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entering senescence but remain viable for 
years if maintained with weekly changes of 
culture medium (5). Senescence is deter- 
mined by the number of times the cells 
divide, not by calendar time (6). Senescent 
cells accumulate gradually in culture, and 
very young cultures of cells always contain a 
slnall percentage of senescent cells. This 
percentage increases through the life-span 
of the culture until all the cells become 
senescent (7). 

Cells can withdraw from the cell cvcle 
and become nondividing for a numbe; of 
reasons that do not necessarily involve rep- 
licative senesyence, such as DNA damage 
or terminal differentiation. For examule. 

L ,  

melanocytes can go through many rounds of 
division to replicative senescence. Howev- 
er, if young cultures of melanocytes are 
exposed to cyclic AMP (adenosine 3',5'- 
monophosphate)-inducing agents, the cells 
achieve only four to six additional rounds of 
division before thev become nondividine 
and express large aliounts of melanin. T ~ G  
state has been described as terminal differ- 
ention. Analyses of senescent and terminal- 
lv differentiated melanocvtes have revealed 
common, as well 2s distinct, alterations in 
gene expression. Both cell types are unable 
to phosphorylate the ERK2 protein and 
contain elevated concentrations of the cy- 
clin-dependent kinase (CDK) inhibitor 
p21, but only terminally differentiated cells 
exoress laree amounts of the CDK inhibitor u 

p27 and the melanocyte-specific transcrip- 
tion factor MITF 13). These results indicate ~, 

that the different states of loss of division 
are not the same. When human fibroblasts 
are treated with high concentrations of 
agents such as hydrogen peroxide or cer- 
amide, they stop dividing and become en- 
lareed similar to senescent cells. This has - 
been interpreted as the induction of senes- 
cence (8). However, until changes in gene 
expression and activity in cells treated with 
such agents have been cornpared with those 
observed in senescent cells. the relation to 
replicative senescence remains unknown. 

The stringency with which cells maintain 
finite proliferative potential varies with spe- 
cies. There are no confirmed reoorts of hu- 
man or chick fibroblasts from normal donors 
spontaneously immortalizing. In contrast, fi- 
broblasts of rodents, particularly mice, spon- 
taneously immortalize at a high frequency 
(9). Although human cells can be irnmortal- 
ized by DNA tumor viruses, and by repeated 
treatment with ionizing radiation or carcin- 
ogens, this occurs at a very low frequency 
when compared with rodent cells (10). Be- 
cause cellular aging is dominant over cellular 
irnmortalization (see below), this difference 
in immortalization rate may be related to the 
frequency with which recessive genetic 
events occur in the different species. 

The cell senescence phenomenon can 
be delayed, but not reversed, by the expres- 
sion of DNA tumor viral genes [such as 
simian virus 40 (SV40) T antigen], by treat- 
ment with antisense oligonucleotides to the 
tumor supressor genes p53 and RBI, or by 
expression of a dominant-negative p53 mu- 
tant (1 1). The treated cells will proliferate 
for 10 to 20 more doublings than control 
cells, but they eventually enter senescence, 
or in the case of SV40-transformed cells, 
crisis. However, these manipulations must 
be performed before the cell culture be- 
comes senescent, because senescent cells 
cannot be induced to divide (12). SV40 T 
antigen will induce senescent cells to initi- 
ate DNA synthesis, as measured by tritiated 
thymidine uptake; however, the cells fail to 
enter mitosis (13). These data indicate that 
senescent cells are truly terminally nondi- 
viding. The fact that cell cultures derived 
from human tumors often can divide indef- 
initely suggests that escape from senescence 
does occur in vivo but, on the basis of the 
above facts, must be a rare event. It is for 
t h ~ s  reason that cellular senescence has 
been proposed as a tumor suppressor mech- 
anlsm (14). 

The Relation of in Vitro to 
in Vivo Cellular Aging 

A major question has been whether the 
study of in vitro cellular aging can help 
elucidate the basic processes of aging in 
\~ i \~o .  Manv investieations have estab- 
lished a l i k  betwee: aging in vivo and 
the uroliferative ootential of cells in cul- 
ture. The growth capability of fibroblasts 
11 5 ), vascular endothelial and smooth , , ,  

muscle cells, T lymphocytes, and a variety 
of epithelial cell types ( 2 )  has been shown 
to decrease with increasing donor age. 
Cells from patients with Werner syn- 
drome, a premature aging disorder, 
achieve fewer divisions before becorning 
senescent than cells from norrnal individ- 
uals of the same age (1 5 ,  16). The prolif- 
erative caoacitv of fibroblast cells is also 
directly reiated'to the maximum life-span 
of the species from which they are derived 
(3,  17). Cells from the longest lived spe- 
cies tested, the Galapagos tortoise (maxi- 
mum life-span of nore than 100 years), 
achieved LIP to 130 population doublings 
before senescence, whereas those from the 
mouse (maximum life-saan of 3 vears) 
could undergo only 10 oL fewer doublings 
before becorning senescent or immortaliz- 
ing in culture. 

Recently, a clear demonstration that cell 
senescence does indeed occur in vivo was 
reported. The marker used was a novel 
P-galactosidase activity that can be detect- 
ed at pH 6.0 in senescent cells, but is absent 

in proliferating young cells and, more im- 
portantly, absent in young cells made re- 
versiblv nondividing bv removal of serum - ,  
growth factors. This discrimination be- 
tween reversibly arrested, quiescent cells 
and senescent, terminally nondividing cells 
had not previously been possible. This bio- 
logical marker for cell senescence allowed 
Dimri et al. (18) to demonstrate that it was 
expressed not only by cells that had become 
senescent in vitro, but also by senescent 
fibroblasts and keratinocvtes in skin in vivo. 
The number of positive cells was found to 
increase strikingly with increasing age of the 
donor. Although some cell types such as 
melanocvtes and cells in the hair follicle 
express this gene constitutively, it should be 
possible to use this marker to determine the 
role of cellular senescence in various age- 
related disorders. 

Genetic Control of Senescence 

A number of studies have demonstrated 
that the replicative senescence phenotype 
is dominant in fusions of normal with im- 
mortal cells (19). This finding suggested a 
genetic basis for senescence and indicated 
that immortality results from recessive de- 
fects in senescence-related genes. If multi- 
ple genes were involved in causing senes- 
cence, one would predict that in fusions of 
different immortal cell lines immortal hy- 
brids would sornetirnes be obtained, indicat- 
ing that the two parental cell lines had the 
same genetic defect. These lines would then 
be assigned to the same complementation 
group for indefinite division. In other fu- 
sions of immortal cell lines, hybrids that 
exhibited replicative senescence would be 
obtained, indicating that the parental cell 
lines had different genetic defects that were 
co~n~lernented in the hybrid. The cell lines 
could then be assigned to different comple- 
~nentation groups for indefinite division. 
Such an analysis has been used to assign 40 
different immortal human cell lines to four 
co~nplementation groups (20, 21), indicat- 
ing that at least four genes or gene pathways 
contribute to senescence. 

Independent confirmation of the comple- 
mentation groups has come from studies of 
the cellular staining pattern of mortalin, a 
protein similar to heat shock 70-kD protein 
found in both normal and immortal cells 
(22). Immunostaining with antibodies to 
this protein reveals parterns that distinguish 
normal from immortal cells and identifies 
the complementation group to which an im- 
mortal cell has been assigned by cell fusion 
analysis (23). The molecular basis for this 
intriguing result is currently unknown. 

Microcell-mediated chromosome trans- 
fer experiments, in which a single norrnal 
human chromosome is introduced into im- 
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mortal human cells to determine the effect 
on proliferation, have led to the inference 
that chromosomes 1, 4, 6, 7, 11, 18, and X 
are involved in senescence (24, 25). How- 
ever, onlv three of these studies have ao- 
plied the'stringent genetic test used to dk- 
fine the complementation groups; that is, 
the chromosome should induce senescence 
in rnulti~le cell lines assigned to one - 
complementation group and have no effect 
on cell lines assigned to the other groups. 
By the latter analysis, chromosomes 1 
(group C ) ,  4 (group B), and 7 (group D) 
have been shown to carry cell senescence- 
related gene  (25). The other chromosomes 
were transferred into single immortal cell 
lines that had not been assigned to a 
complementation group in the majority of 
cases. Thus, the reason for the loss of cell 
division observed is much less clear and 
could be the result of gene dosage effects on 
these aneuoloid cell lines or other more 
complex phenomena. ' 

Molecular Changes During 
Cellular Aging 

Molecular analvs2s have identified manv 
changes in gene expression and the activity 
of gene products during cellular aging. Be- 
cause senescent cells appear to be blocked 
in the G ,  phase of the cell cycle and cannot 
enter S phase, one approach has been to 
analyze the genes involved in the G I  cell 
cycle in young quiescent cells and senescent 
cells after serum stimulation. This has led to 
the identification of a number of differences 
between young and senescent cells (Fig. 1) 
(26, 27). Differential screening of RNAs 
from young and senescent cells has also 
identified differences in the exoression of 
genes ranging from those encoding extra- 
cellular matrix comoonents and metabolic 
enzymes to cell cycle regulatory genes and 
several unknown genes (28). Additionally, 
senescent fibroblasts have reduced tran- 
scription factor-binding activities (29); for 
example, AP1 (activator protein factor I ) ,  
CREBP (cyclic AMP response elernent- 
binding protein), ID1 (inhibitor of DNA 
binding I ) ,  and ID2. - .  

However, a major question is, which 
changes in gene expression cause cellular 
senescence and which result from the senes- 
cent phenotype? Of the gene products listed 
in Fig. 1, c-FOS is potentially involved in 
arrest of early G1 events in fibroblasts (30) 
because the induction of c-FOS is imoortant 
for proliferation. However, this repression of 
c-FOS is not observed in senescent melano- 
cvtes or fibroblasts frorn Werner svndrome 
patients, indicating that it is expressed in a 
cell type-dependent manner (31 ). 

The CDK inhibitor genes encoding p21 
and p16, which are overexpressed in se- 

nescent cells, are additional candidate 
causal genes (32). They could act to in- 
hibit G, cyclin-CDK complexes, thereby 
preventing phosphorylation of the retino- 
blastoma tunlor suppressor protein (RBI),  
which is known to be hypophosphorylated 
in senescent cells (33). This in turn would , , 

result in sequestration of E2F transcription 
factors by hypophosphorylated RBI and 
therefore lack of activation of many genes 
[for example, those encoding cyclin A 
(Cyc A) ,  CDC2, dihydrofolate reductase, 
thymidine kinase, thymidylate synthase, 
DNA polymerase a ,  and ribonucleotide 
reductase], which are transactivated by the 
E2F family of transcription factors or have 
an E2F consensus sequence in their pro- 
moter. However, adrenocortical cells ex- 
press high levels of p21 frorn the time they 
are placed in culture and throughout their 
replicative life-span to senescence (34), 
and the mechanism bv which these cells 
continue to divide is iresently unknown. 

The indication from these multiple and 
varied molecular changes that occur in se- 
nescent cells is that these cells have built 
layers of growth regulation, so that if one 
pathway should become inactive, a back-up 
mechanism is in place. It is therefore not 
surprising that introduction of single genes 
such as c-fos and CDC2 by microinjection 
fails to induce senescent cells to enter the 
cell cycle (27, 35). 

Telomeres and Telomerase 

The idea that incomplete replication of 
chromosome ends could account for the 
gradual loss of proliferation potential in 
cellular aging was first proposed in 1973 
(36). Telomeres are specialized structures 

comprising repeat sequences, which pro- 
tect the chromosome ends from degrada- 
tion and fusion with other chromosome 
ends (37). The first evidence that telo- 
rnere loss occurred during cell aging was 
provided by Harley et al. (38, 39) from an 
analysis of cultured human fibroblasts, in 
which the mean length of the terminal 
restriction fragment (TRF) was found to 
decrease in a replication-dependent man- 
ner. The decrease also correlated with in 
vivo aging, in that TRF length in older 
donors was less than that in younger do- 
nors in fibroblast cells and peripheral 
blood lymphocytes (40). In contrast, telo- 
rnere length did not decrease in cells irn- 
rnortalized in vitro, in tunlor cells, or in 
germline cells. These cells express the en- 
zyme telomerase, which adds essential telo- 
meric sequences to maintain the ends of 
chromosomes (41 ). Such results led to the 
proposal that during successive rounds of 
DNA replication, progressive loss of telo- 
meric sequences occurs in normal somatic 
cells until a critically short telomere 
length is sensed as DNA damage and caus- 
es cells to exit the cell cycle. Immortal 
cells need a mechanism to stabilize chro- 
mosome ends and therefore expression of 
telomerase is required for immortalization 
(39). This modified telornere hypothesis 
of aging was particularly attractive because 
it provided a molecular mechanism for 
counting cell divisions in the normal so- 
matic cell. 

However, additional studies of telorneres 
and telomerase in cell senescence have re- 
vealed a more complex picture than that 
proposed in the hypothesis. Telomerase- 
negative immortal cell lines have been 
identified (42, 43), and treatment of irn- 

Quiescent fibroblasts - 

Go I Early G I  Mid-GI Late G I  S 

Senescent fibroblasts , -  

Go I Early GI Mid-GI I Late G I  X 

@)@@@ m m  

Fig. 1. Comparison of 
mltogen induction on the 
expression of cell cycle 
regulatory genes in qui- 
escent early passage 
and senescent normal 
human dlplold fibro- 
blasts. Cyc, cyclin; CDK, 
cyclin-dependent klnase; 
PO,-pRB, phosphoryl- 
ated form of retlnoblasto- 
ma suceptibility gene 
product; PCNA, prolifer- 
ating cell nuclear antigen; 
RNR, ribonucleotlde re- 
ductase; DHFR, dihydro- 
folate reductase; TS, thy- 
midylate synthase; TK, 
thymidine kinase. [Modi- 
fied from (26)] 
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mortal human B and T cell lines with 
chemical inhibitors of reverse transcriptase 
reduces telomerase activity to levels in pre- 
immortal cells, with no effect on the im- 
mortal phenotype (44). On  the other hand, 
some normal somatic cells have been found 
to express telomerase, although their telo- 
meres continue to shorten with rounds of 
replication (45). Telomerase activity in var- 
ious somatic cell hybrids does not correlate 
with their ability to undergo senescence or 
proliferate, that is, some senescent hybrids 
continue to express telomerase (43). These 
data suggest that telomerase activity alone 
does not maintain telomere length. They 
also indicate that telomerase-independent 
mechanisms to stabilize chromosome ends 
must exist. 

Holliday (46) recently summarized addi- 
tional experimental observations that are 
not easily reconciled with the telomere hy- 
pothesis, including the fact that the two 
daughter cells from one cell division can 
have very different proliferative potential, 
differing by as many as 30 population dou- 
bling~, and that very different experimental 
manipulations can significantly increase the 
life-s~an of human fibroblasts. Nonetheless, 
the telomere hypothesis is presently the 
most viable hypothesis as a molecular basis 
for a mitotic clock. Additional experiments 
must be performed, however, to provide 
critical tests of the hypothesis and to exam- 
ine in more detail other proposed mecha- 
nisms for a mitotic clock, such as the 
Werner syndrome gene and DNA methyl- 
ation changes (47). 

Tumor Suppression Compared 
with Aging 

The term tumor suppressor describes genes 
that either cause loss of proliferation after 
they are overexpressed in tumor cell lines 
or those that are frequently lost or mutat- 
ed in tumor tissue. RBI and p53 are the 
best examples of such genes. However, cell 
senescence genes can act dominantly to 
control the growth of immortal cells in 
which both p53 and RBI are lost or inac- 
tive. For example, when one fuses differ- 
ent SV40-transformed cell lines in which 
RBI and p53 have been inactivated, the 
hybrids cease proliferation if the parental 
lines are from different complementation 
groups, indicating that the parental lines 
have recessive defects in different cell se- 
nescence genes. This suggests that human 
cells have developed a hierarchy of tumor 
suppressor genes, which has led to the 
proposal that cell senescence evolved as a 
mechanism for tumor suppression ( 14), 
and that aging may be an indirect effect of 
this activity. 

However, there are examples of changes 

in proliferation that have a major effect on 
aging. The decline in immune response that 
is observed with increasing age clearly stems 
from a decreased proliferative response of T 
lymphocytes to antigen (48). The precise 
molecular mechanisms responsible for this 
loss are not known but could well involve 
some of those related to replicative senes- 
cence. Once the genes that cause senes- 
cence are identified, these questions can be 
directly addressed. In the case of the fibro- 
blast cell, which has very specific functions 
in the skin, the increase in the number of 
senescent cells with advancing age could 
have a significant effect on aging skin. 
Gene expression changes quite significantly 
in senescent fibroblasts. They increase col- 
lagenase and TIMPl secretion as well as 
expression of fibronectin (49). These 
changes could well contribute to the thin- - 
ning and loss of elasticity in aging skin. 
However. these ideas remain somewhat 
speculative and will require additional ex- 
perimentation to prove. 

Current Perspectives and Future 
Directions 

In past years, the model systems used for the 
study of cellular senescence have expanded 
to include a variety of cell types in addition 
to fibroblasts. Results with these new sys- 
tems have begun to help define the senes- 
cence-related changes that may be involved 
in causing the senescent phenotype. Thus, 
the dominance of senescence in cell hybrids 
is observed when fibroblasts. endothelial 
cells, or T lymphocytes are fused with im- 
mortal cells, indicating that these pathways 
may be common to many or all cell types 
(50). In contrast, differences in the repres- 
sion or expression of specific genes are ob- 
served as more cell types are analyzed. Fu- 
ture studies should help dissect the various 
pathways and key changes in gene expres- 
sion used by different cells to establish se- 
nescence. The identification of the genes 
involved in the complementation groups 
should further our understanding of the mo- 
lecular mechanisms of senescence. The 
identification of the effects of mutation of 
the helicase cloned as the Werner syndrome 
gene (5I), as well as the use of the p-galac- 
tosidase marker, should help clarify the re- 
lation between in vitro and in vivo aging. 
The recent identification of a telomeric 
binding protein that is required for chromo- 
some maintenance, in addition to telomer- 
ase (52), suggests that other proteins will be 
identified. These data should help in the 
design of experiments to critically test the 
telomere hypothesis of aging. Finally, all 
these studies should helo elucidate the in- 
terrelation of cell cycle control, tumor sup- 
pression, differentiatlon, and senescence. 
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Menopause: The Aging of 
Multiple pacemakers 

Phyllis M. Wise, Kristine M. Krajnak, Michael L. Kashon 

Menopause signals the permanent end of menstrual cyclicity in a woman's life. Its impact 
reaches far beyond just the reproductive system. An understanding of the factors that 
interact and govern the process of aging in the reproductive system will help us to 
develop strategies for alleviating the negative aspects of menopause and may help us 
to better comprehend the process of biological aging. 

Current interest in the natural decline of 
fertility in middle-aged women and the on- 
set of menopause is a result of three con- 
verging areas of understanding. First, the 
average life-span of humans has increased 
during the past 100 years. Thus, an increas- 
ing proportion and a larger total number of 
women will live a lareer fraction of their " 
lives in the postmenopausal state. Current- 
lv. 35 million American women are vost- , , 
menopausal and over a million enter meno- 
pause each year (1 ). The dramatic and fairly 
rapid endocrine changes brought about by 
menopause have biological, societal, and 
cultural implications that profoundly influ- 
ence the latter half of a woman's life. 
Therefore, a better understanding of the 
consequences of prolonged exposure to low 
estrogen levels, as occurs In menopause, is 
increasinelv im~ortant  to our societv. - ,  A 

Second, over the past decade the percep- 
tion that estrogen is merelv a female reuro- 
ductive hormone that influences preddmi- 
nantly classical reproductive tlssues, such as 
the hypothalamus, anterior pituitary, mam- 
mary glands, uterus, and vagina, has 
changed considerably. We now are begin- 
ning to appreciate the fact that estrogen 
also affects a number of other functions, 
including urinary continence (2), nutrient 
absorption and metabolism (3),  bone and 
mineral metabolism (4),  blood pressure 
and cardiovascular function (5), memory 
and cognition ( 6 ) ,  organization and expres- 
sion of daily rhythms ( 7 ) ,  and the progres- 
sion of age-related diseases (8, 9). Thus, the 
cessation of menses and the resultine hv- " ,  
poestrogenicity affect multiple physiologi- 
cal svstems and can lead to sienificant mor- 
bidik in later life. Finally, bvecause meno- 
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pause occurs relatively early during the 
life-span of many mammalian species, the 
female reproductive system serves as an 
excellent model system in which to study 
the aging process in the absence of con- 
founding pathological changes that com- 
plicate many gerontological studies. 

By the time a woman is 65 years old, the 
ovary is virtually devoid of follicles (1 0, 1 1 ) 
and is no longer the primary site of estradiol 
or progesterone synthesis (12). Also, in- 
hibin, a glycoprotein that is synthesized in 
granulosa and luteal cells of the ovary and 
that selectivelv suvmesses follicle-stimulat- 

A A 

ing hormone (FSH) secretion, becomes un- 
detectable in the blood (13). In resuonse, 
the anterior pituitary gland secretes copious 
amounts of both of the gonadotropins FSH 
and luteinizing hormone (LH). Amounts of 
FSH increase by the time women are 45 to 
50 years old, while they are still menstruat- 
ing, whereas amounts of LH increase later, 
when women are postmenopausal. In addi- 
tion, concentrations of the hypothalamic 
releasing hormone, gonadotropin-releasing 
hormone (GnRH), in the mediobasal hypo- 
thalamus are low, perhaps because of pro- 
longed high levels of release and decreased 
synthesis (14). 

For many years, the prevailing view was 
that menovause resulted from an exhaus- 
tion of ovarian follicles. More recently, 
the relative contribution of the ovaries 
and the hypothalamic-pituitary unit in the 
menovausal transition has been intensive- 
ly debated. One view maintains that the 
impending exhaustion of the pool of grow- 
ing ovarian follicles triggers the meno- 
pausal transition: the hypothalamic-pitu- 
itary changes that accompany menopause 
are a consequence of compromised ovarian 
function. The alternative perspective is 
that age-related changes in the central 
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