for the reduced growth. An alternative explanation is
that the nutrient medium in vivo is not as rich in growth-
supporting substances as is the medium in vitro. This is not
surprising because the variety and concentrations of low molec
ular weight nutrients in the culture medium were originally
formulated to maximize the rate of cell multiplication and to
minimize the frequency of medium changes. The macromolec-
ular constituents are usually provided by animal serum, an
essentially nonphysiological fluid, which is obtained after tissue
damage as the liquid expressed from a blood clot and contains
growth factors and proteases absent from the normal tissue
environment.

We decided to simulate, in cell culture, the nutritional con
ditions which exist in vivo. Cells in the body receive their
nutrition from interstitial fluid, which is a filtrate of plasma.
Interstitial fluid is drained by the lymphatic system and lymph
is thought to be a reasonable facsimile of interstitial fluid (5).
In the early stages of this work, calf lymph was not available,
and an evaluation was made of the multiplication of the trans
formed cells in calf serum at concentrations up to 100%. The
optimal concentrations of serum ranged from 10-40%, with
little or no multiplication occurring at the highest concentra
tions. When calf lymph became available, a similar concentra
tion dependence emerged, but the lymph had less growth-
promoting activity than did serum. Experiments were devised
to identify the basis for the failure of high concentrations of
serum and lymph to support rapid multiplication and for the
difference in growth-promoting activity of the 2 body fluids.
Comparison of multiplication of cells attached to a solid sub
stratum with multiplication of cells suspended in agar provided
further information toward an understanding of the constraints
on tumor growth in nude mice.

MATERIALS AND METHODS

Cell Lines and Culture Methods. The cells used in most of the
experiments described here were designated 14g2C and were derived
from a spontaneously transformed subclone of the A31 clone of BALB
3T3 cells (2). They had been passaged twice in nude mice where they
formed primitive pleomorphic sarcomas and then were recloned in
culture. In one of the experiments we used a nontransformed subclone
designated 21K which was derived from the same A31 clone of BALB
3T3 cells as the transformed 14g2C cells. The 21K cells neither formed
colonies in agar nor tumors in nude mice.

Stock cultures of the cells were maintained in molecular, cellular,
and developmental biology medium (6) with 10% calf serum in a 37Â°C

moisturized incubator continuously flushed with 5% CO.. in air. Stock
cultures were maintained in 56-cm2 plastic culture dishes (Falcon,
Oxnard, CA). From 500-2000 of the 14g2C cells and 8-20 x IO4 of

the 21K cells were passaged every 7 days, and exponentially growing
cells were used in the experiments. The initial experiments were done
in 21-cm2 dishes, but later we changed to 9-cm2 dishes and finally to
24-well plates of 1.84 cm2/well to conserve materials.

Cells were detached for transfer by rinsing once with Tris-saline and
incubating them with 0.01% trypsin in a 0.5 HIMsolution of EDTA in
Tris-saline buffer. They were centrifuged at low speed into a loose
pellet, resuspended in growth or experimental medium, and enumerated
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in an electronic counter. The same procedure was followed for counting
cells in growth experiments except that the cells were resuspended in
Tris-saline buffer. The extent of cell multiplication in a given period is
expressed as the ratio of cell number on the last day of counting and
either the number seeded (/ij/Â«o)or counted on day one (nt/n,). The
SD of the counts was approximately Â±10%.

The calf serum containing 8% protein used in most of the experi
ments was from Gibco Laboratories (Grand Island, NY) as were rat,
lamb, and horse sera and bovine amniotic fluid. When the batch of calf
serum was exhausted, another calf serum containing 9% protein from
HyClone Laboratories (Logan, UT) was used (Table 4). Bovine plasma
containing heparin was the gift of J. R. Scientific (Woodland, CA).
Fetal calf serum was from Flow Laboratories (McLean, VA). Mouse
serum was kindly provided by Dr. Paul Arnstein at the California State
Department of Health Services, Berkeley, CA. Platelet-derived growth
factor was provided by the laboratory of Dr. Russell Ross of the
University of Washington in Seattle, WA.

The calf lymph containing 3% protein was a gift from Bio-Response,
Inc., (Hayward, CA). It was obtained from the thoracic duct of a 4-
month-old calf by constant flow through a double catheter with the
addition of heparin to a final concentration of 15 units/ml to prevent
clotting. The lymph was centrifuged at 6000 x g for 20 min in the cold
and filtered through an Asahi APO5H plasma separator, which con
verted the lymph from a cloudy to a clear fluid. It was then filtered
through a disposable Corning 0.22-fÂ¿mapparatus and stored at -80Â°C.

The concentration of heparin used in the lymph had no effect on the
multiplication of the cells used here. This was determined by adding
heparin directly to the regular serum-containing growth medium.

Colony formation in agar was done on 24-well Falcon plates. A
bottom layer of 0.5 ml was prepared with 0.6% Bacto-Difco agar in the
appropriate growth medium and allowed to gel at room temperature.
It was then warmed to 37'C in the CO2 incubator. The top layer of 0.5

ml consisted of 0.4% agar in the appropriate medium with 100 cells of
the 14g2C population. This was overlaid on the warm bottom layer at
room temperature. The slow gelling of the top layer allowed the cells
to sink to the interface with the hardened bottom layer thereby facili
tating inspection and counting of the cells and colonies by placing them
in a single focal plane. The SD of CFEag3 was approximately Â±15%.

The concentrations of amino acids in the calf serum, calf lymph, and
mouse serum used here were determined in a Beckman 6300 amino
acid analyzer.

Standard dialysis tubing with an exclusion range of M, 12,000-
14,000 was boiled twice in water and twice in 25 mM EDTA, rinsed
with deionized water, and stored in 70% ethanol. Immediately before
use, the tubing was rinsed in deionized water. Serum and lymph were
dialyzed against 2 changes of 0.9% NaCl solution and then against 10
volumes of synthetic medium MCDB 402.

RESULTS

Fig. 1 shows the extent of multiplication on plastic and the
CFEag of 14g2C cells in high concentrations of calf and fetal
calf sera. There was a 15- to 20-fold increase in cell numbers in
3 days on plastic in concentrations of both sera from 10-40%.
The extent of multiplication on plastic decreased when the
serum concentrations were raised to 60 and 80% of the growth
medium. The CFEag of the cells varied with serum concentra
tion in a manner similar to multiplication on plastic, although
calf serum had a higher capacity to support colony formation
in agar than did equivalent concentrations of fetal calf serum.
The decrease in CFEag with very high concentrations (60-80%)
of serum was sharper than the decrease in cell multiplication
on plastic with these concentrations, particularly in the case of
the fetal calf serum. At these high serum concentrations, the
average size of the agar colonies decreased in 40% fetal calf
serum but not in calf serum, although there was no decrease in
the number of colonies above threshold diameter in either

80 IO 2O

% serum
Fig. 1. Multiplication of 14g2C cells in varying high concentrations of calf

and fetal calf serum. Left, 10*cells were suspended in the indicated combinations
of serum and MCDB 402 and the cells seeded on plastic in 35-mm dishes. They
were incubated for 3 days and counted. .Vi/.V,,. ratio of the number of cells
recovered on day 3 to the number seeded. Right, 200 cells were suspended in agar
with sera at the indicated concentrations and incubated for 10 days. The colonies
were then counted and sized. The average diameter of the colonies is shown in
mm next to the CFEag at that serum concentration. D, calf serum; â€¢,fetal calf
serum. Harx. SD.

Table 1 Dependence of 14g2C multiplication on concentration of
lamb and rat sera

Standard growth medium was changed to experimental media on day I .

% serum in growth medium

Serum 10 40 60 80

Lamb
Rat5 6253 64694829 661.3

, '
number of cells on day 6
number of cells on day 1

3The abbreviation used is: CFEag, Colony-forming efficiency in agar.

serum. Most cells failed to divide even once in agar in the
presence of 80% of either calf or fetal calf serum and none
reached threshold colony size.

Multiplication of the cells in a wide range of concentrations
of lamb and rat sera is shown in Table 1. Rat serum supports
more multiplication at lower concentrations than does lamb
serum. Both sera are inhibitory at high concentrations, but the
rat serum is much more so than the lamb serum. Bovine plasma
and amniotic fluid, equine serum and plasma, and mouse serum
and plasma were optimal for cell multiplication in the inter
mediate range of concentrations and inhibitory at high concen
trations (data not shown). It appears therefore that the undi
luted natural fluids of many mammals support less than maxi
mal multiplication of these cells.

Both calf and fetal sera were dialyzed against synthetic me
dium MCDB 402 and tested for capacity to support cell mul
tiplication. As expected, the nondialyzed sera supported maxi
mum cell multiplication from concentrations of 10-40%, with
a sharp drop occurring at 80% serum (Fig. 2). In contrast, the
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Fig. 2. Effect of dialysis on the growth-promoting activity of calf (CS) and
fetal calf serum (FCS). Sera were dialyzed (Dial.) extensively against 0.85% NaCl
solution and then against MCDB 402. Varying dilutions of the dialyzed and
nondialyzed sera were made in MCDB 402. Each dilution was combined with
10* 14g2C cells and added to 35-mm dishes. These were incubated for 4 days and

counted. D. nondialyzed calf serum; â€¢nondialyzed fetal calf serum, Abscissa,
percentage of dialyzed or undialyzed serum in MCDB 402.

dialyzed sera maintained a high rate of cell multiplication at all
concentrations above 10%. This has also been shown in the
case of mouse serum (7). The 14g2C cells become increasingly
vacuolated in calf serum concentrations higher than 20%. The
vacuolization is especially prominent in 80 and 100% serum
and is only slightly diminished by dialyzing the serum against
MCDB 402. The effect of dialysis on growth in the bovine sera
could be explained either by the removal of low molecular
weight inhibitors from the sera, the addition of essential nu
trients from the synthetic medium to the sera, or a combination
of both effects. Experiments which discriminate among these
alternatives will be considered, after describing the capacity of
calf lymph to support cell multiplication.

Cell Multiplication in Calf Lymph. Lymph is, in effect, coex
tensive with extracellular fluid which forms the immediate
environment of cells in vivo. A comparison was made of the
multiplication of the 14g2C cells in calf lymph and serum. The
multiplication of the cells in this trial increased with lymph
concentration up to 20%, declined gradually with further in
creases of lymph to 80%, and declined more steeply at 100%
(Fig. 3). The optimum concentration of lymph varied from trial
to trial but was usually about 40%. The cells multiplied more
rapidly in calf serum than in lymph up to 40% of each, but the
rate decreased more rapidly in calf serum than lymph at higher
concentrations. In undiluted lymph there was a slight increase
in cell number in 4 days, but in undiluted serum the number
decreased and widespread rounding and death of cells were
apparent. Unlike the highly vacuolated and retracted cells in

80 IOO

Fig. 3. Multiplication of 14g2C cells in varying high concentrations of calf
lymph and calf serum. 14g2C cells (10') were seeded in multiwells in a medium

containing the concentration of lymph or serum shown on the abscissa made up
in MCDB 402. Cells were incubated for 4 days and counted.

high serum concentrations, the cells which attached to the dish
in all concentrations of lymph, including undiluted lymph, were
clear and flat. However, the cells in the intermediate concentra
tions of lymph, where multiplication was fastest, tended to
clump and detach from the substratum, thus requiring a count
of cells in the medium. The lymph retained its growth-promot
ing activity upon dialysis against MCDB 402. The cells could
be maintained in a growing state through at least 9 successive
passages in 40% lymph in MCDB 402.

Fig. 4 shows the extent of multiplication of the nontrans-
formed 21K cells. These multiplied more slowly than the trans
formed cells, and the lymph was considerably less effective than
serum in supporting multiplication. The addition of platelet-
derived growth factor to either transformed or nontransformed
cells in lymph-containing medium failed to stimulate multipli
cation.

Low Molecular Weight Constituents of Serum, Lymph, and
Synthetic Medium. A survey of the constituents of the synthetic
medium MCDB 402 (6) revealed that many were present in
much higher concentrations than in calf serum (Table 2). Of
particular note was the exceedingly high concentrations in the
synthetic medium of most of the amino acids thought to be
essential for cell multiplication in culture. An amino acid anal
ysis was made of the batch of calf serum currently used in the
laboratory, as well as the lymph, which had been obtained from
a single calf. The values of essential amino acids for our calf
serum were generally comparable with the values provided for
sera from HyClone Laboratories (Table 2). The calf lymph
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100

Fig. 4. Multiplication of 21K nontransformed cells in varying high concentra
tions of calf lymph and calf serum. 21K cells (IO4) were seeded in multiwells in

2% calf serum diluted in MCDB 402. The next day the medium was removed,
the cells washed twice with Tris buffer, and new medium added containing the
concentration of lymph or serum indicated on the abscissa as diluted in MCDB
402. Cells were counted S days after medium change.

differed from calf serum chiefly in the absence of detectable
tryptophan. No cystine was detected in either lymph or serum.
The absence of cystine is probably the result of the combination
of half-cystine residues with sulfhydryl groups of the proteins
(8). (One serum collected from a single bovine fetus, promptly
processed and immediately frozen, gave a value of 18 Â¿<M
cystine.) All the essential amino acids, with the exception of
tryptophan, are present in much higher concentrations in
MCDB 402 than in either serum or lymph. In addition, some
B vitamins are present in much higher concentrations in MCDB
402 than in the biological fluids (data not shown). Also shown

in Table 2 are the amino acid concentrations in serum obtained
from nude mice. A notable difference from the bovine fluids
among the essential amino acids is the much higher concentra
tion of glutamine in mouse serum. This higher concentration
of glutamine will be of importance in the interpretation of a
putative role for low glutamine in restraining tumor formation
in the mouse.

Supplementation of Low Molecular Weight Constituents of
Serum and Lymph. In light of the differences between synthetic
media and natural fluids in concentrations of low molecular
weight constituents, the concentrations present in the MCDB
402 were added in various combinations to serum and lymph
and the effects on cell multiplication were determined. Cystine
was singled out for special supplementation because it was not
present in detectable amounts in our analyses of serum and
lymph, and glutamine was singled out because of its extremely
high concentration in many synthetic media including MCDB
402. The constituents were added to the undiluted biological
fluids, with minimal dilution of the latter, and the resulting cell
multiplication was compared with that which occurred after
straightforward dilution of the biological fluids with regular
MCDB 402. Forty % lymph in MCDB 402 gave just under a
30-fold increase of cells in 4 days while undiluted lymph without
additions gave less than a 3-fold increase (Table 3). Supple
menting the undiluted lymph with all the constituents of MCDB
402 at the high concentrations present in that medium restored
maximal growth to the cells, indicating no inhibitors were
present in the lymph. In decreasing order of effectiveness for
growth were supplementation of lymph with (a) the concentra
tions of all the 18 amino acids of MCDB 402, (b) only the 13
essential amino acids, (c) a combination of cystine and gluta
mine, and (d) cystine alone. Omission of glutamine from the
supplement containing all the amino acids resulted in a lack of
multiplication. Additions to lymph with minimal or no effect
were (a) all the MCDB 402 nutrients except the amino acids,
(h) the 5 nonessential amino acids, and (c) glutamine alone.

In a medium of 10% serum in the regular MCDB 402, there
was a 23-fold increase of cells in 4 days, while in undiluted

Table 2 Concentrations of amino acids in synthetic medium, bovine fluids, and mouse serum

AminoacidEssentialArginineCystineGlutamineHistidineIsoleucineLeucineLysineMethioninePhenylalanineThreonineTryptophaneTyrosineValineNonessentialAiutine*AsparagineAspartateGlutamateGlycineProline'SerineMCDB4023002005000200010002000800200300500102002000010010101000100Calf
serum

(HyCIone)"170<10-10*25080701409040608030501904002030170380100100UMCalf
serum

(GIBCO)240<11301101102701902090115404028047520<1240475135150Calflymph100<122580100165135206080<I4521531515<1753158590Mouseserum160<l-16rf118555801603308080150<1801854901802575265120165

" Average of 3 batches of serum.
* Two batches with <10 /IM, one batch with 10 (J\t.
' Alanine and proline are present in biological fluids but not in MCDB 402.
'' The higher cystine value obtained from a mouse serum deproteinized immediately after bleeding.
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Table 3 Supplementation of undiluted calf serum and lymph with MCDB 402
organic nutrients at concentrations present in the synthetic medium

% biologicalfluid
Additions1040100100100100100100100100100100100t14/10,Regular

MCDB 402,90%Regular
MCDB 402,60%NoneAll

MCDB 402 nutrientsexceptmajor
saltsAll

MCDB 402 nutrientsexceptamino
acidsAll

MCDB 402 nutrientsexceptglutamineAll

18 amino acids ofMCDB402All

18 amino acids ofMCDB402
exceptglutamine1

3 essential aminoacids5
nonessential amino acidsofMCDB

402Cystine,

200MMGlutamine,
5000MMCystine,

200 MM I
Glutamine, 5000MM}number

of cells on day4number
of cells on day 0'Serum23.2Not

done0.5*17.51.41.97.6Not

done9.20.4*2.30.25*7.5LymphNot

done27.82.928.83.8Not

done16.21.314.73.24.73.29.8''

Cell damage and detachment.

serum there was actually a decrease of cells (Table 3). The
growth response with different supplements in the undiluted
serum was similar to that of lymph with the qualification that
multiplication in undiluted serum was generally poorer than in
10% serum or in undiluted lymph. Omission of glutamine from
the supplementation of undiluted serum with all the MCDB
402 nutrients almost completely blocked multiplication. Addi
tion of cystine alone permitted cell survival and some multipli
cation in serum and improved multiplication in lymph. Stimu
lation by supplementation with cystine was to be expected since
this essential amino acid was below the limits of detection in
both serum and lymph. Glutamine, however, was present in
both fluids in concentrations as high as or higher than most of
the other essential amino acids, yet failure to include it as a
supplement along with the other components effectively
blocked growth.

Quantitative Relations between Cystine and Glutamine and
Cell Multiplication in Serum and Lymph. Since the addition of
both cystine and glutamine to the biological fluids was necessary
for multiplication, a quantitative study was made of their inter
actions in supporting multiplication. The serum and lymph
were used either without dilution, or diluted in a synthetic
medium which had the concentrations of the essential amino
acids (other than cystine and glutamine) adjusted to the same
levels as those of calf lymph (Table 2). The results are repre
sented in Fig. 5 as cell yield after 3 days' growth in various

concentrations of both amino acids. When only 10 or 50 ^M
cystine were added to undiluted serum, there was no growth
regardless of how much glutamine was present, but when 200
ÃÂ¿Mcystine were added, the extent of cell multiplication in
creased in proportion to glutamine concentration up to 630 Â¿tM
(Fig. 5). In 10% serum diluted in medium that contained only
10 Â¿IMcystine, there was a slight increase in multiplication with
increasing glutamine. In the presence of either 50 or 200 Â¿Ã•.M
cystine, there was a sharp increase in cell multiplication as a
function of glutamine concentration up to about 700 /KM.

In contrast to the divergent responses to glutamine in undi
luted versus 10% serum at the low cystine concentrations there
was a parallel, graded response to glutamine in undiluted and

o
X 16

1,4

.- 12
O
*>

T IO

O 8

O
Z 6

Iday-

cys-IOfiM
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Fig. 5. Effect on 14g2C cell multiplication of varying concentrations of cystine
(cys) and glutamine in different concentrations of serum and lymph. 14g2C cells
(IO4) were seeded in multiwells with 2% calf serum in regular MCDB 402 and

incubated 1 day. A synthetic medium was used as a diluent in which all the
essential amino acids except cystine and glutamine were in the same concentration
as in lymph (Table 2). This was mixed with lymph and serum to give concentra
tions of 40 and 10% of the biological fluids. Cystine and glutamine were added
to the mixtures and to the undiluted lymph and serum to give the final concen
trations shown. On day 1 the seeding medium was removed from the cells, which
were washed twice with Tris, and the appropriate variations of components were
added. The cells were incubated an additional 3 days and counted. â€”.number of
cells present at day 1 when the experimental media were added. *, lymph, 40%;
O, lymph, 100%; H. serum, 10%; D, serum, 100%.

40% lymph at all cystine concentrations. In the lowest cystine
concentration of 10 MM,multiplication did not increase with
glutamine above 700 ^M, presumably because cystine was lim
iting. Further experiments showed that the rate of multiplica
tion of these cells reached a maximum with 1000 pM glutamine
and 50 Â¡IMcystine. Since the former is the concentration of
glutamine in mouse serum (Table 2) and the latter is the
concentration of cystine believed to occur in circulating mam
malian plasma (8), it is unlikely that these two components, by
themselves, are limiting to cell multiplication in the mouse.
The failure of cells to multiply in undiluted serum, despite the
addition of 50 Â¿IMcystine, is probably the result of half-cystine
residues being bound by serum proteins.

Colony Formation in Agar. Cells inoculated into s.c. space of
mice multiply in intimate 3-dimensional contact with one an
other, forming compact tumors, in contrast to the spread-out,
2-dimensional multiplication of cells attached to the flat, solid
substratum of culture dishes. It is evident that absence of a solid
substratum imposes a restraint on cell multiplication since
nontransformed cells which are readily maintained on a solid
substratum multiply poorly, or not at all, in suspension (9). To
obtain a closer representation of tumor growth in the mouse,
we compared the capacity of our transformed cells to form
colonies on plastic and in agar containing lymph or serum or a
combination of lymph plus serum. These cultures were supple
mented with cystine and glutamine or with the high concentra
tions of all the constituents in MCDB 402.

In agreement with the results of Table 3, the cells multiplied
faster on plastic in serum or lymph when supplemented with
the standard concentrations of all the constituents of MCDB
402 than when supplemented with only cystine and glutamine
(Table 4). In contrast to the results of Table 3, multiplication
was greater in serum than in lymph. This difference may result
from the use of a new batch of serum which, when used without
dilution or supplementation, allowed some limited cell multi
plication (results not shown). The ability of serum to enhance
growth to a greater degree than lymph was more pronounced
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Table 4 Growth of substratum-attached versus agar-suspended cells in
supplemented lymph and serum

Cells (5 x IO3) were seeded in multiwells for attachment in 2% serum, and
100 cells were seeded in agar in the indicated medium. The medium of the
attached cells was changed the next day to the indicated medium, and the cells
were counted 3 days later. Agar colonies were counted at 14 days.

Substratum-attached
Medium cells,n,/nÂ°100%

lymph + cystine (200 >IM)and
glutamine (5000 /IM)

100% lymph + all MCDB402*90%

lymph + 10% serum + cystine
(200 (.MI and glutamine (5000 Â«MI

90% lymph + 10% serum + all
MCDB402*100%

serum + cystine (200 ^M) and
glutamine (5000 ..Mi

100% serum + all MCDB402*10%

serum in lymph-like MCDB 402
(Table 2)

10% serum in standard MCDB 4025.5

7.69.8

14.013.6

16.911.0

16.2Agar-suspended

cells, CFEag2

1840

7276

73S376

â€ž number of cells on day 4
1 number of cells on day I

* All the constituents of MCDB 402 added.

for cells grown in agar than on plastic. The CFEag of cells in
lymph plus 10% serum or in serum alone, supplemented in
either case with cystine and glutamine, was 20-40 times higher
than in lymph alone with the same supplement. The colonies
were also larger in the serum-containing agars than in those
with lymph only. Even with the full MCDB 402 supplement,
the addition of serum to lymph increased the CFEag 4-fold.
The results indicate that the growth factors of serum play a
more prominent role in fostering the constrained 3-dimensional
growth of cells in agar than the unrestrained 2-dimensional
growth on plastic, especially when the concentrations of many
low molecular weight nutrients are limiting. The poor growth
of cells suspended in lymph was not due to the chemical
composition of the agar, since they had a high efficiency of
colony formation (37%) when agar with lymph was overlaid on
cells attached to the plastic.

Cell Morphology in Different Concentrations of Serum,
Lymph, and Amino Acids. After 2 days in 10% serum with
regular MCDB 402 containing the usual high concentrations
of essential amino acids, the 14g2C cells displayed the rounded
morphology characteristic of this line during rapid multiplica
tion in this medium (Fig. 6). When the serum was diluted to
10% in synthetic medium with the lower "serum-like'1 concen

trations of essential amino acids, the cells multiplied slowly and
had a flattened appearance at 2 days. In 100% serum, almost
all the cells were rounded, detached, and dead (not shown).
Cells in 40% lymph diluted in regular MCDB 402 multiplied
almost as rapidly as in 10% serum in MCDB 402 and were also
as rounded in appearance. The cells in 100% lymph grew even
more slowly than in 10% serum diluted in the serum-like
synthetic medium and were more flattened in appearance. The
results indicate that a high concentration of amino acids and
the presence of serum growth factors promote the rounding of
transformed cells.

DISCUSSION

We initiated this study with high concentrations of serum
and lymph because we wanted to simulate those nutritional
conditions which may have contributed to a slower and less
efficient growth of our transformed cells in the nude mouse

than in culture. The cells died when placed in undiluted calf
serum of a batch which supported rapid multiplication when
diluted with synthetic medium. Although the cells did multiply
in undiluted calf lymph, it was at a rate judged to be at least as
slow as in mice. The possibility that the serum contained a
macromolecular toxic component was eliminated by the finding
that dialysis against the synthetic medium MCDB 402 endowed
the undiluted serum with maximal growth-supporting capacity.
This left the possibility that the serum contained low molecular
weight substances which killed cells when the serum was used
without dilution. However, the addition of cystine to undiluted
serum at the concentration (200 MM)used in synthetic medium
alleviated the toxic effect and permitted limited multiplication.
Similar supplementation of undiluted lymph resulted in an
increased rate of multiplication of the cells. The explanation of
the need for cystine supplementation became apparent from
amino acid analysis which failed to detect cystine in either fluid.
Since cystine has been reported in mammalian sera at concen
trations from 40-200 /UM(8,10,11), its absence from our serum
and lymph appears to be an artifact. Half-cystine residues have
been reported to combine with SH groups in serum protein so
that free cystine disappears from serum within a week after
standing at room temperature (8) and within seven months in
the frozen state (10). However, fetal calf serum collected from
a single fetus and immediately processed, frozen and analyzed
within 1 week, gave a cystine value of only 18 /Â¿M.A similarly
treated mouse serum had no detectable cystine, i.e., <1.0 ^M,
so there may be less in some body fluids than the generally
accepted values. (Mouse serum deproteinized immediately after
bleeding had 16 ^M free cystine.) Since cystine is considered
essential for multiplication of most cultured cells (12), espe
cially at low population density (13), cystine supplementation
of undiluted serum and lymph would be expected to accelerate
growth, as it did.

Addition of glutamine as well as cystine to undiluted serum
and lymph stimulated multiplication more than the addition of
cystine alone. Unlike cystine, however, glutamine is one of the
more abundant amino acids in calf serum and lymph (Table 2),
and there is no evidence of its loss through binding to protein.
The stimulation of cell multiplication by addition of glutamine
to body fluids might then be taken as evidence that variations
in its concentration within the physiological range are regula
tory for cell multiplication. However, the concentrations of
glutamine found in nude mouse serum (approximately, 1200
UM) were 3-8 times higher than those found in various batches
of calf serum and lymph, and sufficiently high to support the
maximum rate of multiplication that the cells could attain as a
function of varying glutamine concentration alone. Therefore
it is unlikely that the availability of glutamine is, by itself, a
limiting factor in tumor formation by these cells in the mouse.
Raising the concentration of all the other amino acids in serum
and lymph in addition to supplementing cystine and glutamine
did have an additional enhancing effect on multiplication, and
adding all the other constituents of MCDB 402 at their standard
concentrations provided a further increase.

Our findings are similar to those of Holley et al. (14) who
reported that the saturation density of BSC-1 cells is decreased
when the concentrations of all the low molecular weight nu
trients of Dulbecco-modified Eagle's medium are reduced 10-

fold but not when any single constituent is similarly reduced.
They did find, however, that the "wound healing" increase in

DNA synthesis which normally occurs among cells which mi
grate from a density-inhibited confluent sheet into a denuded
area is blocked by a 10-fold reduction in glutamine alone. This
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Fig. 6. Appearance of I4g2C cells in serum
and lymph with concentrations of amino acids
used in synthetic medium or found in serum.
14g2C cells (5 x IO4) were seeded in 35-mm

dishes in the media indicated below, incubated
for 2 days, and photographed. A, 10% serum
in regular MCDB 402; B, 10% serum in
MCDB 402 with amino acid concentrations
found in calf serum (Table 2) plus 10 Ã•<M
cystine; C, 40% lymph in regular MCDB 402;
D, 100% lymph, no additions. The bar repre
sents 50 microns.

short-term result concurs with the finding of Zetterberg and
Engstrom (15) that a reduction of glutamine concentration
inhibits DNA synthesis in nontransformed 3T3 cells. These
authors also report that a very large reduction of all the other
essential amino acids has no effect on DNA synthesis. Their
results are difficult to reconcile with our finding of a distinct
decrease in multiplication as a result of a reduction of all the
other essential amino acids, except for the fact we measured
multiplication over a period of up to 6 days while they measured
DNA synthesis within 24 h of the changes in concentration.
On the basis of our own results, it appears likely that the
simultaneous reduction in many low molecular weight constit
uents of MCDB 402 which the cells encounter when they are
inoculated into the nude mouse places a restriction on the
growth rate of the tumors which form there.

Although there was more multiplication in the early experi
ments (Table 3) by attached cells in lymph than in serum, when
a new serum was later introduced which supported some limited
growth even without supplementation, the results were reversed
(Table 4). The greater potency of serum over lymph was partic
ularly evident with cells suspended in agar containing a supple
ment of only cystine and glutamine where there were almost 40
times more colonies in undiluted serum than in undiluted
lymph. Adding 10% serum to the lymph also caused a large

increase in number of agar colonies. However, the use of
undiluted lymph supplemented only with cystine and glutamine
combined with 3-dimensional growth in agar comes closer than
any of the conditions used here to the s.c. tissue environment
of cells inoculated into the mouse. This conclusion is reinforced
by the close relationship between the capacity of cells to mul
tiply in soft agar and their ability to produce tumors (9). Thus
we can attribute part of the low efficiency of tumor development
by these cells to limited availability of low molecular weight
nutrients and high molecular weight growth factors in intersti
tial fluid combined with the absence of a flat, solid substratum
for cell attachment and spreading in s.c. space.

This conclusion leaves unexplained the relatively rapid
growth of tumors following the inoculation into the nude mouse
of IO5 or more of the transformed 3T3 cells. A similar obser
vation was made by RÃ©vÃ©sz(16) who also found that coinocu-
lation of a large number of X-ray killed tumor cells with a small
number of living cells enhanced tumor formation by the latter.
One possible explanation considered by RÃ©vÃ©szis that the large
number of cells provides growth factors in quantities sufficient
to support rapid tumor development. These growth factors
might be analogous to the overgrowth stimulating factor first
isolated from Rous sarcoma cells (17-19) and the tumor growth
factors described more recently (20, 21 ). However, we have seen

4930

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2428436/cr0470184924.pdf by guest on 19 M

ay 2023



SIMULATION OF CONSTRAINTS ON TUMOR GROWTH

no evidence for effective autocrine action by such factors when
large numbers of the transformed 3T3 used here were seeded
in lymph-containing agar (results not shown). Another type of
explanation is based on the observation that nontransformed,
non-tumorigenic cells multiply at a rapid rate in nude mice if
they are enclosed in a diffusion chamber (7). Fluid collected
from cellular chambers after 6-days" residence in the i.p. space

of the mouse supported rapid cell multiplication in culture.
This effect implies that the fluid formed in reaction to the
presence of the chamber has abnormally high growth-support
ing capacity. It is possible that the presence of large numbers
of inoculated cells in s.c. space elicits reactions such as clotting
of interstitial fluid and hemorrhage which provide growth fac
tors not normally present in the interstitial fluid. These could
include the variety of growth factors released from platelets
(22, 23). Once the cell population reaches a critical mass it
could act as an irritant to provide the continuing stimulus for
local production of growth factors and thereby sustain rapid
and progressive tumor development. A similar critical mass
requirement might underlie the long latency and ultimate pro
gression of naturally occurring tumors.

There are other factors beyond the purview of this paper
which might contribute to the low efficiency of tumor formation
in nude mice. It has been reported that confluent sheets of
normal mouse and rat embryo cells inhibit the multiplication
of transformed mouse, hamster, or chicken cells seeded directly
on the sheet (24). The inhibition requires direct contact or very
close proximity. Inoculation (s.c.) of our cells brings them into
direct contact with nondividing muscle and connective tissue.
This is more likely to occur when small numbers of cells are
inoculated, since large numbers are more likely to form clumps
with each other, and it is known that clumps of transformed
cells escape the inhibitory effects of quiescent normal cells (25).
However, in recent experiments in our laboratory, we failed to
find any inhibition of transformed cells by crowded nontrans
formed cells, even when the former are seeded as single cells
on the latter.
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