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Metabolic Controls in
Cultured Mammalian Cells

Cultured cells may provide a direct approach to
regulation and function in the whole animal.

With the widespread experimental
use of animal cell cultures, data are
accumulating on the factors which con-
trol their metabolic activity. Although
that information is incomplete and
large areas remain essentially unex-
plored, a summary and assessment may
nevertheless be timely. Of particular
interest is the relevance of the in vitro
findings to metabolic processes in the
whole animal. Cultured animal cells
may divide every 16 to 30 hours, while
the generation time in the whole ani-
mal is more often on the order of 30
to 90 days. What is the growth con-
trolling mechanism from which the
cultured cell has escaped almost whol-
ly, and from which the cancer cell in
vivo has escaped in small part? Can
the study of metabolic controls in dis-
crete cultured cells in fact be expected
to throw light on their growth in the
whole animal, to say nothing of even
more complicated phenomena such as
differentiation and morphogenesis, se-
nescence, and the malignant transfor-
mation? Such processes involve cells
of diverse types complexly organized
into tissues, in which intercellular ef-
fects and spatial orientations difficult to
reproduce in culture play an important
and perhaps decisive role.

The specific aspects of metabolic
controls in cultured cells here discussed
have been selected, not because of a
single unifying theme, but simply be-
cause of their relevance to the work
interests of this laboratory. The topics
include (i) the possibility that the

42

Harry Eagle

provision of nutrilites may limit or
control growth in vivo; (ii) some of
the factors which control or modify the
specific enzymatic activities of cultured
cells; (iii) the profound effects of
cellular interaction on their metabolic
activities, with particular reference to
population density and contact; (iv)
genetically determined variations in
metabolic activity, including inborn
errors of metabolism, “variant” cells,
and the effects of chromosomal aberra-
tions; (v) the metabolic effects of viral
infection; and (vi) some of the factors
which control the expression of spe-
cialized organ function in cultured nor-
mal cells. In each case, the mass of pub-
lished data precludes a complete bib-
liographic citation (7).

Nufritional Controls

The simplest method of controlling
the growth and metabolism of cultured
cells is to limit the supply of some
essential nutrilite, Only 28 growth fac-
tors have been shown to be required
for the sustained growth of mammalian
cells in vitro (2), and through con-
trol of the input of one or more of
these, the average generation time can
be varied from 16 hours to 7 days (3).
Thus, if the intracellular pool of a
single amino acid falls below a critical
concentration of 0.01 to 0.04 mM,
there is no demonstrable protein syn-
thesis or cellular growth, and a slight
increase in pool size then has an alto-

31. L. O. Timblin, Jr.,
Garstka (11), p. 177.

32. V. K. La Mer, Natl. Acad. Sci. U.S. Publ.
942 (1963), p. 438.

33. R. G. Vines, Wool Technol. Sheep Breeding
6, 137 (1960); Australian J. Phys. 13, 45
(1960); Australian J. Appl. Sci. 11, 157
(1960).

Q. L. Florey, W. U.

gether disproportionate effect on the
rate of cellular proliferation (4). We
do not know which of the sequential
steps involved in protein synthesis is the
growth-limiting reaction controlled by
the size of the cellular amino acid pool.

It is, however, unlikely that the local
provision of amino acids, glucose, or
vitamins limits and controls the rate of
cellular growth in a living animal on
an adequate diet. Most of these growth
factors are present in the body fluids
in concentrations far exceeding those
required for maximum growth in vitro,
and there has been no evidence that
cells in tissues differ from cultured cells
in their ability to transport and con-
centrate amino acids, for example (5).
There is, however, one unknown in the
nutrition of animal cells which may
conceivably be growth-limiting in the
whole animal. Almost all cultured cells
require one or more substances deriving
from serum protein for survival and
growth. (The fact that a small number
of cell lines can dispense with the pro-
tein-derived factor, or factors, as the
result of either adaptation or selection
does not affect the general statement.)
The active component is apparently not
the protein as such, but a relatively
small molecule, either a polypeptide or
a substance bound to the protein and
released from it (6, 7), the provision
of which may be growth-limiting in
vivo. It seems more likely, however,
that cellular growth in the whole animal
is controlled, not by the supply of an
essential nutrilite, but by as yet un-
known factors which actively limit or
stimulate cellular growth and division.
Although growth-inhibitory factors may
develop in cell cultures (3), and al-
though growth-inhibitory effects are
sometimes observed when different cells
are grown parabiotically, we know noth-
ing about the nature of the compounds
involved, the mechanism of their ac-
tion, or their relevance to growth con-
trol in vivo.

The author is chairman of the Department of
Cell Biology at the Albert Einstein College of
Medicine, Bronx, New York. This article is
adapted from lectures presented 2 June 1964
at the Baylor University College of Medicine,
Houston, Texas, and 12 December 1964 at the
New York University School of Medicine, New
York, N.Y.
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Enzyme Activity

Immediate effects of explantation. The
very initiation of a dispersed cell cul-
ture is attended by profound alterations
in the cell’'s metabolic activity, for it is
suddenly exposed to an environment
which differs in two major respects
from the situation in vivo. The cells are
deprived of a wide spectrum of com-
pounds essential for growth and func-
tion which are normally supplied in the
body fluids, and which the specific cell
either cannot synthesize at all or can
synthesize only in small amounts. In
addition, the population density de-
creases drastically, from approximately
108 per milliliter in parenchymatous
tissues to a level of 10% to 106 per milli-
liter. The 100- to 10,000-fold dilution
leads to the elution of materials which
the cell can synthesize, but which it
must retain at metabolically effective
levels in order to grow or to function:
either compounds used as such for
macromolecular synthesis, cofactors re-
quired for enzymatic activity, or the
enzymes themselves. It is therefore not
surprising that the plating efficiency of
cells freshly isolated from tissue may
be 0.1 percent or less, and that many
cell types have yet to be cultured. The
surprising feature is, rather, that any
cells can be grown in vitro in the face
of this drastic environmental change.

The initial lag in the establishment

of a culture, during which time cells
are adapting to the conditions of in
vitro growth, may last from a few hours
to many days, depending on the specific
tissue, the cell type, and the population
density, and perhaps on the growth
factors which are provided over and
above the minimum essential require-
ments which suffice for most established
cell strains. The profound changes in
metabolic activity which take place
during this initial period of acclimation
are illustrated by marked changes in a
wide variety of enzyme activities (8),
the usual disappearance of differentiated
organ function, and the disappearance
of organ-specific antigens (9).
Controls of enzyme activity in estab-
lished cultures. Even after hundreds of
generations in culture, certain enzyme
activities remain subject to exogenous
control. If the instances so far reported
(see Table 1) are quantitatively less
extensive than in the whole animal (see
10), this may reflect the relatively
limited number of cell types so far
cultured, the profound changes result-
ing from their adaptation to the condi-
tions of in vitro growth, and the ab-
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Table 1. Controls of enzyme activity in cultured animal cells.

Substrate End-product Feedback inhibi- Hormonal
i‘n dul:ti on repression of tion of induction Miscellaneous
enzyme synthesis enzyme activity  and repression
Arginase Argininosuccinate  Glycine synthesis Phosphatase Cystine repression of
(15, 97) synthetase (98) from glucose (42) (99, 100) phosphatase (101)
Phosphatase Argininosuccinase  Proline synthesis Tyrosine trans- Glucose induction
(100, 103)  (98) from glutamine aminase (10) of glycogen phos-
(42) phorylase activity
(103)
Aspartic transcar-  Purine synthesis DPN inhibition of
bamylase (104) (105) DPN-ase (106)
B-Glucuronidase Pyrimidine synthesis Induction of virus-
(107) (108) uncoating enzyme
by pox virus (58)
Glutamine synthe- = Serine-phosphate Enzyme patterns
tase (16, 17, 25) phosphatase (109) modified by type
. . f serum in
Proline synthesis o s¢
(110) medium (712)
Induction of
Purine synthesis s-aminolevulinic
(111) acid synthetase
(112a)
Serine synthesis
(109)
sence of intercellular effects perhaps human cells in the presence or absence
essential to some of the control of alanine or proline was found to have
mechanisms. little or no effect on the subsequent

Although in a number of instances
an end-product has been found either
to repress the synthesis of the enzymes
involved in its formation or to inhibit
their activity (see Table 1), such end-
product regulation may not be a
regularly operative control mechanism
for cultured mammalian cells (71).
Prolonged growth of a variety of

Table 2.
Eagle ef al. (11)]

rate of synthesis from appropriate
labeled precursors; and similar growth
in glycine inhibited its subsequent syn-
thesis from glucose but not from serine
(Table 2). Further, the presence of a
pre-formed amino acid usually had no
effect on its continuing synthesis, while
the provision of alanine and proline
actually increased the rate at which they

End-product control of amino acid synthesis in cultured human cells*. [After

Effectt of

prior Effect} of
. s ., PPN preformed
Amino acid Isotopically 1e.p‘r‘essmn amino
synthesized labeled or “de- acid § on
24 o precursor repression” rate‘ of
on rate of N
synthesis synthesis
Alanine Glucose 0 >
Glycine Glucose < <
Serine 0 =+
Ornithine Arginine 0
(in 3 of 4
cell lines
tested)
Proline Arginine 0 0to>
Proline Glutamine 0 <
Proline Ornithine 0 0
Serine Glucose + =+
Cystathionine Methionine >
Cystine Methionine >
Homocystine Methionine >

* A variety of diploid and heteroploid cells, both embryonic and adult, and deriving from a number

of tissues, including cancer.

+0 = no effect; = = variable results with different cell lines, or in

individual experiments with the same cell line; < = significant repression or feedback inhibition; > =

twofold to fourfold increase in amino acid synthesis of end product,

% Growth for two to ten

generations in a medium containing either none of the end-product amino acid (““de-repression’’) or

exogenous amino acid at concentration of 1 to 10 mM (“repression”).

to 10 mM in medium during labeling experiment,

§ At concentration of 2
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were synthesized from glucose and or-
nithine, respectively. In a few instances
the presence of pre-formed amino acid
inhibited continuing synthesis (for ex-
ample, of glycine from glucose), but

this occurred only when the pre-formed
amino acid was present at high and
nonphysiological levels (Table 2).
The apparent insensitivity of mam-
malian cells to end-product control of
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Fig. 1. The disappearance of free cytoplasmic polyribosomes in fully contacted cultures
of human diploid fibroblasts. [Sucrose gradient centrifugation of young (1-day) and old
(7-day) cultures of diploid fibroblasts (Detroit 510) pulse-labeled for 1 minute with C*-
labeled algal hydrolysate.] The washed and trypsinized cells were homogenized in
hypotonic buffer, and the cytoplasmic fraction was separated from the nuclei by
low-speed centrifugation. Half the cytoplasmic extract was treated with ribonuclease
(10 ug). The two cytoplasmic fractions were layered onto sucrose density gradients
(2.5 ml of 50-percent sucrose overlaid with 26 ml of 15- to 30-percent sucrose),
which were centrifuged (54,000¢ for 2 hours), fractionated, and analyzed for ab-
sorbancy at 260 mu and for C'-amino acid incorporation into material precipitable
by trichloroacetic acid. ( ) Absorbancy patterns at 260 mg of untreated
extracts; (- —) absorbancy patterns at 260 mu of extracts treated with ribonuclease;
{(—o0—) pattern of isotope incorporation in untreated extracts; (—-@®~--) pattern of
isotope incorporation in ribonuclease-treated extracts. The profiles for the fully grown
cultures did not change significantly after treatment with nuclease and, for the sake
of clarity, these curves are omitted. Fractions 20 to 45 correspond to the polyribosome
area, and the adjoining peak (fractions 45 to 50) corresponds to the single ribosomes.
[After Levine et al. (28)]
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amino acid synthesis suggests that other
and more responsive mechanisms may
be involved in the exquisitely controlled
homeostasis of the living animal (12).
The possibility remains, however, that
in adapting to the conditions of in vitro
cultivation cells lose their capacity to
respond to growth control mechanisms
which are operative in vivo, perhaps
including end-product control of en-
zyme synthesis and activity. It is pos-
sible, also, that the cells which are
responsive to such control have not
yet been cultured.

The continuing active turnover of
most of the cell protein (I3) provides
an opportunity for changes in relative
enzyme activity. Thus, the presence of
specific enzyme-stabilizing compounds
which do not affect continuing syn-
thesis may result in an increase in the
cellular content of a given enzyme
(/4); Schimke (I5) has suggested that
this may underlie the enhanced arginase
activity effected by Mn*++. An un-
explained increase in the glucose-6-
phosphate dehyrogenase (16, 17) and
glucuronidase (16) activities of cul-
tured human cells has been noted as
the population density approaches
saturation, and cyclic changes in lactic
dehydrogenase activity of human cell
cultures have also been reported (77).

Cellular Interactions

Cellular interaction represents a
third type of metabolic control, oper-
ative in the whole animal as well as in
culture, and involving both similar and
dissimilar cells.

Population-dependent  growth  re-
quirements. A number of compounds
that are synthesized by cells must
nevertheless be provided in the medium
to assure survival and growth. In their
absence the cells die because the spe-
cific metabolite (or an intermediate in
its synthesis) is lost to the medium in
amounts which exceed the biosynthetic
capacity of the cell. When there are
enough cells, however, the medium can’
be “conditioned”—that is, the con-
centration in the medium and within
the cell can be brought up to meta-
bolically effective levels before the cells
die. These paradoxical growth require-
ments are therefore population-de-
pendent, disappearing at sufficiently
high population densities.

The specific instances summarized in
Table 3 vary widely with respect to the
nature of the metabolite lost to the
medium and the critical population den-
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sity at which the growth requirement
disappears because of mutual feeding
of the cells.

1) End-product leakage. End-prod-
uct leakage is illustrated by serine,
which is rigorously required for the
efficient cloning of cells at population
densities of less than 10 to 100 per
milliliter (78). At that critical popula-
tion density one finds that the cells can
build up the concentrations of serine
and of the derived glycine in the me-
dium to the levels necessary to assure
the growth of smaller inocula (79).

2) Biosynthetic intermediates. Bio-
synthetic intermediates may also be
the critical requirement, as illustrated
in the case of cystine. In a cystine-free
medium, the critical population density
which permitted survival and growth
of a number of human heteroploid
strains varied from 200,000 to 500,000
per milliliter when the cells were given
only methionine and glucose [and were
then under the necessity of synthesizing
and retaining metabolically effective
levels of homocystine (or homocysteine),
serine, cystathionine, and cystine (or
cysteine)] to as few as 10 cells per
milliliter when the cells were provided
with pre-formed cystathionine and need-
ed to synthesize and retain only cystine
(or cysteine) (19, 20).

3) Cofactors. In primary culture,
monkey kidney cells are blocked in the
synthesis of glycine from serine (21);
the requirement for added glycine,
however, disappears at extremely high
population densities (19, 22, 23). The
population-dependent requirement here
is not for the end product itself but
for an essential cofactor, a reduced
form of folic acid, which these cells
can apparently make to only a limited
degree; and the glycine requirement
disappears if the cells are provided
with folinic acid (19).

4) Glutamine and glutamic acid.
Glutamine, otherwise an essential
amino acid, can be replaced by high
concentrations of glutamic acid (24),
in consequence of a tenfold increase
in glutamine synthetase activity induced
by the glutamic acid (16, 17, 25). In
such “de-repressed” cells, however, add-
ed glutamine is still required at low pop-
ulation densities, presumably because of
loss of glutamine from the cells to the
medium (79). It has recently been
shown that glutamic acid is also dis-
pensable (23). In cells containing suffi-
cient glutamine synthetase, and there-
fore not blocked in the synthesis of
glutamine from glutamic acid, both
amino acids become nonessential for
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Table 3. Population-dependent nutritional requirements of cultured mamrr.lali‘an cells. Critigal
population density (cols. 1 and 2) is the density in excess of which the indicated metabolite

is no longer required.

Critical population

density Metabolite Cell strain Reference
(cells/ml) (cells/cm?)

108 2 X 10°  Cystine Human heteroploid* (19, 20)
Glutamic acid or glutamine Allf (23)
Inositol Hela 19)
Aspartic acid or asparagine Rat (MDAB tumor) 42)

108 2 X 10¢  Glycine Monkey kidney (21, 23)
Serine Rabbit fibroblast 19)
Glutamine Allx (24)

10¢ 2 X 10*°  Asparagine Rat (MDAB)§ 42)
Asparagine Rat (Jensen sarcoma) §
Pyruvate Mouse (P388) 19, 22)

102+ 200+ Pyruvate Diploid cells in general

10? 20 Cystine Human heteroploid | (19, 20)
Pyruvate Detroit (98-C6B) (112b)
Serine Human heteroploid (18, 19)

* Methionine and glucose added to medium at beginning of cell culture.

1 Provided the cell has

adequate amounts of glutamine synthetase, either naturally (as in monkey kidney in primary culture)

or after induction with glutamic acid.
mM aspartic acid as precursor.

survival and growth at population den-
sities approaching that of a saturated
culture. The carbon skeleton then de-
rives from glucose; the source of the
a-amino group is not known.

5) Variant cell types. A number of
variant cell types with supposedly spe-
cific and unique nutritional require-
ments have been described (see Table
3). In all but one of these cell types
so far examined (the asparagine-de-
pendent Walker 256 carcinoma), these
specific requirements also have proved
to be population-dependent, a finding
which presumably reflects a limited
capacity on the part of the cell to syn-
thesize the metabolite which it requires.

6) Population density and virus syn-
thesis. The nutritional factors which
must be present in the medium in order
to permit viral synthesis also depend on
the cell population density (26).

7) Differentiation and specialized
function. The clear indications that
population density and the associated
conditioning of the environment may
play an important role both in embry-
onic differentiation and in the expres-
sion of the differentiated function are
discussed in following sections.

Culture growth, contact inhibition,
and macromolecular synthesis. There
is another type of cellular interaction
which may also have important physio-
logical implications. Abercrombie and
others (27) have described the phenom-
enon of contact inhibition: when

1 Given 20 mM glutamic acid as precursor.
|| Given homocystine and serine as precursors.

§ Given 20

diploid cells growing on a glass surface
touch, the normal active ruffling move-
ments of a peripheral cellular mem-
brane are inhibited at the point of
contact; this leads to the eventual for-
mation of a “monolayer” of cells. As
initially discrete cells multiply, and as
an increasing proportion of the cell

“surface is in contact with other cells,

there is a pronounced decrease in the
rate of protein, RNA, and DNA syn-
thesis (28) and in the rate of cellular
growth (see 27). Simultaneously, the
free cytoplasmic polyribosomes present
in growing cells are no longer demon-
strable (Fig. 1). All these effects are
reversed within 24 hours after the cul-
tures have been subdivided (28).
Which of these multiple metabolic
changes in the course of culture growth
is cause, which is effect, and which are
merely associated phenomena not
causally related remains to be deter-
mined. For the present it is a reason-
able working hypothesis that the cellular
contact itself sets off a series of re-
actions, beginning in the surface mem-
brane and ending with a decreased rate
of macromolecular synthesis. The elim-
ination or reduction of contact inhibi-
tion after spontaneous or virus-induced
“transformation” is discussed in a later
section.

Even with heteroploid cells which
do not exhibit contact inhibition of
motility and growth, and which in con-
sequence form heavy multilayered
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Table 4. The contrasting properties of cultured diploid and heteroploid cells deriving from human tissues. [After Hayflick and Moorehead

(47) and Eagle et al. (46)]

Contact

inhibition Maximum " Cystine (or cysteine) synthesis}
Growth - of popula- Life
in movement tion expect- Genera-
Cell : density ancy tion From Alkaline
Cells sus- and b From
shape (per (cell time Pt homo- From phosphatase §
pen- perhaps A - methionine o .
. cm® of genera- (days) cystine cystathio-
sion of macro- lass tions) and and i
molecular s ugr face) elucose serine ne
synthesis*

Diploid ||  Fibroblastic 0 -+ 60,000  20-100 1-14 0 0 Oto = Greatly increased in het-
eroploid as compared with
primary  cultures; de-

Hetero- Epithelioid + 0 300,000+ “Immortal” 2/3-1 e &+ - 4 4- 4 creased activity Of_ se-

ploid lected variants associated
with chromosomal de-
letions

# See 27 and 28. T See 46-48. i See 20 and 46, and Table 2. § See 43. || Includes skin cultures from children (BAL, Detroit 510) and

adults (F1) and cultures of embryonic adrenal, bone and thymus (46).

and cancer cells (Hel.a, KB).

sheets on a glass surface, there is an
upper limit to cell population density,
in both suspension and surface culture,
which is not determined by the exhaus-
tion of the medium. In such cultures,
in which the cessation of growth is not
related to contact inhibition, there is
also a decrease in free cytoplasmic
polyribosomes, and an increase in the
membrane-associated ribosomes has
also been reported (29). Although
growth inhibitors have been found to
develop in such heavy cultures (see,
for example, 3), their nature and their
relevance to growth control in vivo, or
in vitro, are as yet unknown.

Cellular association. Mixed cell types
freshly isolated from tissues frequently
reassociate into homotypic aggregates,
which may then go on to develop
morphologic or biochemical properties
characteristic of the parent organ (30).
This capacity for mutual recognition
and association, which obviously de-
pends on the nature of the cellular
surface, is often lost in the course of
cellular proliferation in vitro (37, 32).

Heterotypic cellular interactions. In
the living animal the interaction be-
tween dissimilar cells, whether in the
same or in different organs, is probably
more important than that between cells
of like type. Only a few systems have
been studied in culture which may be
considered models for this type of
cellular interaction. The differentiation
of explants of embryonic-pancreatic
(33) or kidney (34, 35) rudiments is
promoted by the linked culture of an-
other bit of tissue in such manner that
metabolic products of the inducer tissue
stimulate and accelerate the differentia-
tion of the embryonic explant. There
have been a number of reports on
other, similar tissue interactions in dif-
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ferentiation (36, 37). In view of its
importance, exploration of this type of
interaction between different cell types
in serial culture has been surprisingly
limited. Medium from a pituitary tumor
cell culture, when added to a similar
culture of an adrenal tumor, has been
found to stimulate the formation of
adrenal hormone (38). Although a
number of growth-inhibitory effects
when cells are grown in mixed culture
have been reported (39), the nature of
the interaction and its relevance to
growth controls in vivo remain to be
determined.

In sum, cellular interactions pro-
foundly modify the metabolic activity
of cultured cells and are evidenced in
terms of nutritional requirements,
growth rates, the expression of spe-
cialized functions, and morphogenesis.
Only a beginning has been made in the
elucidation of these effects.

Genetic Control

Cultured cells from patients with in-
born errors of metabolism. Skin cul-
tures from patients with genetically
determined metabolic errors sometimes
exhibit the biochemical defect (40)
and are potentially useful tools for the
exploration of the biochemical deficien-
cy, as well as for the study of genetic
transformation, recombination, and,
ultimately perhaps, mapping. Usually,
however, the metabolic error involves
an enzyme or enzymes not normally
present in the skin, hence the defect
is not expressed in the cultured cells.

Variant cells. A number of cell lines
isolated from normal animals but with
unusual nutritional requirements or
metabolic activities have been described.

9 Includes cell lines deriving from normal tissues (liver, conjunctiva, intestine)

Many of these requirements have
proved to reflect a lower-than-normal
capacity to synthesize the metabolite in
question, rather than an absolute block,
and these requirements disappear at
high population densities (see Table 2).
Since some of these requirements are
evidenced in the primary culture, im-
mediately after explantation, they pre-
sumably reflect the varying phenotypic
expression of a normal genome, rather
than somatic mutations developing in
culture.

The broad similarities that have been
found in the nufritional requirements
and the metabolic activities of cultured
cells of various types may reflect only
the limited number of cell lines so far
cultivated, and interesting metabolic
diversities may appear only with the
development of techniques for the
successful cultivation of conceivably
more exacting cell types. It is possible,
also, that the metabolic uniformity of
cultured mammalian cells reflect the
basic uniformity of the biochemical
processes involved in cellular replica-
tion, whereas the expression of organ-
specific function, involving as it does
unique enzymic activities, may also in-
volve the provision of unique metab-
olites.

“Spontaneous” chromosomal aberra-
tions and cell metabolism. Many of the
human cell lines currently available for
experimental study are heteroploid.
While those deriving from malignant
tissue (for example, HeLa and KB)
may have had an abnormal karyotype
at the time of original isolation, those
deriving from normal tissue have be-
come aneuploid in the course of their
serial propagation. Some of the hetero-
ploid “transformants” may reflect er-
rors, such as mistaken labeling or the
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contamination of one cell line by an-
other which grew out selectively. There
are a number of documented instances
of the latter occurrence (see 7), and
an even larger number of cases have
probably not been reported.

The pronounced differences between
the properties of heteroploid and diploid
cultured human cells are illustrated in
Table 4. These include differences in
morphology, susceptibility to contact in-
hibition, maximum population density,
life expectancy, and enzymatic ac-
tivities. It is tempting to ascribe all
these differences to the developing
heteroploidy itself—for example, to
gene dosage effects which occasionally,
but not invariably, endow the aneuploid
cell with a selective advantage. This is
not to say that the development of a
chromosomal abnormality regularly has
the same phenotypic effect in cultured
human cells, and that every heteroploid
human cell has all the properties listed
in Table 4. The association is statistical
but not invariable. Thus, some diploid
human cells are epithelioid (47), and
not all heteroploid human cells are de-
repressed with respect to cystine syn-
thesis (42). A possible causal relation-
ship between karyotypic and pheno-
typic changes has been suggested in
relation to alkaline phosphatase activity
(43) and a number of other properties,
including resistance to aminopterin and
viruses (44). It should be emphasized
that, unlike karyotypic changes in mouse
cells, and contrary to statements in the
literature, karyotypic changes in cul-
tured human cells do not necessarily
signify a malignant transformation as
judged by homo- or heterotransplanta-
bility (45).

However attractive the working
hypothesis that the developing hetero-
ploidy is responsible for the phenotypic
changes summarized in Table 4, that
hypothesis must be regarded as tentative
in the absence of matched pairs of
diploid human cells and heteroploid
strains deriving from them with which
they can be compared. For despite the
widespread impression that human cells
in culture regularly become aneuploid
and malignant, “it is a curious and
puzzling fact that most of the hetero-
ploid human cultures now available
which originated from normal tissues
were isolated prior to 1960, that almost
all are epithelioid, and have continued
to divide with a generation time of
16 to 24 hours for more than 5 years.
Since 1960, however, with the possible
exception of certain amnion cultures,
most of the human strains isolated from
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normal tissue have been fibroblastic,
have died out after 20 to 100 cell gen-
erations in vitro, and have remained
diploid until the terminal stages of their
life span” (46). Those terminal chro-
mosomal aberrations only rarely even-
tuate in permanent culture strains
(47-49).

In contrast to human cells, mouse
cell cultures regularly “transform” in
culture to form permanent lines. After
a varying number of culture genera-
tions, during which the growth rate
declines markedly, islands of cells ap-
pear which grow and eventually be-
come grossly heteroploid (50, 51).
Many of the differences between diploid
and heteroploid human cells listed in
Table 4 are evidenced in these mouse
cultures as well; but, in addition, those
heteroploid cells usually form cancers
on inoculation into the appropriate host
(51, 52). Similar “transformations” in
the course of serial propagation have
been noted in other species (53, 54),
but these karyotypic changes are not
necessarily associated with profound
phenotypic alterations (54).

Hybridization. The successful hy-
bridization of cultured mouse cells of
varying karyotype, and with associated
phenotypic differences, provides a po-
tentially powerful tool for the genetic
analysis of cultured cells and for anal-
ysis of the metabolic consequences of
changes in the chromosomal comple-
ment (55).

Somatic mutation and transformation
by DNA. By appropriate selection a
number of drug-resistant variants of
cultured cells have been obtained, and
similar variants with special protein re-
quirements or variants resistant to
viruses have been reported (see 7 for
a partial summary). From analogy to
antibiotic-resistant bacteria, it has been
proposed that the drug-resistant variants
reflect somatic mutation at a specific
gene locus (56), and the transformation
of normal cells by DNA of a resistant
variant has in fact been reported (57).

Metabolic Effects of Viral Infection

The profound metabolic effects of
viral infection are obviously relevant to
a discussion of metabolic controls.
Cytolytic viruses such as poliovirus or
vaccinia turn off most of the cell’s own
biosynthetic processes and take over its
protein-synthesizing machinery by vir-
tue of a virus-specific messenger RNA,
the production of which is encoded in
the genome of the infecting virus. The

synthesis of viral nucleic acid and pro-
tein continues long enough for the pro-
duction of complete virus, after which
the cell dies.

Recent work in this laboratory (58)
makes it clear that the metabolic effects
of the infecting virus do not, however,
depend solely on information encoded
in the viral nucleic acid. One of the
earliest events after the penetration of
vaccinia virus into the host cell is the
release from the viral coat of a com-
pound which apparently induces the
synthesis of a host protein, presumably
an enzyme, which strips the virus of its
protein coat to liberate the infective
viral DNA. The interferons which are
produced by some virus-infected cells
similarly appear to be host proteins, the
production of which is induced by viral
infection but encoded in the host
genome (59).

Even a cursory survey of the exten-
sive and rapidly growing literature on
the biochemical events associated with
viral synthesis is quite beyond the scope
of this article. It is, however, evident
that the elucidation of a process which
involves the complete inhibition of the
host cell’s own biosynthetic processes,
the induction of host enzymes normally
repressed, and the subversion of the
biosynthetic machinery of the cell to
the production of viral protein and
viral nucleic acid cannot help but throw
light on the normally operative meta-
bolic controls. In the latter two respects,
study of the oncogenic (“transform-
ing”) viruses should prove even more
instructive. The cell is not killed, but
is profoundly modified by the viral in-
fection, which produces a number of
heritable changes (60). While some of
these [for example, the appearance of
a new antigen (61)] are quite specific,
in other respects (release of contact
inhibition, greater maximum population
density, morphologic and karyotypic
changes, immortality of the transformed
cell, ability to form a cancer in an
appropriate host) the virus-transformed
cells closely resemble the aneuploid
cells which may appear spontaneously
in culture. As with the latter, not every
virus-transformed cell acquires all these
properties. Not all virus-transformed
cells will grow indefinitely in culture
(62), and not all have been shown to
be malignant (54). Further, the pro-
posed causal relationship between the
developing aneuploidy and the malig-
nant transformation has been ques-
tioned by several workers (63). The
possibility must be considered, also,
that at least some of the phenotypic
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changes in virus-transformed cells are
not encoded in the viral genome. Some
of them may reflect induction of the
host cell by viral constituents (58, 59),
and others may reflect chromosomal
aberrations which are merely initiated
by viral infection, and which in their
carly stages are perhaps not discernible
(64). There is, however, the converse
possibility: that the “spontaneous”
transformations regularly observed in
mouse cell cultures, and occasionally
in human cells as well, may be due to
unrecognized viral infection.

Organ-Specific Functions
in Cultured Cells

In general, and with the exceptions
noted below, most dispersed cells in
serial culture do not carry out the func-
tions of the tissues from which they
were derived (see 7). For some organs
and for some cell types this probably
means only that the cells which grow
out are not the specific functioning
cells (7, p. 626; 65) and that the
latter either (i) cannot multiply under
any condition, (ii) are overgrown by
other cell types with a selective ad-
vantage in vitro, or (iii) have unique
nutritional requirements over and above
the requirement for the 28 factors
which suffice for the growth of most
animal cells (2). The possibility of
specific nutritional requirements is
clearly illustrated by the effects of
specific growth factors on the in vitro
multiplication of neural cells (66) and
skin epidermis (67), and by the stimula-
tion of an adrenal tumor culture by
ascorbic acid (30).

Even if the correct cell type is cul-
tured, the in vitro conditions may not
be conducive to the expression of a
specialized function.

1) Loss of enzymes. An early de-
crease in many enzymatic activities has
been noted when cells wander out from
culture explants or are grown from
trypsinized suspensions (8), and fur-
ther progressive decrease may occur in
the course of their serial propagation.
This diminution in enzyme activity fre-
quently involves enzymes crucial to the
specialized function (see 7, p. 625).
Even when specific enzymes have not
been implicated, most cell lines lose
their organ-specific functions in the
course of proliferation in vitro (7, 32,
68), as well as their organ-specific anti-
gens (9) and their capacity for self-
recognition and re-aggregation (32, 69).

2) Population density. The popula-
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tion density of even saturated cultures
is low relative to that of the intact
organ, favoring the loss of inter-
mediates, cofactors, or even macro-
molecules essential to function. Sev-
eral instances have in fact been reported
of specialized functions retained in cul-
tured cells but expressed only at high
population  densities—for  example,
melanin production by iris and retinal
epithelium (70, 71), hormone produc-
tion by adrenal and pituitary tumor
cultures (30), collagen formation in
cultures of fibroblasts (72), cartilage
production by chondrocytes (73), and
myofibril formation by myoblasts (74).
The marked cyclic changes in the spe-
cific activity of certain enzymes in cul-
tured human cells (16, 17) is of par-
ticular relevance to this phenomenon.

3) Growth versus function. This
dependence of specialized function on
cell density may, however, involve
factors other than cell leakage. The
thesis has often been stated that a cell
cannot simultaneously grow and carry
out specialized function—for example,
that the rapid replication of DNA and
the synthesis of structural components
of the cell may preclude the continuing
formation of the specific messenger
RNA necessary for the maintenance of
specialized function. The profound in-
hibitory effects of cellular contact on
macromolecular synthesis may well be
a related phenomenon. The antithesis
between growth and function is, how-
ever, apparently not valid as a general-
ization, for some growing cells do carry
out specialized functions (7, 74, 75).

4) Specific requirements for func-
tion. The expression of specialized
function is further complicated by the
frequent requirement for compounds
not necessary for growth. The effect of
vitamin A (76) and of specific growth-
stimulating protein (67) on the kera-
tinization of epidermis, of vitamin C on
collagen formation by mouse fibroblasts
(72), and of hormones on the forma-
tion of collagen (77), melanin (78),
antibodies (79), and mucopolysaccha-
rides (80) are cases in point. Even when
the inducer or cofactor is known, it
may be so toxic that it would have
to be continuously introduced into the
medium at the low and presumably
nontoxic levels required for function
(see 81). Further, the possibility cannot
be excluded that, in organized tissue,
other cells immediately adjacent to the
specific functioning cell transmit com-
pounds necessary for function by cell-
to-cell contact.

Given all these difficulties, it is both

surprising and encouraging to note that
a number of cell lines have been ob-
tained which continue to carry out a
specialized function after many genera-
tions in dispersed culture (see Table 5).
An even larger number of cell types
which “de-differentiate” on serial cul-
tivation retain their organ-specific func-
tion in primary culture for days or
even weeks (7, p. 124; 68; 82), and
often when a specific functioning cell
cannot be cultured, fragments of tissue
retain an organ-specific function for
appreciable periods in vitro (see, for
example, 7, p. 123; 83). It is therefore
now possible to delimit, in a broad
spectrum of cell types, the conditions
necessary for the expression of a
differentiated organ-specific function.
These findings should have an impor-
tant application in the study of em-
bryonic differentiation.

Prospects

A question was posed at the outset
as to the relevance and applicability of
experimental findings with discrete cul-
tured cells to such complex phenomena
as embryonic differentiation, senescence,
and cancer. The progress of the past 5
years justifies an optimistic view-—not
that these and similar processes can
possibly be understood in full from the
study of cultured cells or from tissue
explants, but that such cultures provide
reproducible and simple experimental
systems which can yield data of sig-
nificance, and possibly of key signif-
icance, to an understanding of funda-
mentally important biological processes.

Differentiation. The fact that a num-
ber of cell types have now been isolated
which continue to carry out an organ-
specific function in culture provides an
opportunity to delimit the environ-
mental conditions necessary for the
maintenance of that function. Only
when these conditions have been de-
fined for each cell type can one reason-
ably hope to explore in culture the
complex process by which the specific
cell type had acquired that differenti-
ated function in vivo. There are in fact
striking parallelisms between the condi-
tions necessary for the development of
specialized function and those neces-
sary for its expression. Just as popula-
tion density may profoundly affect the
expression of function by a differen-
tiated cell, in the differentiation of
embryonic rudiments also, there may
be a critical mass below which differen-
tiation does not occur (84); and, in
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vitro, dissociated chondrocytes do not
differentiate into cartilage unless they
are compacted into a pellet (32, 68,
69). Whether the crucial factor here is
population density and cell leakage or
an intimatec association which permits
an as yet undefined cellular interaction
(see 85) remains to be determined.
Further, just as cells of different typc
must sometimes interact in order to
permit the expression of a differen-
tiated function in vitro, interaction be-
tween heterotypic tissues has been
shown to be crucial for the differentia-
tion of pancreatic (33), kidney (34,
35), thymus (35), and cartilage (36)
rudiments as well as epidermis (37;
see also 4). The nature of that inter-
action has been discussed by Grobstein
(86). Finally, hormonal and vitamin
effects are known to be involved in
some instances of both differentiation
(76) and function.

With the rapidly evolving insights
into the mechanisms and controls of
protein synthesis, and the development
of new techniques for isolating and
characterizing both the macromolecules
involved and the organelles with which
they are associated, the time is perhaps
ripe for exploration of differentiation
and morphogenesis at the cellular level.
In such studies, both explant cultures
and dispersed cell cultures will find
important and mutually supplementary
application.

Cancer. Cultured cells may undergo
profound changes in the course of their
serial rapid propagation (see Tablc 4)
(87, 88). In particular, the cells may
become malignant—that is, escapc in
part from thc conirol mechanisms
which normally limit cellular prolifer-
ation in vivo, so that, upon inoculation
into the appropriate host and in the
right site, the altered cells may grow
to form an invasive tumor with the
histopathologic features of cancerous
tissue. Not all the spontaneous “trans-
formants,” recognized by changes in
karyotype, growth pattern, or metabolic
activity, are, however, malignant, as
judged by their homo- or heterotrans-
plantability (45); and some¢ morpho-
logically “normal” cells arc malignant
(89). Further, on prolonged cultivation
in vitro, a number of initially malig-
nant cells have become relatively non-
malignant, with no gross karyotypic
changes (90). The transformation of
cells by oncogenic viruses is accom-
panied by many of the phenotypic
changes noted in spontaneous trans-
formants, but, here again, the changes
are not necessarily all associated.
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Table S. Serially cultured cells which retain
organ-specific functions.

Organ-
specific o
product or Cell type Reference
function
Adrenal
hormone Adrenal tumor (38)
Collagen Mouse and
human (7, p. 623;
fibroblasts 72, 77)
Histamine Mast cell
tumor (113)
Melanin Chick iris and
retina (71)
Melanin Mousc
melanoblasts (70)
Mucopoly- Rat eye con-
saccharides nective tissue (75)
Mucopoly- Rous sarcoma
saccharides (115)
Mucopoly- Mousc
saccharides fibroblasts (114)
Myofibril Myoblasts
formation (74)
Nerve growth  Neuro-
factor blastoma (116)
Pituitary Pituitary
hormone tumor (38)
Pituitary Normal
hormone pituitary® 117y
Serotonin Mast cell )
tumor (113)
Spermatocy- Guinea pig
togenesis testicular-
(118)

cells

* Negative results in primary cultures of pituitary
tissuc have, however, been reported (119).

The foregoing set of observations
merely illustrates the innumerable ob-
servations concerning normal and ma-
lignant cells which require sorting out.
Is a chromosomal aberration (or a
point mutation) the primary event re-
sponsible for the malignant character
of some spontancous transformants, as
has been often suggested [sec recent
summaries by Stich (97/) and Harris
(87)1? In that case, does the “trans-
formed” cell now synthesize compounds
which permit it to escape from normal
control mechanisms, or does it fail to
make compounds the accumulation of
which normally turns off cellular repli-
cation? Is there a general loss or de-
rangement of normal controls of en-
zyme synthesis (sec 92)? Does the
escape from contact inhibition shown
by many anecuploid cells reflect the loss
of a recognition signal in consequence
of which the transformed cell in vivo
also grows far beyond normal limits?
Is viral transformation analogous to
spontaneous transformation, the infor-
mation for the phenotypic changes de-
riving, however, from the viral genome
rather than a somatic mutation? Or
docs the virus act indirectly, by initiat-

ing progressive changes in the host
genome?

These and similarly obvious ques-
tions have been posed repeatedly in
the past, and one can lengthen the list
at will. The relevant point is that these
questions in part grow out of studies
with cultured cells, and that some of
the answers can be sought in the same
system.

Senescence. The rate of growth of
most cultured human diploid fibroblasts
becomes progressively slower in the
course of their serial propagation, and
cventually they die (unless they have
in the meantime become transformed).
This is clearly an aging process at the
cellular level, the clucidation of which
merits exploration even if it should
prove to bear no relationship to the
senescence of the whole animal.

Cytotoxic agents. The mechanism of

action of a number of compounds
which  profoundly modify cellular

metabolism has been studied in -some
detail. Thus, the findings that actino-
mycin D combines with DNA to pre-
vent the synthesis of messenger RNA
(93) and that puromycin combines
with the growing polypeptide chain to
stop protein synthesis (94) have pro-
vided powerful tools for a wide variety
of studies at the cellular level. Over
the past decade, in particular, an in-
tensive search for antitumor agents
has uncovered thousands of highly cy-
totoxic compounds (I, 95). It is a
reasonable surmise that the exploration
of their mode of action could similarly
yield a rich harvest of new and im-
portant information on metabolic con-
trols (sec 96).

Summary

A number of apparently unrelated
factors are known to have a pro-
found effect on the metabolism of
cultured mammalian cells; and some
of these may be operative as metabolic
controls in the whole animal as well.
The more complete exploration of (i)
homotypic and heterotypic cellular in-
teractions, (ii) the spontaneous trans-
formations sometimes observed in cul-
tured cells, (iii) the mode of action
of cytotoxic agents, (iv) the multiple
metabolic effects of viral infection, and
(v) the conditions necessary for the
maintenance of specialized function in
cultured cells, can be expected to throw
light on the basic mechanisms under-
lying such complex processes as differ-
entiation, senescence, and cancer.
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The Scientist in the

Federal Service

The federal government has become the nation’s
leading employer of scientists and engineers.

In August of 1964 the Civil Service
Commission issued new salary sched-
ules for scientists and engineers in the
federal service, setting pay rates for
many professional engineering, scien-
tific, and medical positions even above
the newly enacted rates of the gen-
eral salary schedule. The Commission
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took this action under the authority

of the Federal Salary Reform Act of .

1962, on the basis of a decision that
the higher salaries were necessary to
meet nongovernmental pay standards
in occupations in which there is a
shortage of manpower.

This singling out of science for spe-
cial attention is not new in the federal
government. Salary - reform of the
past 2 years caps a decade of legisla-
tive and administrative actions that
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ment’s personnel system responsive to
the requirements of science and tech-
nology. Within the last 10 years em-
ployment conditions for the scientist
in the federal service have been radi-
cally improved.

Ten years ago therc were 56,700
federal employees in the physical and

 biological sciences and 60,500 in engi-
'‘neering, altogether making up 9 per-

cent of the federal white-collar work
force. Now there arc more than 71,000
in science and 188,000 in engineering,
constituting 11%2 percent of the white-
collar work force. Moreover, from
1951 to 1962 federal employment of
white-collar workers increased by 28
percent, while employment of blue-
collar workers decreased by 19 per-
cent.

The impact of science and technol-
ogy has changed the whole makeup
of the federal civil service, and is
still changing it, day after day. Today
there are more professional physical
scientists than general clerks, and more
engineers than typists.

Scientific research and development
are carried out in 25 federal depart-
ments and agencies, principally in the
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