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Abstract The capacity to regenerate cell compart-
ments through cell proliferation is an important
characteristic of many developed metazoan tissues.
Pre- and post-natal development proceeds through the
modifications occurring during cell division. Exper-
iments with cultivated cells showed that cell prolif-
eration originates changes in cell functions and
coordinations that contribute to aging and senes-
cence. The implications of the finite cell proliferation
to aging of the organism is not the accumulation of
cells at the end of their life cycle, but rather the drift
in cell function created by cell division. Comparative
gerontology shows that the regulation of the length of
telomeres has no implications for aging. On the other
hand there are interspecies differences in regard to
the somatic cell division potential that seem to be
related with the “plasticity” of the genome and with
longevity, which should be viewed independently of
the aging phenomenon. Telomeres may play a role in
this plasticity through the regulation of chromosome
recombination, and via the latter also in development.
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Rationale for the use of proliferating cells in vitro
to investigate aging

Years ago gerontologists thought that proliferating
cells were of secondary importance to study aging, it
was supposed that terminal differentiated cells were
the relevant ones to investigate human senescence.
This view led to criticisms in regard to the so called
Hayflick limit. However, cell division is crucial for
aging of the organism, it concerns inter alia tissue
regeneration, wound healing, and the immune
response. The fusion of the gametes triggers an
accelerated expansion of the number of cells, which
decelerates progressively. Cell renewal persists in
several compartments all along the human life span.
The cells of connective tissue are mitotic cells, the
pancreas replaces its cells every 24 h, the cells lining
the stomach are renewed every 3 days, white blood
cells are renewed every 10 days, and the skin is
replaced every 6 weeks (Capra 1997). Approximately
70 g of proliferating cells are discarded in the small
intestine every day (Potten et al. 1987). Moreover, it
was thought that neurons were completely devoid of
renewal potential but in some regions of the central
nervous system regeneration could be ascertained.
Maintenance of another terminally differentiated cell,
striated muscle, depends on mitotic satellite cells.
Some gerontologists rejected the use of cells
cultivated in vitro for the study of aging of the
organism. They were not aware that cells maintained
in vitro reveal many of the properties they display in
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the organism. Indeed cell culture in vitro has been
used to detect developmental modifications and to
understand many human pathological conditions
(reviewed in Macieira-Coelho 1988). Hence, if cells
can express in vitro the changes occurring during
development and disease, there is no reason to
believe that they cannot express the changes taking
place during aging of the organism. Unfortunately the
field was misdirected through wrong experiments
mentioned below that led to the concept that the
accumulation of non-dividing cells is the hallmark of
aging. This originated obvious criticisms from ger-
ontologists using other approaches to study aging. In
spite of these misunderstandings a clear picture has
finally emerged giving new views of the mechanisms
of aging.

The understanding of how cell division contributes
to aging was possible thanks to the work of Hayflick
and Moorhead (1961) who suggested that the finite
division potential of human fibroblasts in vitro is the
expression of aging at the cellular level. Hayflick
(1965) compared the division potential of human
embryonic fibroblasts with those of postnatal origin
and found that the latter had a shorter division
potential, showing that the proliferation potential
declines with development. Several groups compared
the long term proliferation of postnatal fibroblasts in
vitro with donor age. Most investigators observed an
inverse correlation between proliferation an donor
age, not only for fibroblasts but also for other cell
types (reviewed in Macieira-Coelho 1988). However,
at least two groups did not find a correlation
(Goldstein et al. 1978; Cristofalo et al. 1998). It
should be stressed that this parameter is difficult to
ascertain since there are different fibroblast popula-
tions differing in growth potential, which is related to
the developmental characteristics of each organ and
tissue (Macieira-Coelho 2003). Indeed, the paper
from Cristofalo’s group suggests that the cell popu-
lations studied from older donors come from tissues
containing a mosaic of cells each having different
population doubling potential. These cell populations
evolve during proliferation with increasing heteroge-
neity of the division cycle that becomes longer to
complete and whose initiation becomes more random
so that the mathematical formula used to calculate the
number of divisions is unrealistic; indeed after
subcultivation, some cells divide once, others two
or three times, and others do not divide but do so after
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the following subcultivation. In other words, there is a
great intercellular variation in the latency of the
initiation of the division cycle. The heterogeneity in
cell cycling is progressive illustrating the continuous
functional changes taking place throughout the prolif-
eration life span (Macieira-Coelho et al. 1966; Macie-
ira-Coelho 1967, 1974; Absher and Absher 1976;
Macieira-Coelho and Azzarone 1982). These kinetics
of cell proliferation end up with a post-mitotic state
with a particular morphology, which has been denom-
inated phase IV (Macieira-Coelho and Taboury 1982)
in addition to the phases I, II and III described by
Hayflick and Moorhead (1961). There are other
parameters that render the detection of a correlation
difficult, they concern the physiopathology of the
donor; certain conditions decrease and others increase
the division potential (Macieira-Coelho 2003).

Two groups tested the correlation between the
fibroblast division potential in vitro and the longevity
of the respective species. One study did not find a
correlation (Stanley et al. 1975) and another found a
direct correlation (Rohme 1981). Unfortunately in
both studies embryonic cells from some species were
compared with postnatal cells from other species.
Moreover, life tables for the animals studied in the
paper by Stanley et al. do not exist and the longevity
of the zoo animals cited is dependent on observations
made on very few captured individuals, so we still
have to wait for the right evidence.

Two works led to a wrong direction: they
concluded that post-mitotic fibroblasts increase expo-
nentially at each cell population doubling (Merz and
Ross 1969; Cristofalo and Sharf 1973); the post-
mitotic fibroblasts were called senescent cells and
considered as the hallmark of cell aging. These two
works used a wrong methodology that measured only
fast dividers (Macieira-Coelho and Azzarone 1982);
the first publication used cloning and in the second,
cells were plated at low densities and labelled with
high doses of thymidine. The probability of entering
the division cycle is not the same for an isolated cell
or a cell making contacts with other cells. The
cooperation between cells, either through secretion of
metabolites and creation of a microenvironment or
through contacts, can enhance the commitment to
divide. Hence these works measured only the division
capacity of the most vigorous cells and led to the
belief that the main event was the final non-mitotic
state. Other results that deviated the attention from
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the essential question concern an experiment that
indicated an increase with donor’s age of the number
of terminal non-mitotic fibroblasts in vivo (Dimri
et al. 1995). Several experiments showed that the
marker used is not valid (Macieira-Coelho 2010).

In general it is accepted that there is a slow down
with age of the proliferation of mitotic cells in the
mammalian organism, that this decline influences
some aspects of aging of the organism, but obviously
one does not age because our cells stop dividing.
Several works have shown that the fibroblasts of very
old people maintain the capacity to divide. It should
be reminded that cells can regenerate to a certain
extent in vivo the long term division potential during
resting phase (reviewed in Macieira-Coelho 1988).

Several markers known to be present in the
terminal postmitotic cells in vitro were not found in
cells directly taken from old donors (reviewed in
Macieira-Coelho 2010). It was reported that a marker
for telomere-associated DNA damage increased
exponentially in baboon skin fibroblasts cultivated
from animals of different ages; it reached a value of
15-20% in cells grown from very old animals
(Herbig et al. 2006). The cellular marker used is
associated with the so called senescent cells in
cultured human fibroblasts aged in vitro (Herbig
et al. 2004). No tests were performed to check the
health status of the baboons. This is an important
point since in human tissues terminal post-mitotic
fibroblasts were found to accumulate only in patho-
logical conditions (reviewed in Macieira-Coelho
2010). The accumulation of terminal post-mitotic
cells only in pathological conditions raises the
hypothesis that a regular evolution of the mesenchy-
mal fibroblast proliferation life span is necessary for
homeostasis to prevail. Hence it was suggested that
the accumulation of post-mitotic terminal fibroblasts
in pathological processes signals a disturbance of the
homeostatic regulation of the differentiation cycle
and is part of the pathological picture (Macieira-
Coelho 2010). It favors the view that the evolution of
the fibroblast compartment is a developmental pro-
cess (Martin et al. 1974). There is strong evidence
showing that fibroblasts play a crucial role in pre- and
postnatal development, that their properties evolve
with proliferation through the organism’s life span,
and that these modifications can be studied in vitro. It
led to significant contributions concerning the control
of the cell division cycle, how cells are modified

through division, and how this is responsible for
several aspects of the aging syndrome.

Molecular modifications caused by cell divisions
Cytogenetic and epigenetic modifications

The first attempts to elucidate the causes of the
decline of the proliferation potential, concerned
the chromosomes. A progressive reorganization at
the cytogenetic level was described during serial
proliferation (Saksela and Moorhead 1963; Chen and
Ruddle 1974). Moreover, it was thought that due to
semiconservative DNA synthesis cells get the same
amount of genetic material during the division cycle.
However, it was demonstrated that newly synthesized
DNA is distributed asymmetrically between daughter
cells (Macieira-Coelho et al. 1982); it results in an
accumulation of differences between cells during
serial divisions. During the last 3—4 divisions (phase
IV) the distribution of DNA becomes chaotic
(Macieira-Coelho 1995).

Epigenetic modifications were also thought to be
implicated in the limited division potential. The first
work performed in this respect examined DNA
methylation in diploid human fibroblasts, early and
late in their replicative life-span (Reis and Goldstein
1982). Methylation at internal (3') cytosines
increased from 59 to 64% of sites in one cell strain
at late passage, remained constant in another, and
decreased in four other strains. Three discrete classes
of highly repetitive DNA had consistently 70-80% of
sites methylated at 3’ cytosines in all clones and in all
strains examined both at early and at late passage.
Considerable interclonal and intraclonal heterogene-
ity was observed for methylation in the y-globin
coding region of DNA. It was concluded that the
pattern of methylation in endogenous gene regions
appears to undergo random drift during replication of
diploid fibroblasts. Later Wilson and Jones (1983)
observed a decrease during replication in 5-methyl-
cytosine in cultured human, hamster, and mouse
fibroblasts. The greatest loss was observed in mouse
cells, which survived the least number of divisions.
The authors concluded that it remains to be shown if
this represents a response to the culture environment
or has any significance in vivo. Bork et al. (2010)
studied methylation through the long-term culture of
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human mesenchymal stromal cells. Overall, methyl-
ation patterns were maintained throughout aging but
there were significant differences at specific CpG
sites, inter alia in homeobox genes and genes
involved in cell differentiation. Interestingly the
methylation changes were overlapping in aging in
vitro and in vivo, supporting the view that senescence
in vitro represents a developmental process. It should
be reminded that mesenchymal stromal cell are
precursors for mesodermal cell lineages such as
osteocytes, chondrocytes, and adipocytes. The same
group (Koch et al. 2011) analyzed methylation in
long-term cultures of human dermal fibroblasts,
which can not be induced towards differentiated
lineages. In 766 CpG sites they found hypermethy-
lation and in 752 hypomethylation. Age-associated
DNA methylation changes in dermal fibroblasts and
mesenchymal stromal cells were often regulated in
opposite directions. Thus, the second highest hyper-
methylation upon aging of dermal fibroblasts was
found in the CDKN2B (INK4a) locus, which was
hypomethylated in mesenchymal stromal cells.
Hornsby et al. (1991) followed DNA methylation in
the steroid 17 alpha-hydroxylase flanking region of
bovine adrenocortical cells senescing in culture. Two
CpG sites that are methylated in adrenocortical cells
in vivo were observed to undergo rapid demethyla-
tion in the cultivated cells in vitro. Two adjacent sites
that are methylated in vivo did not demethylate; they
are completely nonmethylated in fibroblasts.

More than 50 metabolic, genetic, and structural
modifications were described at different hierarchical
levels of the organization of DNA and more than 40
genes have been implicated in the final arrest of
division (reviewed in Macieira-Coelho 2003).

Telomeres and aging

One modification has particularly drawn the attention
of gerontologists, it concerned the shortening of
chromosome ends, the telomeres. One can still see
claims in the literature that this is one of the main
causes of aging. The hybridization of the terminal
restriction fragments (TRF) of DNA from serially
dividing human fibroblasts with the appropriate probe
showed a shortening of the hybridization signal
which was interpreted as a shortening of the
telomeres as population doublings increase (Harley
1991). The extension of the human fibroblast life
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span accompanied by an increase in the hybridization
signal, after the introduction of telomerase by trans-
fection of the cells with vectors encoding the human
telomerase catalytic unit, supported the relationship
of causality between telomere shortening and the
cell’s finite division potential (Bodnar et al. 1998).
Since some immortal cell lines express the enzyme
telomerase, and develop the capacity to reconstitute
telomeres after replication, the link between telomere
integrity and replication potential seemed established.
Investigators were quick to equate telomere shorten-
ing with proliferation and aging. The reasoning was
based on the syllogism: the number of potential
divisions decreases with aging, telomeres are short-
ened during the proliferation of fibroblasts, hence
aging is a function of telomere shortening. The
syllogism, however, is unjustified because the major
and minor propositions have not been ascertained in
comparative gerontology studies.

The erosion of telomeres through division is not
universal. In humans the division potential in vitro of
normal keratinocytes (Kang et al. 1998; Rheinwald
et al. 2002), cardiomyocytes (Ball and Levine 2005)
and astrocytes (Evans et al. 2003) is independent of
telomere size. Results obtained with normal in vivo
and in vitro lymphocytes vary with the laboratory and
the methodology. Some investigators found that
telomeric sequences are lost in proliferating lympho-
cytes (Vaziri et al. 1993), others could not find any
alteration of chromosome ends (Luke et al. 1994;
Kormann-Bortolotto et al. 1996), while still others
observed a decline early during the human life span, a
plateau between age 4 and young adulthood, and a
gradual attrition later in life (Frenck et al. 1998). This
development-related rather than senescence-related
modification in telomere structure is compatible with
another work showing that human telomeres are
modified already during the embryonic stage in
different organs (Ulaner et al. 2001). In humans,
telomere lengths did not show a clear correlation with
tissue renewal times in vivo and are characteristic of
each human individual (Takubo et al. 2002); more-
over the rate of telomere loss slows throughout the
human life span (Unryn et al. 2005). Fibroblasts from
patients with Werner’s syndrome, which have a
shorter life span than those of normal age-matched
control donors do not have shorter telomeres than
control cells (Schultz et al. 1996). The mean terminal
repeat fragments of cells from patients with Werner’s
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syndrome that had ceased replication were signifi-
cantly longer than those of the controls. This can be
interpreted in terms of the deviation from normal
development that characterizes the Werner syndrome,
rather than premature aging. Experiments performed
with cells from Hutchinson-Gilford progeria syn-
drome showed that telomere length is related to
factors other than replication (Decker et al. 2009).
Telomere length was reduced in fibroblasts and was
variable; in contrast in hematopoietic cells it was
within the normal range. These data raise the
possibility that lamin A, which is mutated in this
syndrome and is expressed in fibroblasts but not in
hematopoietic cells, decreases telomere length. In
benign leiomyoma tumors telomere size is unrelated
with the proliferation potential (Rogalla et al. 1995).
In malignant human tissues results are variable.
Nonisotropic Southern hybridization revealed a
reduction of telomere repeat arrays in 14 of the 35
tumors analyzed. In other cases, 60% showed either
no reduction or an increase in telomeric length
(Schmitt et al. 1994).

There are other caveats concerning the relationship
between telomere shortening and proliferation.
Human fibroblasts maintained in the presence of
3% O, instead of the usual concentration of 20%,
have an increased proliferation potential but have
shorter telomeres (Betts et al. 2008). Radiation-
induced senescence-like growth arrest is independent
of telomere shortening (Suzuki et al. 2001). No
significant (Chen et al. 2001) or only a slight telomere
shortening (Magalhaes et al. 2004) was observed in
senescence-like induced growth arrest of human
fibroblasts after H,O, stress.

Telomere biology seems to vary with the species
in a way unrelated with aging and with the respective
cells proliferation life span in vitro. In non-human
primates such as rhesus monkey, Japanese monkey,
crab-eating monkey, chimpanzee, and orangutan,
TRF length was more than double that of human
somatic tissues (Kakuo et al. 1999). The only
exception of human tissues is sperm with a TRF
longer than 23 kb, which increases slightly with
donor age (Allsop et al. 1992). Other authors reported
a somewhat shorter TRF for rhesus monkey, pigmy
chimpanzee, and orangutan (Steinert et al. 2002). The
European White Rabbit, the Black-tailed Jack Rabbit,
the Swamp Rabbit, and the North American Pika
have extremely long telomeric arrays and their

fibroblasts do not exhibit a limited division potential
in vitro (Forsyth et al. 2005). Of these four species,
only Pika displays endogenous telomerase activity in
culture. Hamster embryonic fibroblasts express telo-
merase throughout their replicative life span and the
average telomere length does not decrease (Carman
et al. 1998).

Long telomeres, short cell replicative aging in
vitro and short longevity is found in either wild mice
or inbred laboratory strains. Restriction fragments of
up to 150 kb have been reported in DBA/2, C57B1/6j
and CBA/Ca mice colonies, without any difference
detectable between DNA from liver, spleen or testes
of the same animal (Kipling and Cook 1990). The
size seems largely unchanged through somatic cell
division or during the animal’s life span. In Mus
spretus telomere lengths have approximately the
same length as in humans (Coviello-McLaughlin
and Prowse 1997). Significant TRF length changes
with age were found in brain and spleen, but not in
liver, testis and kidney. Some tissues tended to have
longer or shorter TRF lengths compared to other
tissues. Males had TRF lengths that were on average
0.5-1 kb shorter than females in every tissue exam-
ined. The data suggested that telomere lengths may
decrease due to factors other than the end replication
problem during cell division (Coviello-McLaughlin
and Prowse 1997). Chicken telomeres resemble
human telomeres in length but the distribution of
telomerase activity is present in the germ line as well
as in a wide variety of somatic tissues as in mice
(Venkatesan and Price 1998). It is well known that
chicken fibroblasts have a finite proliferation span
and contrary to mice exhibit extremely low rates of
spontaneous immortalization. Telomerase activity is
greatly down-regulated when chicken cells are cul-
tivated in vitro, which raises the question on the
extrapolation of in vitro studies to the in vivo data
(Venkatesan and Price 1998). In another phylum,
Paramecium caudatum, no shift in telomerase activ-
ity, or telomere length was observed at the point of
maturation; telomeres elongate successively as cells
divide (Takenaka et al. 2001). On the other hand in
P. tetraurelia, the length of telomeres is kept constant.

Telomeres and development

Several data suggest that variation of telomere length
is related to developmental regulations. This was
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proposed by Barbara McClintock in 1943; she
demonstrated a gradient of crossing-over in the distal
part of telomeric regions and proposed a regulatory
role of TRF in the chromosome recombinations
necessary for development to proceed. In adult
normal mice changes in telomere length are tissue-
specific and seem to be developmentally regulated
(Prowse and Greider 1995); long telomeres and
telomerase activity were detected in the testis about
5-6 weeks after birth, at a time when the testis
increase dramatically in size due to the production of
the first spermatocytes. Indeed several works favor
the role of telomeres in development. A telomere
elongation program was demonstrated at the transi-
tion from morula to blastocyst in mice and cattle,
which restores telomeres in cloned embryos derived
from fibroblasts, regardless of the telomere length of
donor nuclei (Schaetzlein et al. 2004). This program
is telomerase-dependent since it is abrogated in
telomerase-deficient mice. The telomere length in
immature rat testis containing type A spermatogonia
were compared with adult testis containing more
differentiated cells (Achi et al. 2000). Mean telomere
length in the immature testis was significantly shorter
in comparison to adult testis. Pachytene spermato-
cytes exhibited longer telomeres compared to type A
spermatogonia. The results indicated that telomere
length increases during development of male germ
cells from spermatogonia to spermatozoa and is
inversely correlated with the expression of telomerase
activity.

Mice without telomerase, obtained with gene
knockout techniques, reproduce normally for several
generations (Blasco et al. 1997). These telomerase
null mice do not present pathophysiological symp-
toms of aging (Rudolph et al. 1999); sixth generation
null mice, however, are infertile and have an
increased embryonic lethality due to neural tube
closure defects, long-term renewal of hematopoietic
stem cells is compromised, and there is delayed
reepithelialization of skin wounds. Two independent
lines of mice reiteratively cloned to four and six
generations showed no signs of premature aging
(Wakayama et al. 2000). Moreover, there was no
shortening of telomeres, on the contrary telomeres
lengthened with each generation. Cloned sheep on the
other hand had a decrease in mean TRF as compared
with age-matched controls but were healthy without
signs of abnormal aging (Shiels et al. 1999). One of
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the cloned animals had undergone two normal
pregnancies and delivered healthy lambs.

Human subtelomeres have been described as
hotspots of interchromosomal recombination (Linard-
opoulou et al. 2005). Alternative lengthening of
telomeres is also characterized by high rates of
telomeric exchange (Londono-Vallejo et al. 2004).
The telomeres of human fibroblast chromosomes
were analyzed with the canonical probe that detects
all telomeres and with a TelBamm 11 probe that is
specific for a subset of human telomeres (Ben 1997).
The heterogeneity of fragment size was much greater
when the canonical probe was used, relative to that
seen using the TelBamm 11 probe. This could be
attributable to a greater variability in the location of
the restriction enzyme sites rather than to differences
in the length of terminal repeats. Ben concluded that
variation in terminal repeat length may be related to
how much telomeres participate in chromosome
rearrangement. Telomere-promoted recombination
can lead to degeneration of the telomeric sequence,
and subsequent loss of the hybridization ability
(Ashley and Ward 1993). Indeed, several examples
of apparent terminal deletions are actually subtelo-
meric translocations (Meltzer et al. 1993). Therefore
the exact nature of the modifications occurring during
proliferation has yet to be ascertained.

Blackburn (2000) considered that the structure of
telomeres is more important than their length, in
particular the capping of the chromosome ends by a
protein complex and telomerase avoiding non-homol-
ogous end-joining, is critical for cell division. The
role of telomerase is not only that of adding telomeric
DNA repeats to telomere ends; some alleles code for
a telomerase that can permit continued proliferation
with short telomeres, suggesting that telomerase
helps to cap telomeres since recombination in the
telomeric regions is repressed. Human telomerase
allows cell proliferation without requiring lengthen-
ing of telomeres (Zhu et al. 1999). Blackburn also
showed the role of the various DNA-binding struc-
tural proteins in the regulation of the integrity of
chromosome ends. She concluded that one has to
look beyond length to understand telomere function-
ality (Blackburn 2000).

In summary it seems that the regulation of the
length of telomeres has no implications for aging.
Several experiments suggest that they might have
implications for normal development through
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recombinational events as originally suggested by
McClintock (1943). The understanding of the regu-
lation of normal development at telomeres could help
to ascertain if the human fibroblast proliferative life
span is indeed a developmental process. For the
moment it is difficult to grasp the implications of the
interspecies differences in the biology of telomeres.

Telomeres and longevity

On the other hand, the control of chromosome
recombination through telomeres could be connected
with cell stability and species longevity. The potential
for chromosome rearrangements is not identical
across species and seems to confer characteristics
that have a bearing with patterns of longevity and to
other properties of the respective species (Macieira-
Coelho 2000).

The long term proliferation potential of animal
cells seems related with their ability to carry on
genomic rearrangements. Human embryonic fibro-
blasts when cultivated in vitro go through continuous
chromosomal rearrangements without any definite
pattern becoming apparent (Chen and Ruddle 1974).
The data showed that multiple clones arise continu-
ously and compete between each other without any
one overgrowing the others. These cells have a longer
division potential than postnatal fibroblasts, which go
through more stable type chromosome rearrange-
ments during serial divisions (Harnden et al. 1976;
Bourgeois et al. 1981). Moreover, in human fibro-
blasts close to the end of their proliferative life span,
it becomes more difficult to induce sister chromatid
exchanges (Schneider and Gilman 1979). This
decline in the recombination potential of the genome
during development could be related to the decreased
number of long telomeres available for recombina-
tion (Martens et al. 2000). Moreover, fibroblasts from
Werner’s syndrome patients, which have a reduced
doubling potential when compared with cells from
age-matched normal donors, present chromosomal
rearrangements (variegated translocation mosaicism),
which become fixed and remain predominant during
the proliferative life span of the cell population (Salk
1982). These findings suggest that a “rigidity” of
the genome is associated with a shorter doubling
potential as opposed to a higher “plasticity” which
would favor a longer potential.

The mouse genome is particularly prone to chro-
mosomal recombinational events, which could
explain why the proliferation of mouse fibroblasts
can escape the finite division potential; it may have a
bearing with the structure of mouse telomeres. The
mouse genome is endowed with the capacity to
survive pronounced chromosome reorganizations.
Indeed, the chromosomes of mouse fibroblasts culti-
vated in vitro display a very unusual capacity for
recombination, which is expressed by the presence of
radial figures (somatic crossing overs) and bridges
between chromosomes corresponding to genetic
exchanges (Macieira-Coelho and Azzarone 1988).

Comparison between the mouse and the human
genomes in respect to the recombination potential
shows a higher rate of sister chromatid exchanges in
mouse chromosomes. The plasticity of the mouse
genome is also revealed by the rapidity with which
mouse cells can switch from the diploid to the
tetraploid state (Macieira-Coelho and Azzarone
1988). Furthermore, the chromatin lability, which
accumulates during the decline of the growth
potential, disappears in the case of mouse cells
during the chromosomal rearrangements, which occur
during the transition to immortalization (Macieira-
Coelho 1991). DNA elimination in mouse fibroblasts
during the period preceding immortalization could be
germane to disappearance of the fragile chromatin
sites. Indeed, DNA measurements on cells in inter-
phase after ethidium bromide staining showed that
occasionally at early population doubling levels, the
DNA content of G2 cells is less than that expected
from the G1 content (Macieira-Coelho and Azzarone
1988). This suggests that a significant process of
DNA elimination goes on in these cells during the
division cycle.

The potential for chromosomal recombinational
events expressed by mouse fibroblasts in vitro also
has a counterpart in vivo. Although 40 acrocentric
chromosomes is the usual diploid number of the
mouse species, localized races with 38-22 chromo-
somes resulting from Robertsonian fusions, have
been found in the wild (Capanna 1973). This property
of the mouse genome could be responsible for the
high probability of mouse cells to immortalize
spontaneously and acquire malignant characteristics,
for the high susceptibility to viral, chemical and
physical carcinogens and to oncogenes, and for the
facility with which one can induce tumors in mice.
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The instability of the mouse genome, due to yet
unknown properties, is favorable for the species to
adapt and survive, but reduces the species life span
because of the high rate of mutational events.

Very slight differences created by sequence diver-
gence can give properties to the genome that seem
critical for cell stability and species survival.
Although both the rat and human H-ras genes encode
the same aminoacid sequence, they have only 75%
identity at the DNA level. Loss of the TGG-triplet
that overlaps with codon 12 in the human gene
dramatically reduces the number of potential cruci-
form structures by decreasing the purine content of
the purine-reach strand, and the pyrimidine content of
the pyrimidine-rich strand. It also introduces an
additional CG that, if methylated, would produce a
more stable duplex. One would expect the net effect
to be that the human codon 12 sequence would be
less prone to the formation of paired fold-backs that
are a source of recombinations (Smith 1994). This
could be germane to the stability of the life span of
human cells in contrast to rat cells, which immortal-
ize regularly in vitro. The rat species, like other
rodents, also has a short life span but a high
adaptability in all environments. However, the char-
acteristics manifested by rodent cells in vitro have
been observed with cells obtained from inbred
animals; it remains to be demonstrated whether cells
from animals in the real feral world manifest the
same properties.

In summary, telomeres have a role in the recom-
bination potential of the chromosomes which seems
to have implications for normal development, it also
seems associated with attributes of cell stability, long
term cell proliferation, and species survival.

Consequences for aging of the organism
of the changes occurring through cell division

The ascertainment that there is a limit to the
proliferation of certain mitotic cell compartments
implicates that cells change at each division tending
to the limit. The connotation of the finite proliferation
potential to aging of the organism is not the
accumulation of cells at the end of their life cycle,
as has been claimed, but rather the drift in cell
function due to the changes through replication well
before the terminal stage. A functional drift was
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reported by Houck et al. (1971) and later reinforced
(Hayflick 1977). Many more modifications through
cell divisions were later described (reviewed in
Macieira-Coelho 1988), which contribute to new
regulations and interactions with other cell compart-
ments that are an important component of the
permanent evolution taking place in a mammalian
organism,; it fits into what is known of the physiology
of the organism. Hence in order to understand the
mechanisms of aging it is more relevant to analyze
the events occurring in the proliferating cells rather
than the final step as has been done in general.

Most studies have concerned human fibroblasts but
other cell systems go through a differentiation cycle
and have a limited division potential that declines
with aging of the organism, although their share in
senescence is played in a different way from that of
the mesenchymal fibroblast. That is the case of
keratinocytes that proliferate in vivo and in vitro to a
terminally differentiated cell (Rheinwald and Green
1977). Keratinocytes cultivated in vitro acquire the
characteristics of terminal keratinocytes as in vivo,
i.e., they develop detergent-insoluble cytoplasmic
filaments, there is increase in size, formation of a
cornified cell envelope, and destruction of the cell
nucleus (Green 1977). The increase in size is
accompanied by the appearance of new proteins such
as keratins, involucrin, and other specific proteins
(Simon and Green 1984). The role of this cell system
is that of tissue renewal for the production of the
external cell layer protecting the skin.

Chondrocytes represent another differentiated cell
system whose rate of division declines with senes-
cence (Evans and Georgescu 1983). It is not a
terminal differentiating system since the cells are
already differentiated and their function does not
evolve towards a more differentiated state. Their role
is that of forming the layer that covers the joints, the
modifications occurring through aging contribute to
the inadequate function of the joints during
senescence.

Lens cells constitute an example of a terminal
differentiation that evolves with formation of elon-
gated enucleated fibers with synthesis of specific
proteins called crystallins differently distributed in
the central epithelium, in the pre-elongation fibers,
and in the fiber cells (Simonneau et al. 1983). Alpha-
cristallin, the major protein component of the verte-
brate lens, plays a critical role in the maintenance of
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transparency through its ability to inhibit stress-
induced protein aggregation. Lens cells are derived
from the ectoderm and like the hair or the nails
continue growth throughout life. The proliferation
potential of lens cells declines with aging of the
organism. Senescence of this cell system is the result
of the accumulation of fibers with a progressive loss
of focusing power. Later an opacification of the lens
can take place with the formation of cataracts due to
the accumulation of membrane-bound o-cristallin and
of high molecular complexes of a-cristallin with
other crystallins. Cataracts can also be the result of
deviations from the control of cell division during
embryonic development (Muggleton-Harris et al.
1987) or of pathological processes.

Senescence in these different cell types is the
expression of the diversity of the mammalian organ-
ism. They all have in common of being differentiated
cells with a finite division potential, the proliferation
declining with senescence, but the role of these cell
types on the remodeling of the human body and on
the effects of senescence is different. Cell culture has
been a critical tool to understand these different ways
of cell senescence through division.

With regard to the interactions with other cell
compartments the physiology of the brain constitutes
a pertinent example. Glial cells are fundamental for
the survival of neurons, inter alia through their action
on myelination and neuron membrane recycling,
creation of the blood brain barrier, and regulation of
the neuron’s ionic environment. Astrocytes control
synapse number, few synapses form in the absence of
glial cells and the few synapses that do form are
functionally immature (Ullian et al. 2001). Glial cells
evolve through the human life span like the fibro-
blasts, i.e., with longer division cycles (Fedoroff et al.
1990). This evolution reflects the metabolic changes
they incur, which alter their multiple interactions with
the neuron and are responsible for many aspects of
aging of the brain. The restructuring involving the
glial cell compartment will influence neuron signal
transcription.

A remodeling at the cellular level resulting from a
different equilibrium between cell compartments, the
decline of one leading to over expression of another,
also contributes to the aging syndrome; it renders the
organs more prone to pathology and explains to a
great extent the functional changes evolving in
the mammalian organism through senescence. The

following examples illustrate this feature of the
evolution of the mammalian organism. With advanc-
ing age, a progressive decrease in the density of
striated muscle can be observed in the urinary
bladder’s rhabdosphincter with the concomitant
replacement by fat cells and connective tissue
(Strasser et al. 1999). A progressive age-dependent
decrease of the density of striated muscle cells was
observed to the point where only 34.2% of the
rhabdosphincter in the elderly women can consist of
striated muscle cells. This work shows that the cell
remodeling in the sphincter may be the main reason
for the high incidence of urinary incontinence with
advancing age. The esophagus in aging mice
becomes markedly thick with the disappearance of
ciliated cells and keratinization of superficial cells
(Duan et al. 1993). DNA synthesis is almost confined
to the basal layer and declines with age, with an
enlargement of the nuclei and nucleoli of the basal
cells. In humans the number of parietal cells in the
gastric mucosa tend to increase and that of mucous
cell is reduced during normal aging (Farinati et al.
1993). Since the mucus protects from acid secretion
the findings can explain an increased susceptibility of
the gastric mucosa to damage in the elderly.

The permanent restructuring that occurs in bone is
the result of the continuous shift that takes place in
the balance between the activity of osteoblasts and
osteoclasts leading to a functionally deficient archi-
tecture. The maturation of pro-osteoblasts into oste-
oblasts diminishes and the proliferation of osteoblasts
declines so that their activity is progressively offset
by the activity of osteoclasts (Roholl et al. 1994).
Other cells in bones contribute to this process. With
age there is a decline in the expression of osteopro-
tegerin (OPG) secreted by stromal cells, which blocks
the osteoclast-stimulatory effect of OPG ligand
(Makhluf et al. 2000). The remodeling in the
synthesis of long-distance messengers such as hor-
mones, of course, also play a role in the bone
structural changes. In the skin the loss of elasticity
and increased wrinkling are the result of the rear-
rangements in the relative proportion of the molec-
ular and cellular constituents. Hydroxylation of type I
collagen decreases and the proportion of type IV
collagen and fibronectin increase with age in mouse
skin (Boyer et al. 1991). In senescent human skin,
due to functional changes in fibroblasts, collagen
fibers are fragmented, the fibroblasts lose contact
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with collagen, and the ground substance increases.
This constitutes the most important modification, i.e.,
the destruction of the relationship between fibroblasts
and interstitial matrix breaking the relationship
between the fibroblast cytoskeleton, the plasma
membrane, fibronectin, and collagen (Pieraggi et al.
1984). The drop in glycosaminoglycan content in old
age contributes to this modified relationship (Fle-
ischmajer et al. 1972).

There is a causal relationship between changes in
vascular compliance and the evolution of the colla-
gen/elastin ratio, and the proportion of endothelial
and smooth muscle cells. The elastic recoil of the
aorta is rendered possible through the coordinated
extension and retraction of its concentric elastic
laminae. During aging, elastin is degraded and the
collagen/elastin ratio increases. As a result, the elastic
recoil of the vessel wall decreases and the aorta has to
increase its volume to compensate for the decreasing
elasticity of its wall (Robert et al. 1984). In addition,
there is a modification of the genetic program that
alters the balance of the mediators of remodeling
such as nitric oxide synthase, platelet-derived growth
factor, and transforming growth factor 1 (Gibbons
and Dzau 1994).

The cellularity and ultrastructure of the spleen is
profoundly modified (Cheung and Nadakavukaren
1983). The spleen increases in weight due to an
increased number of reticular cells and macrophages
with enlarged cytoplasm in the white pulp whereas
the number of lymphocytes falls. The age-related
decline of immune functions proposed by the immune
theory has been replaced by a completely different
view (Globerson and Effros 2000). Instead of the
unidirectional decline in immune responses, immune
senescence appears as a shift in lymphocyte popula-
tions leading to enhanced as well as diminished
functions determined by developmental changes. In
contrast to the general age-related decline in T- and
B-cell activity, the NK cell-system is highly active in
the age group above 80 years (Krishnaj and Bland-
ford 1987). The percentage of CD45RA (virgin) cells
among CD8" T lymphocytes in centenarians was
about 50%, only slightly lower than that of young
donors (about 55-60%) (Cossarizza et al. 1996).

The cellular and molecular remodeling causes an
impaired adaptive response to the environment due to
a different synchronization of effectors (e.g., hor-
mones) or regulation of enzymes. The induction for
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instance of glucokinase, tyrosine aminotransferase
and microsomal NADPH:cytochrome ¢ reductase in
rat liver following treatment with glucose, ACTH,
and phenobarbital respectively, are characterized by
an age-dependent adaptive latent period whose dura-
tion increases progressively from 2 to 24 months of
age (Adelman 1972).

These are just a few examples of how the
mammalian organism evolves leading to senescence,
with the changes occurring through cell proliferation.
The capacity to regenerate a large part of its cells
allows the elimination of damaged cells and to renew
itself but there is a price to pay. As is described
above, the investigation of aging of mitotic cells has
shown that through divisions cells are modified with
the consequent repercussions on cell function and cell
interactions; it creates a drift that contributes to aging
and senescence. This was the main contribution of the
research of aging of proliferating cells for the
understanding of the mechanisms of senescence.
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