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Normal human diploid fibroblasts 
have a limited life-span in vitro (that is, a 
finite proliferative potential in culture) 
(1). This potential has been shown to be 
inversely proportional to the age of the 
tissue donor (2) and has been widely 
studied as a model for cellular aging. Nu- 
merous biochemical and morphological 
changes occur as these cells reach the 
end of their proliferative potential (1). A 
number of hypotheses have been pro- 
posed to explain this phenomenon; how- 
ever, direct biochemical analysis of cul- 
tures has not yet identified the mecha- 
nisms responsible for limiting the 
proliferative potential of normal human 
cells. 

Many investigators (3-6) have report- 
ed heterogeneity in morphology, inter- 
division time, and ability for clonal 
growth among the individual cells of 
mass cultures of human diploid fibro- 
blasts. At all stages in the life-span in vi- 
tro of human diploid fibroblast cultures 
(WI-38 cells), wide variation in the pro- 
liferative potential of isolated clones was 
observed (7). From these experiments, it 
was not possible to determine whether 
variability continues to develop during 
repeated doubling of the culture in vitro 
or whether the variation is due to hetero- 
geneity among the individual cells in the 
tissue of origin. Alternatively, the varia- 
tion might develop during the process of 
initiating the cells in culture. A more de- 
tailed investigation of this variation 
would provide some insight into the 
mechanisms determining proliferative 
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potential. In addition, this information 
would provide a powerful data base 
against which to test hypotheses. In the 
experiments reported here, we found 
that heterogeneity in proliferative poten- 
tial appears rapidly within a single clone 
of human diploid fibroblasts. We also 
found that the proliferative potentials of 
the two cells from a single mitotic event 
can differ by as many as eight population 
doublings (PD's). 

To determine the intraclonal variation 
in proliferative potential, the distribu- 
tions of doubling potentials were deter- 
mined for three sets of subclones isolat- 
ed from a single clone that was initiated 
from a culture of human embryonic lung 
cells (Flow 2000) (8) in vitro at PD 23. 
Two hundred cells were isolated at ran- 
dom from the parent clone at 16, 26, and 
36 PD's after its initiation as a single cell 
(see legend to Fig. 1). Each subclone was 
observed until the limit of its replicative 
ability was reached, and frequency dis- 
tributions of proliferative potential (the 
number of PD's achieved after isolation) 
were constructed for each set of sub- 
clones (Fig. 1). Cultures were considered 
to be at the end of their proliferative po- 
tential when they failed to double in cell 
number for 2 weeks. At PD 16, one of the 
subclones was used to initiate a second 
set of subclones, and the frequency dis- 
tribution of their proliferative potential 
was determined (Fig. 1, inset). 

Several characteristics of the distribu- 
tions are noteworthy: (i) the parent clone 
was more homogeneous with respect to 
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Intraclonal Variation in Proliferative Potential of Human 

Diploid Fibroblasts: Stochastic Mechanism for Cellular Aging 

Abstract. At several points during the growth of a clone of human embryonic lung 
fibroblasts in vitro, 100 to 200 cells were removed at random and the proliferative 
potential of each cell was determined. At each sample point, a wide variation in 
remaining population doubling ability was observed among the individual cells 
and the distributions of doubling potentials were distinctly bimodal. Further- 
more, the two cells arising from a single mitosis differed in their ability to proliferate 
by as many as eight population doublings (256-fold in the number of cells produced). 
The results suggest that a stochastic process is responsible for determining the limit- 
ed proliferative potential of human embryonic lung fibroblasts. 
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the proliferative potential of its individ- 
ual cells than are mass cultures of the 
same cell type (7); (ii) within only 16 dou- 
blings after starting from a single cell, the 
resulting clone contained cells ranging in 
doubling potential from 0 to 33 PD's 
(Fig. la); and (iii) the distributions are 
distinctly bimodal except for the one ob- 
tained nearest the end of proliferation of 
the parent clone (Fig. lc), where the two 
modes seem to have merged into a single 
mode. 

In view of the rapid development of in- 
traclonal variability in doubling poten- 
tial, we considered it important to deter- 
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Fig. 1. Intraclonal variation in proliferative 
potential. Frequency distribution of prolifera- 
tive potential of subclones isolated from a 
single clone is shown at (a) 16, (b) 26, and (c) 
36 PD's after initiation of the parent clone. 
The frequency distribution of a secondary 
subclone is shown in the inset; this set of sub- 
clones was isolated from one of the subclones 
of group (a) 16 PD's after initiation of the pri- 
mary subclone. The distribution of doubling 
potential of subclones was determined by the 
following procedure. Two days after sub- 
culture in Eagle's MEM supplemented with 
28 mM Hepes buffer and 10 percent fetal bo- 
vine serum, a single cell suspension was pre- 
pared by trypsinization of the log phase cul- 
ture. The cells were cultured at low density 
(1000 to 5000 cells per 60-mm dish) in medium 
MCDB 102 (16) supplemented with 10 percent 
fetal bovine serum in tissue culture dishes 
containing small cover-glass fragments (17). 
Clones were then isolated and grown as de- 
scribed in (7). 
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mine the degree of difference in doubling 
potential between the two cells arising 
from a single mitotic event. In Fig. 2, the 
results of these experiments are present- 
ed in terms of the normalized frequency 
distribution of the proliferative poten- 
tials of one of the cells of a mitotic pair 
whose other cell was able to undergo the 
indicated number of doublings (each his- 
togram combines the results from sever- 
al mitotic pairs). It is apparent that the 
proliferative potential of the two cells 
from a single mitotic event can differ by 
as many as eight PD's. 

Our results agree with those of studies 
(3-6) in which heterogeneity in inter- 
division time and in growth rate within 
individual clones is shown, support the 
observation (9) that a large fraction of 
the cells in a normal culture have a very 
low proliferation potential and therefore 
cannot form large clones, and support 
the finding (10) that a bimodality of colo- 
ny size results from a I- to 2-week in- 
cubation of repeatedly subcloned human 
diploid cells and HeLa cells. In addition, 
we have demonstrated that there is 
marked variation in the remaining prolif- 
erative potential among the cells within 
single clones of human embryonic lung 
fibroblasts. 

The rapid development of intraclonal 
variation and the large differences be- 
tween the products of single mitotic 
events strongly suggest that a stochastic 
process determines the doubling poten- 
tial of human diploid cells. As a clone un- 
dergoes doublings in vitro there is a grad- 
ual loss in the remaining proliferative po- 
tential of its individual cells (the large 
doubling-potential mode shown in Fig. 1, 
a to c, decreases), indicating multievent 
processes. The degree of variability in 
the doubling potential of the subclones 
within the large doubling-potential mode 
is greater than that expected from the 
variable interdivision time previously 
observed (I/). Furthermore, this varia- 
bility is probably not due to contact inhi- 
bition of cells in the interior portion of 
the original parent clone, since the pro- 
portion of cells incorporating 3H-labeled 
thymidine during a 24-hour exposure 
was approximately the same for cells in 
the center and on the periphery of the 
clone (70 and 80 percent, respectively). 
The intrinsic nature of the distribution of 
cells about the large doubling-potential 
mode is further argued by the high de- 
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man embryonic lung fibroblasts had the 
same PD time, proportion of nondividing 
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and at mass-culture densities (1 x 104 
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Fig. 2. Variation in proliferative potential be- 
tween cells arising from single mitotic events. 
The results are presented as the normalized 
frequency distributions of doubling potentials 
of cells whose sister cells were able to under- 
go the indicated number of doublings. The 
number of mitotic pairs analyzed are given in 
parentheses. Cells were cultured in 60-mm 
dishes containing 5 ml of MCDB 102 or 
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quencies; the rate of this transition ap- 
pears to increase as the proliferative po- 
tential of the clone decreases (Fig. la 
and inset). 

The information given in this report 
should be useful for testing hypotheses 
that seek to explain the limited doubling 
potential of human diploid cells. It is 
clear that neither a precise counting 
mechanism (13) nor the commitment the- 
ory of aging (14) are compatible in their 
current form with our findings. How- 
ever, if one considers the involvement of 
stochastic mechanisms in stem cell dif- 
ferentiation (15), our data may be seen as 
compatible with a process of genetically 
controlled terminal differentiation, such 
as has been proposed by Martin et al. (4) 
and Bell et al. (5). The gradual decrease 
in proliferative potential would also be 
compatible with a continuous buildup of 
damage or errors, a process that has 
been theorized. However, the wide vari- 
ability in doubling potentials, especially 
in mitotic pairs, suggests an unequal par- 
titioning of damage or errors at division. 
The transition of the proliferative poten- 
tial subset from large to small suggests 
the occurrence of a more serious species 
of damage or the crossing of a threshold 
level of accumulated damage. In terms of 
somatic mutation theory, the wide varia- 
tion at each cell division suggests muta- 
tion rates (nonlethal but capable of af- 
fecting proliferative potential) approach- 
ing one per cell division. Clearly, all 
current hypotheses should be reexam- 
ined in the light of our data. 

JAMES R. SMITH 
RONALD G. WHITNEY 

W. Alton Jones Cell Science Center, 
Lake Placid, New York 12946 
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Some peptides that are derived from 
the pituitary hormone /-lipotropin are 
reported to exert central effects when in- 
jected systemically, but it is not clear 
why they do so as they often are report- 
ed to be slightly if at all permeable at the 
blood-brain barrier (1-4). An insignifi- 
cant permeability would appear con- 
sistent with the' view that the blood- 
brain barrier, which is composed of cere- 
brovascular endothelial cells that are 
connected by tight junctions (zonulae oc- 
cludentes), is essentially impermeable to 
water-soluble nonelectrolytes, elec- 
trolytes, peptides, and proteins (5, 6). 
Because of their limited cerebrovascular 
permeability (2), it has been suggested 
that circulating peptides enter the brain 
via the choroid plexus and cerebrospinal 
fluid or, if produced in the pituitary 
gland, through routes such as the pitui- 
tary portal system (1). 

In contrast, some investigators have 
reported that peptides are significantly 
permeable at the blood-brain barrier (7). 
These findings, and the observed posi- 
tive central effects to some system- 
ically administered peptides (3), sug- 
gested to us that cerebrovascular per- 
meability of peptides should be 
reconsidered. Moreover, the method 
(brain uptake index) most used to show 
that peptides do not cross the blood- 
brain barrier, is not sensitive enough to 
measure uptake of substances whose 
permeability coefficients are less than 
10-6 cm sec-' (2, 6, 8). 

We therefore employed a more sensi- 
tive method (9) to measure cerebrovas- 
cular permeability of four radioactive 
synthetic opioid peptides that are ana- 
logs of natural peptides derived from f3- 
lipotropin (4, 10). These synthetic pep- 
tides shared a common amino acid termi- 
nal sequence, Tyr-D-Ala-Gly-Phe-Met- 
(11), in which the D-alanine residue was 
placed in position 2 to increase resist- 
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ance to degradation without significantly 
reducing biological activity (4). They 
were: [D-Ala2]methionine enkephalin 
amide; 8-[D-Ala62, 14C-Homoarg69]lipo- 
tropin 61-69; a-[D-Ala2, 4C-Homoarg9]- 
endorphin; and 3-[D-Ala2,14C-Homoarg]- 
endorphin. They corresponded, respec- 
tively, to the following natural peptides: 
Met enkephalin, /3-lipotropin 61-69, a- 
endorphin, and /-endorphin (10). 

Conscious and partially restrained rats 
(adult males) with indwelling femoral ar- 
tery and vein catheters were injected in- 
travenously with 2 to 10 tCi of a radio- 
active opioid peptide; samples of arterial 
blood were removed periodically and 
centrifuged (9). Animals were decapi- 
tated 3 minutes after injection of [D- 
Ala2]methionine enkephalin amide; 3 or 
10 minutes after /-[D-Ala62,14C-Homo- 
arg69]lipotropin 61-69; 4, 8, 20, or 30 
minutes after a-[D-Ala2,14C-Homo- 
arg9]endorphin; and 5 or 10 minutes after 
/3-[D-Ala2,14C-Homoarg]endorphin. The 
brain was removed and dissected into 13 
regions, which were weighed. Radio- 
activity was determined by scintillation 
counting in samples of brain, arterial 
plasma, and whole blood. Brain paren- 
chymal tracer concentration (Cbrain, 

dpm/g) was calculated by subtracting in- 
travascular radioactivity from net mea- 
sured regional radioactivity. Intravascu- 
lar radioactivity was obtained from 
the product of whole blood concentra- 
tion (dpm/ml) x regional blood volume 
(ml/g), where regional volumes ranged 
from 0.015 to 0.035 ml per gram of brain 
(9). 

Tracer purity was confirmed by chro- 
matography of the injected material and 
of the plasma up to the time that the ani- 
mal was decapitated. The fraction r of 
tracer not bound to blood proteins was 
determined by mixing tracer with rat 
serum and measuring radioactivity in 
serum and serum ultrafiltrate. The octa- 
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Entry of Opioid Peptides into the Central Nervous System 
Abstract. Cerebrovascular permeability of four modified opioid peptides-[D- 

Ala2]methionine enkephalin amide, 8-[D-Ala62,14C-Homoarg69]lipotropin 61-69, a- 
[D-Ala 2, 4C-Homoarg 9]endorphin, and /3- [D-Ala 2, 4C-Homoarg ]endorphin -ranged 
from 1.4 to 3.9 x 10-6 centimeters per second in brain regions of the conscious rat. 
These significant permeabilities should allo, the peptides to fill the extracellular 
brain space with a half time of 3 to I1 minutes, as a result of a step increase in 
plasma concentration of unbound peptide. 
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