Loss of Division Potential in vitro:
Aging or Differentiation?

Departure of cells from cycle may not be a sign

of aging, but a sign of differentiation.

E. Bell, L. F. Marek, D. S. Levinstone, C. Merrill
S. Sher, I. T. Young, M. Eden

The notion that diploid cells age in vi-
tro is based on the observation that they
undergo only a limited number of popu-
lation doublings (/). It has been assumed
(i) that the life-span of young or even em-
bryonic cells can be telescoped if the
cells are pushed to divide by sub-
culturing them at regular intervals, sug-
gesting that cells age as some alloted
number of divisions is used up; and (ii)
that as cells approach limiting population
doubling levels (PDL’s) and pass out of
cycle they undergo degenerative changes
and die. In this article we examine these

An Alternative View

1) Our first point is that nondividing
“‘phase 3’’ cells must be the descendants
of many different lineages among which
the average number of generations can
vary greatly; this, in part, is because of
the heterogeneity of interdivision times
observed in mass cultures and in clones.
Macieira-Coelho et al. (3) reported varia-
bility of interdivision times (IDT’s) after
labeling mass cultures with [*H]thy-
midine in short-term experiments and
attributed the variability to prolonged G,

Summary. We have examined the hypothesis that diploid cells grown in vitro age,
and propose that only proliferative potential and not life-span is telescoped. We sug-
gest that explanted or transplanted diploid cells are driven to divide by the process of
subculturing in vitro or in vivo and, in response to this pressure, also complete their
differentiation and become refractory to further mitotic stimulation. We conclude that
differentiation rather than “mortality” distinguishes diploid from transformed cells and
that the former may not age in vitro, but are lost because culture methods are selec-

tive for cycling cells.

assumptions and provide evidence for an
alternative interpretation—namely, that
cessation of proliferation of diploid cells,
particularly fibroblasts, in culture repre-
sents a step of differentiation and not one
of senescence.

The population dynamics of cultures
that have a limited life-span have been
described as consisting of three phases
(2): a first phase during which primary
cells establish themselves as a confluent
sheet; a second in which division of the
culture into two parts yields a constant
number of cells; and a third during which
cell numbers diminish with each suc-
ceeding subdivision of the culture.

These three phases, however, which
describe population dynamics, do not re-
flect the states of the cells which popu-
late the culture during each phase.
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and G, periods at high PDL’s, but data
for individual cells giving the range of
variation were not provided. The IDT’s
for cells of various PDL’s are available
from the work of Absher and co-workers
“@, 5). We determined IDT’s from cine-
matographic histories of cells in lineages
analyzed by a new interactive computer
system and found them to be hetero-
geneous for cells of all PDL’s (Fig. 1) (6).
We observed similar intraclonal variabil-
ity of IDT’s in human foreskin fibro-
blasts, whether they were of low or me-
dium PDL'’s. Cells of a 36th PDL clone,
for example, had an average IDT of
42 = 25 hours. The IDT’s of cells of a
15th PDL clone, strain 1519, were also
highly variable (Fig. 1).

From the genealogies provided ¢, 5)
and from our own data, we also calcu-
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lated distributions of the ages of all cells
of colonies at the end of 200 hours and
found them to be highly variable for both
high and low PDL’s (Fig. 2). We show
that the large variance values for IDT’s
and age are significant because sister
cells have very different numbers of de-
scendants. Other cell lineage data , 5)
as well as our own provide the evidence.
Table 1 indicates the number of descen-
dants of each member of daughter,
granddaughter, and great granddaughter
pairs for several lineages started with
founder cells taken at the indicated PDL.
It is clear that the population present
when the clones were terminated, as well
as at other times, consisted of individ-
uals with markedly different cell division
histories, some cells being the products
of many fewer divisions than others.

2) Our second point is that departure
of cells from cycle as well as variability
of IDT’s is responsible for clone size het-
erogeneity. Cloning experiments show
that cells of any PDL are heterogeneous
with respect to proliferative potential.
Founder cells taken at any PDL fall into
several classes with respect to prolifera-
tive potential. The distribution of clone
size (cells per clone) of human skin fibro-
blasts of PDL 8.5 was found by Martin ez
al. (7) to be bimodal. Secondary clones
generated from the most rapidly prolifer-
ating clones after the 22nd PDL and
quarternary after the 37th PDL also gave
rise to two general classes of clones:
small and large. Merz and Ross (8) also
demonstrate a wide range of sizes for
clones of WI-38 cells of the 20th PDL.
Similar results were reported by Smith
and Hayflick (9) who followed clones to
the completion of their ‘‘life-span’’ in
vitro. Even at relatively low or inter-
mediate PDL’s only 50 percent of the
founder cells were capable of making
clones with more than 28 cells.

We analyzed a colony of cells at the
36th PDL in detail and found that after
10.5 days no members of the colony un-
derwent further divisions. The cessation
of divisions appears to be unrelated to
cell density; that is, contact inhibition
seems to play no part in limiting popu-
lation growth. In fact most cells of small
colonies in which divisions are no longer
occurring appear to be well separated
from each other. The oldest cell in the
field had not divided for 16.4 days and
the youngest for 8.0 days. The average
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age (out of cycle time) was 12.8 = 1.7
days. We observed similar departures of
cells from cycle in clones arising from
low PDL founder cells. The range of in-
terdivision times was 17.5 hours to 5.5
days. This suggests that the variability of
clone size is due to two factors: (i) depar-
ture of cells from cycle and (ii) hetero-
geneity of interdivision times. Moreover,
it suggests that no rigid causal nexus ex-
ists between cell divisions and aging—
that is, cells are not required to pass
through a fixed number of divisions be-
fore leaving cycle permanently.

3) Our third point is that hetero-
geneity of features such as size and mo-
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tility is also characteristic of diploid cells
in culture. We examined the fates of indi-
vidual cells in lineages for periods up to 3
weeks and determined that cells derived
from founders of low as well as high
PDL’s can leave cycle at some time after
division and remain out of cycle. In a
36th PDL lineage, all of whose cells in
the field eventually fell out of cycle, we
compared features of cells that left cycle
with those of cells that were cycling.
Cells in cycle remained much smaller
than most of those that left cycle, many
of which became giant cells (Fig. 3).
However, a few very large cells were
seen to divide (Fig. 3). Similar results
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have been reported by others (5). Only a
small difference (15 percent) in cell ve-
locity (corrected for the time during
which no translocation occurs) was ob-
served between cells which were in cycle
and those which were not (Fig. 4). On
the other hand, a large difference was ob-
served in stationary time (Fig. 5). Cells
that left cycle were stationary on the av-
erage nearly 50 percent of the time,
whereas cycling cells spent only 12 per-
cent of their time in a stationary mode.
So in addition to cell cycle hetero-
geneity, differences of size and motility
exist within the clonal population.

4) Our fourth point is that ‘‘phase 3"
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Fig. 1. The heterogeneity of interdivision times (IDT’s) of human diploid fibroblasts in clones derived from founder cells of varying population
doubling levels (PDL’s) is presented as a bar graph. The distributions of IDT’s from clones of cells of the 26th, 29th, 32nd, 51st, and 65th PDL’s
were derived from published clonal geneologies of WI-38 cells 4, 5). The 15th and 36th PDL distributions were derived from clones of neonatal
foreskin fibroblasts (strain 1519) (36). Nonconfluent cultures at varying PDL’s are shaken to remove dividing cells that have detached from the
substrate. Approximately 50 cells are transferred to each Lux tissue culture dish (60 mm). After the cells have settled and attached (2 to 24 hours),
the old medium is replaced (McCoy’s 5A with 20 percent fetal calf serum). The Lux top is replaced with a Cooper tissue culture dish top (Falcon
3009) and sealed with sterile silicone grease. The dish is placed on the stage of a microscope equipped with Hoffman modulation contrast optics in
a 5 percent CO, atmosphere at 37°C. A cell selected for study out of the one or two in the camera field of view is photographed every 5 minutes (16
mm H&W VTE Panchromatic film; x6.1) for 2 to 3 weeks. The colony derived from the founder cell is analyzed interactively with computer
assistance (37). Basically, the trajectories, mitotic histories, contacts, velocities and stationary times, areas, and other features of all cells are
recorded and analyzed by the TRACK program (6). The distributions of IDT’s presented here show similar heterogeneities despite the wide range
of PDL’s and the source of the diploid founder cells (38). Consequently, mass cultures of cells at any PDL are likely to contain dividing cells
whose generation numbers vary greatly.
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cells cannot be assumed to be moribund
because they have ceased to divide. Al-
though it is well established that popu-
lations of diploid cells in vitro at some
point cease to increase, one of the least
documented features of the aging-in-vi-
tro hypothesis is the accepted conclusion
that phase 3 cells are moribund and
eventually die. No hard data support this
conclusion. It is based on the observa-
tion that cell proliferation ultimately
stops and further division of the culture
into two or more parts results in a de-
cline in the number of cells per culture
vessel. It is also true that with most stan-
dard media cells become covered with
refractile cell debris and often detach
from the substrate. We observed the sur-

vival of foreskin fibroblasts (strain 1519)
in culture for long periods after cell divi-
sions no longer occurred. Our first cul-
tures of 1519 cells were kept alive in
Ham’s medium (MCDB 104) (10) for 22
months, more than a year to 14 months
after cell divisions terminated. Parallel
cultures grown in McCoy’s medium (//)
were abandoned after 12 to 14 months,
when too few cells remained after replat-
ing to carry the cultures forward. In our
experience, replating itself inevitably re-
sults in loss of cells.

Nor can we assume that embryonic
cells that leave cycle at any PDL prior to
“‘phase 3"’ in culture have become senes-
cent. We observed instances of sister
cells, one of which leaves cycle while the

Table 1. Heterogeneity of the numbers of descendants in intraclonal lineages.

Descendants
Starting S '
PDL ource Founder Daughters Grand- Great grand-
° of founder daughters daughters
24 12
12
51
27 13
14
26th WI-384, 5) 112
27 2
18
61
34 13
19
11 ‘7‘
22 5
11
6
29th WI-384, 5) 57
3
8 5
35 1
27 16
2 :
33 9
21
12
32nd WI-384, 5) 67
17
34 e
17 9
1 _
8 ; ’
5
36th 1519 (6) 26
7 6
18 5
11
6
1
3 2
11 ) 2
6
S1st WI-38 4, 5) 30
1
4 3
19 4
15
11
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other generates many descendants, as
well as sister cells with widely different
interdivision times. Further studies of
cells that leave cycle early in the history
of the population will have to be con-
ducted to discover whether they remain
healthy and are retained in subculturing.
Biochemical studies have shown that
while phase 3 cells differ in some re-
spects from phase 2 cells, they are essen-
tially normal. All phase 3 cells are active
in RNA synthesis (/2); their DNA con-
tent cannot be distinguished from that of
phase 2 cells (I3, /4); they can ligate x-
ray damaged DNA strands at the same
rate as that of cells in young cultures
(15); their carbohydrate metabolism is
normal (/6, 17); so is their permeability
(13); respiratory and other enzymes (17,
17a) are present in the same concentra-
tion as that of low PDL cells. Other bio-
chemical similarities have been tabulated
by Cristofalo (I8).

Reported biochemical differences be-
tween phase 2 and phase 3 cells reflect
differences of differentiation rather than
of age. We refer to differences such as
the concentration of lysosomes and ly-
somal enzymes (/9), the character of the
propyl hydroxylation system associated
with collagen synthesis (20) and the ca-
pacity to catabolize proteins (I35, 21), as
well as differences of size, adhesiveness,
motility, and ease of culturing (22). Bio-
chemical and other reported differences
between cells of various PDL’s in phase
2 and early phase 3, based on analyses of
mass cultures, may represent only aver-
ages because at each PDL there are
mixtures of cells which have left cycle
and those which have not.

Further Differentiated Fibroblasts

The four points we have made lead us
to propose that diploid fibroblasts in cul-
ture consist of two classes of cells: cy-
cling fibroblasts (CF cells) and further
differentiated fibroblasts (FDF cells). At
low PDL’s, cell strains such as WI-38,
WI-26 or MFC-5 derived from em-
bryos or 1519 cells derived from a neo-
nate would consist mainly of CF cells,
whereas cultures of higher PDL’s would
have an increased proportion of FDF
cells. Since fibroblasts grown in vitro can
be stimulated to divide, they may also be
stimulated to leave cycle and differen-
tiate further as fibroblasts do in the
granulation tissue of a wound (23). There
may, in fact, be a strong tendency to do
so, one which we represent by the fol-
lowing:

CF — =2 FDF
SCIENCE, VOL. 202



Cells in an organism must have this ten-
dency, but to a lesser extent than cells in
vitro, where ultimately all cells of the
population may be forced to complete
differentiating.

When the number of differentiating
cells in vitro exceeds the number of cells
arising from division, a critical inflection
occurs in the population growth curve,
after which division of the culture into
two or more parts results in a decline of
cell numbers.

The factors that drive CF cells into the
FDF state in vitro are still unknown.
Small perturbations, both intra- and ex-
tracellular, may be responsible. For ex-
ample, the conditions of cloning may
constitute one such set of perturbations,
since many founder cells even at low
PDL’s exhibit severely limited doubling
potential. This seems very clear in the
experiments of Smith and Hayflick (9)
where large numbers of cells drop out of
cycle early. The ‘‘bottleneck’ condi-
tions of Holliday et al. (24) which reduce
population doubling expectations by up
to ten generations may in fact be like
cloning conditions. Another experimen-
tal trigger of differentiation may be tem-
porary agar overlays that prevent cells
from dividing and reduce their capacity
to proliferate in proportion to the period
during which the cells are maintained un-
der agar (25). Still another may be a tran-
sient decrease in serum concentration
from 10 to 0.1 percent (26)—which also
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reduces doubling potential. A transient
decrease from 10 to 0.5 percent had no
such effect (27). In addition to a built-
in tendency to complete their differ-
entiation, inadequate serum or some
other culture condition could drive CF
cells into the FDF state and be respon-
sible for the considerable variation in the
“‘life-span’’ of mass cultures of fibro-
blasts in vitro reported by Holliday et al.
24).

Studies of the serial transplantation of
mouse mammary-gland tissue in vivo
have brought out the distinction between
‘‘growth-span’’ or proliferative potential
and ‘‘life-span’ (28). When mammary
tissue is subcultured at short intervals (3
months) the growth-span is contracted
and subculturing is no longer possible af-
ter a period of 22 months; but if the inter-
val between transplants is 1 year, sub-
culturing is still possible after 8 years
and, as Daniel suggested, possibly indef-
initely (29). We interpret the data to
mean that cells repeatedly pressed to di-
vide attain a differentiated state in which
they are refractory to further mitotic
stimulation and to subculturing under the
conditions employed. Being refractory
to mitotic stimulation need not mean
they are moribund. Similarly, if phase 3
cells are not moribund, why then are
they so difficult to culture? Our answer is
that present techniques and media favor
proliferating and not differentiated cells.
By the end of phase 3 most cells, by our
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designation, are FDF cells which may re-
quire special conditions for their mainte-
nance. Culture and handling conditions
which favor differentiated as well as cy-
cling cells need to be developed. It is
possible that the continued survival of
cultures in Ham’s medium (MCBD 104),
after all cells have differentiated, is due
to the presence of the polyamine putres-
cine. It has been reported that amino-
guanidine can enhance survival of termi-
nal nondividing WI-38 cultures by at
least 4 months (30). Aminoguanidine in-
hibits diamine oxidase which deaminates
putrescine. Synthesis of putrescine may
be reduced, or synthesis of diamine oxi-
dase may increase in cells that leave
cycle and differentiate further. Surely it
is diluted as the number of cells per cul-
ture vessel decreases and the cultures
consisting of nondividing cells are split
into two or more parts.

It is of more than passing interest that
Dell ’Orco et al. (27) extended the chron-
ological ‘‘life-span’’ of human foreskin
fibroblasts for 6 months by keeping them
in low concentrations of serum in a non-
dividing condition. Given an adequate
environment these further differentiated
fibroblasts might have an expected life-
span equal to that of muscle, nerve, or
other cells which leave cycle in the pro-
cess of completing their differentiation
and live as long as the individual of
which they are normally a part. Gelfant
and Smith (37) suggested that some tis-

PDL
15th % 36th
26th g 51st
29th E 65th

110.1-
120

140.1- >150.1
150

130.1-
140

120.1-

110 130

Fig. 2. The heterogeneity of cell age in clones from cells of varying PDL’s. The bar graph shows the age distribution of cells produced in the first
200 hours of filming. Age is here defined as the elapsed time since the last division. Founder cells of all PDL’s give rise to colonies of different
sizes with about 50 percent of them generating less than 28 cells (9). The age distribution of cells in clones depends in part on the proliferative
potential of the founder cells. Large clones (due to a founder of high proliferative potential) will have, on the average, young cells (that is, cells
having short IDT’s). Small clones (due to a founder of low proliferative potential) will have old cells 37).
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sues complete their ‘‘cellular aging”’ dur-
ing embryogenesis, whereas others do so
later in life; in both, however, the pro-
cess consists of a conversion of cells
from a cycling to a noncycling state, the
latter, although not irreversible, being

that undergo metaplasia; their view is
that the cultures ‘‘differentiate them-
selves to death.”” However, if the cessa-
tion of cell division is not taken as a sign
of aging but one of differentiation, the
event is akin to what occurs during de-

“‘synonymous with cellular aging.”’
Similarly, Martin and co-workers (7)
proposed that the bimodality of clonal
size can be explained by the presence of
a subpopulation of differentiating cells

velopment when virtually all cell types
undergo divisions and then differentiate
further, and during later life when cells
such as fibroblasts leave cycle after some
divisions, in the course of a specialized
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Fig. 3. Comparison of areas of cycling and noncycling cells of a 36th PDL (strain 1519 clone).
The area of dividing and noncycling cells (cells out of cycle for more than 10 days) was calcu-
lated with computer assistance (39). Measurements were made when cells were flattened and
separated from other cells. For dividing cells, two measurements were made under similar
conditions: one immediately after division and one prior to the subsequent division. For non-
cycling cells, three measurements were made over the *‘life’’ of the cell. All measurements are
plotted in the histogram. The noncycling cells have a much larger area than the cycling cells.
Although the large size of noncycling cells can be attributed in part to continued growth with
increased life-span of the individual cell, it might also reflect changes in cell adhesiveness and
motility. Volume measurements might yield somewhat different results.

[ cycling cells

[l Cycling cells
. Noncycling cells — M

“or . Noncycling cells

Number of cells (%)

0
0 04-05

0.6-07 0809 1.0-1.1
Corrected velocity (um/min)

1213 0 110 21-30 41-50

Stationary time (%)

61-70

Fig. 4 (left). Average cell velocity of cycling and noncycling cells of a 36th PDL clone, strain
1519. With computer assistance we can follow and record digitally cell translocations (cell nu-
cleus) from frame to frame over the life of each cell in a clone. The average velocity of a cell is
defined as the total time during which the cell nucleus shows no net translocation (stationary
time, Fig. 5) subtracted from the total life-span of the cell divided into the total distance traveled
by the cell (sum of translocations between each frame). As seen here, cycling and noncycling
cells show very little difference in their average velocity when moving. This result is different
from those reported by others (4, 5), in which stationary time is not taken into account. Fig.
5 (right). Stationary times of cycling and noncycling cells of a 36th PDL clone, strain 1519.
While cycling and noncycling cells show surprisingly little difference in their average velocities,
they differ considerably in the amount of time spent in a stationary mode. Noncycling cells
spend nearly half their time without translocating, whereas cycling cells spend only a little more
than a tenth of their time without moving.
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activity such as wound healing, and then
complete their differentiation. Since the
fibroblast population in the adult orga-
nism will have had more time to com-
plete its development than the popu-
lation in the embryo, but is not forced to
divide as cells in vitro may be, it too
should have a high concentration of FDF
cells, but only moderately so. This idea
is supported by results of Marciera-
Coelho (32), who found in sister cultures
labeled continuously that 97 percent of
embryonic cells at a low PDL synthe-
sized nuclear DN A while only 66 percent
of adult cells at a low PDL did so. There
is no reason to believe that 34 percent of
the adult cells that did not divide were
moribund or had undergone more divi-
sions than the dividers. In the organism,
maintaining a balance of CF and FDF
cells would ensure the availability of a
pool of cells capable of dividing. It seems
unlikely that high concentrations of FDF
cells like those in ‘‘phase 3" cultures
would occur anywhere except possibly
in scar tissue. In the organism, therefore,
CF cells might exist in yet another
state—one of preparedness for divi-
sion; we designate them as potential CF
cells or PCF cells. We picture the inter-
relationship among the three classes of
fibroblasts as follows:

PCF &—=CF < FDF

Conclusion

Normal diploid fibroblasts grown in
vitro may constitute a system in which
cells regularly leave cycle and enter a
further differentiated noncycling state.
Just as in the embryo (and for fibroblasts
during adulthood) cells may pass through
a finite but not fixed number of divisions
before completing differentiation; so in
vitro fibroblasts may perform similarly,
the main difference being that in vitro
eventually all of them differentiate fur-
ther. If our hypothesis is correct, cul-
tured fibroblasts from embryonic or neo-
natal sources alone are not an appropri-
ate subject for the study of aging.
Instead, as Schneider and Mitsui (33)
have suggested, comparisons of fibro-
blast cultures derived from human do-
nors of different ages may be more use-
ful.

Recently it has been proposed that
while most diploid cells in culture are
committed to aging, a subpopulation that
is not so committed and that is essen-
tially immortal as judged by its capacity
to proliferate is lost because of handling
methods (24). This view would endow at
least some diploid fibroblasts with a
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property enjoyed by transformed lines,
namely immortality in the sense of un-
limited proliferative potential. Our rea-
soning suggests that the difference be-
tween transformed cells and normal dip-
loid cells lies in the inability of the
former to differentiate rather than in
some intrinsic capacity to remain immor-
tal which, given the right conditions,
might be a property of noncycling diploid
cells as well.

With certain exceptions (34), notably
cells of embryos whose death contrib-
utes to the execution of tissue morpho-
genesis and cells of the adult—such as
keratinocytes and erythrocytes which
exchange immortality for specialization—
cells of organisms need not be pro-
grammed intrinsically to die (35). Cellu-
lar death, then, may be a consequence of
organismic death, and cellular aging,
where it occurs, a product of organismic
or systemic as well as environmental at-
trition.
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