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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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nervous system are the driving force that 
initiates the menopausal transition: the 
exhaustion of ovarian follicles is a conse- 

tors believe that an  enormous excess of for in vitro fertilization, women over 35 
follicles is required to supply a constant 
stream of follicles for the developmental 
pipeline. When the number of follicles falls 
below a critical number, fine-tuning is lost, 
the number of follicles that enter the grow- 
ing pool increases, the number of ova ovu- 
lated during each estrous or menstrual cycle 
and the length of time between cycles be- 
comes more variable, and as a consequence 
fertility declines (21, 22). Interestingly, the 
logarithmic loss of follicles is not linear 

years of age revealed lower inhibin respons- 
es, which predicted lower success rates of 
pregnancy (3 I ). These findings have led 
investigators to conclude that changes in 
FSH reflect "diminished folliculogenesis as 

quence of the altered temporal organiza- 
tion of neural signals. In this review, we 
discuss the cogent arguments on  both sides 
of this controversy [for comprehensive re- 
views, see (15-18)]. 

T o  understand the pacemakers that trig- 
ger the transition to the menopausal state, 
investigators have examined the period be- 
fore permanent acyclicity is established, 
that is, the fourth decade of life in women 
or the eqyivalent stage in experimental an- 
imal models. Long before the follicular re- 
serve is exhausted, fertilitv and fecunditv 

age progresses and the numbers of primor- 
dial follicles in the ovary as the menopause 
approaches" (27). 

Researchers have tested the hvvothesls , L 

that a diminished number of primordial 
follicles in the reserve alters the dvnamics 

D 

throughout the reproductive life-span (1 1 , 
23). Instead. there is a doubling of the rate 

of follicular reawakening and grdwth. If 
the size of the  rimo or dial follicle endow- 

of 'loss of fdllicles in middle-&ed women 
around the age of 35, when about 25,000 

ment determines the duration of a wom- 
an's fertile ~ e r i o d ,  then a dramatic de- 

decrease markedly,' reprodictive cycles be: 
come increasingly irregular in length, and 

primordial fofiicles remain and, coinciden- 
tally, when perimenopausal symptoms begin 
to appear. It is possible that approximately 
25,000 follicles is the "critical number" be- 
low which fine-tuning is lost. In chronolog- 
ically matched, middle-aged women, those 
that exhibited irregular menstrual cyclicity 
had only a tenth of the follicles in their 
ovaries that women who continued to cycle 
regularly had (I  I ) .  There is a similar rela- 
tion between imminent oocvte exhaustion 

crease in the endowment by surgical ma- 
nipulations-such as unilateral ovariecto- 
my or pharmacological manipulations that 
decrease the follicular reserve-should 
hasten the onset of reproductive decline. 

patterns of gonadotropin secretion are al- 
tered (18). We  investigated here what crit- 
ical variables control tkese changes. 

In support of this concept, unilateral 
ovariectomv accelerates the onset of irree- An Abundant But Nonrenewable 

Reserve of Follicles in Ovaries ular cyclici;y, increases the loss of prima;- 
dial follicles, and decreases the total num- 
ber of possible offspring (32-35). Interest- 
ingly, unilateral ovariectomy only hastens 
the loss of primordial follicles in old rats 
and not in younger animals and is corre- 
lated with elevated FSH concentrations 
(33). When rat embryos are exposed to 
busulfan, a drug that destroys primordial 

Some investigators maintain that there is 
"little doubt that ovarian exhaustion of fol- 
licles is the pacehaker of reproductive se- 
nescence in women" (18, p. 1241). If this is 
the case, then the two critical factors are 
the number of follicles in the initial endow- 

and the transition to acyclicit; in mice (22). 
Changing patterns of FSH secretion 

have been interpreted to indicate altered 
follicular growth. FSH is clearly a key reg- 
ulator of the exponential growth and termi- 
nal differentiation of follicles, although 
many other growth factors interact with 
FSH to recruit the follicles to undergo ovu- 
lation and to ensure their final maturation 

ment and the steps that regulate the rate of 
loss of this stockpile of primordial follicles. 
Little is known of the factors that deter- 
mine the size of the initial primordial folli- 
cle pool. In mammals, during early fetal 
development germ cells proliferate outside 
of the embryo proper and migrate into the 

germ cells in .  the embryos, there is an  
inverse correlation between the number of 
primordial follicles in the ovary at birth 
and the rate at which they begin to grow 
(36). A t  the highest dose, all of the re- 
maining follicles grow at an  earlier time in 
life than normal, exhausting the follicular 
reserve during the prepubertal period. To- 
gether, these observations suggest that re- 
duction of the number of follicles in the 
ovarian pool, which occurs normally dur- 
ing middle age, disrupts the dynamic equi- 
librium between the dormant and growing 
pool of follicles, causes alterations in the 
regularity of cycles, and compromises feed- 
back to the neuroendocrine axis, leading 
ultimately to menopause. 

[for a review, see (24)]. It remains contro- 
versial whether these same factors regulate - 
the reentry of dormant primordial follicles 
into the growing pool and to what extent 
they regulate the early slow-growth phase. 
It is also unknown whether altering the 

indifferent gonad, stop dividing, enter mei- 
osis, then become organized into primordial 
follicles (germ cells surrounded by pre- 
granulosa cells). A t  birth, female mammals - 

later stages of rapid growth and final differ- 
entiation influences the reawakening of the 

are endowed with a vast, but finite, nonre- 
newable. and vostmitotic reserve of dor- 
mant follicles tkat will later be recruited to 
grow, differentiate, and acquire the ability 

- 
remaining follicles in the stockpile or the 
initial stages of the growth of small follicles. 

Nevertheless, knowledge about whether 
and why FSH secretion changes during 
menopause may help us to understand the 
sham decrease in the follicular ~ o o l  that 

to synthesize estradiol. 
Coincident with the initiation of meio- 

sis in these cells, large numbers of germ cells 
undergo atresia. In fact, most follicles are 
destinid to die early during development 
and will never differentiate into Graafian 

occurs before menopause. Particularly dur- 
ing the early follicular phase, plasma con- 
centrations of FSH are elevated in middle- 
aged women who continue to cycle (25- 
27), before any detectable change in LH 
secretion. Similar elevations in FSH con- 
centrations have been observed in middle- 
aged rats (28). The cause of the rise in FSH 
concentrations has been studied in both 

The Hypothalamus, Follicle 
Development, and the 
Ovulatory Surge of LH follicles nor undergo ovulation [for review, 

see (19)l. Virtually nothing is known about 
the factors that regulate proliferation, that 
govern the organization of cells into dis- 
crete follicles, or that influence the extent 
of cell loss during the early embryonic stage. 

Many believe that the rate of loss of the 
follicular pool during postnatal life is deter- 
mined bv the number of dormant follicles 

Some investigators maintain that the hypo- 
thalamus is the pacemaker that initiates the 
cascade of events lkading to menopause. 
They contend that alterations in the pat- 
tern of neurochemical signals that govern 
the secretion of GnRH, LH, and FSH may 
cause the increased rate of depletion of 
follicles seen during middle age as well as 
after unilateral ovariectomy in older ro- 
dents. Intriguingly, changes in the hypo- 
thalamus-as measured bv the incidence of 

humans and laboratory animals. In many 
instances, the change in FSH levels is par- 
alleled by diminished levels of plasma estra- 
diol (25) and inhibin (27, 29, 30). In ad- 
dition, when given clomiphene and human 
menopausal gonadotropin in preparation 

that reahaken and are recruited into the 
growing pool. This number, in turn, is de- 
termined by the number of follicles that 
remain in the ovary (20). Some investiga- 
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hot flashes, sleep disturbances, and changes 
in the pattern of gonadotropin secretion- 

both young and middle-aged rats, suggest 
that chanees in the steroidal milieu do not 

tions to GnRH neurons (59, 60) and may 
communicate temooral information to the - 

account for the differences in the patterns 
of gonadotropin secretion. Changes in the 
ultradian frequency of pulsatile LH secre- 
tion also occur in ovariectomized rats 147). 

reproductive axis. A fundamental deterio- 
ration in this neural oacemaker or the cou- 

become apparent in women when they are 
between 35 and 40 vears old, at the same 
time as the rates of follicular loss increase. 

Therefore, the acceleration of follicular 
pling to its outputs may initiate the gradual 
disintegration of the temporal organization 

loss may not reflect the need to maintain a 
threshold number of follicles in the reserve. 

GnRH secretion is regulated by mukiple 
neurotransmitters and neuropeptides [for a 
review, see (48)]. During middle age, the 
precise, synchronized, and interactive pat- 
terns of hypothalamic neurotransmitter and 
neuropeptide activity, which are critical for 

of neurotransmitter rhythms that are criti- 
cal for stable, precise, and regular cyclic LH 

but rather a change in the pattern of neu- 
roendocrine messages that govern the dy- 
namics of follicular reawakening, recruit- 
ment, growth, and differentiation. In addi- 

secretion. This deterioration may initiate a 
cascade that leads to the transition to irreg- " 

ular cycles and ultimately contributes to 
acyclicity (see Fig. 1) .  Indeed, changes in 
the daily rhythms of several parameters in 
the SCN of middle-aged rats occur while 
they are still cycling, including changes in 
a, adrenergic receptors (51), monoamine 
turnover rates (52, 61 ), local cerebral glu- 
cose utilization (62), and the ability of light 
to induce Fos expression (63). Furthermore, 

. - 
tion, elevated amounts of FSH are not al- 
ways temporally correlated with decreased 
estradiol-pr inhibin levels in individual 
women (25, 37, 38). Thus, a simple de- 
crease in the levels of ovarian steroids or 
peptides cannot always explain changes in 
gonadotropin secretion. 

The pattern of pulsatile GnRH secretion 
from the hypothalamus during all stages of 

the maintenance of a specific pattern of 
GnRH secretion, become less ordered. First, 
hot flashes, a hallmark of the deterioration 
of the hypothalamic thermoregulatory cen- 
ters, occur in normally cycling women dur- 
ing the fourth decade, when more than 
25,000 follicles should be present in the 
normal ovary (4,  49). Second, in rodent 
models, changes in neurotransmitter activ- 

the expression of the neuropeptides of the 
SCN that are in neurons projecting to 
GnRH neurons decreases with age, and ma- 
nioulations that mimic these effects result 

the menstrual and estrous cycle determines 
the secretorv oatterns of LH and FSH. Be- 

ity, neurotransmitter receptor densities, and 
levels of mRNAs that encode for GnRH- , L 

cause hypothalamic releasing hormones can- 
not be detected in peripheral plasma, LH 
and sometimes FSH have been used as indi- 
rect indices of GnRH secretion; the freauen- 

regulating neuropeptides [for a review, see 
(17)] occur during middle age, when ani- 
mals still exhibit regular estrous cyclicity. 
Some researchers propose that this deterio- 

in changes in LH secretion that are like 
those found in aging organisms (64, 65). 

The possibility that the biological clock 
itself or its coupling to an array of outputs 
may deteriorate with age is bolstered by 
numerous reports that multiple circadian 
rhythms are compromised in aging organ- 
isms: the period of rhythms decreases, the 

cy of LH pulsesL'is assumed t o b e  a fakhful 
mirror of GnRH oulse freauencv. In middle- 

ration in communication among the neuro- 
transmitters that regulate GnRH secretion 
causes the initial changes in patterns of 
gonadotropin secretion and that these 
changes herald the imminent transition to 
the perimenopausal state. The recurring 
and pervasive feature of many of these neu- 
rochemical alterations is that they are a 
result of perturbations in the daily rhyth- 
micity of these parameters (46, 50-52). 

The finding that the rhythmicity of so 

A ,  

aged, regularly menstruating women, the fre- 
cluencv of LH uulses decreases and the width 
A ,  

of the peak increases during the follicular 
phase, before any change in the amount of 
plasma estradiol (39). These changes are ac- 
companied by elevated FSH concentrations 
during the early follicular phase. 

Brain 

These data are particularly provocative 
for what they may tell us is happening in 
the neuroendocrine axis. Changes in the 
frequency of LH pulses and broadening of 
the width of the pulses usually reflect im- 
precision in the hypothalamic GnRH pulse 

many neurotransmitters changes with age 
has led to the hypothesis that the deterio- 
ration of the biological clock underlies 
these desynchronizations. The suprachias- 
matic nuclei (SCN) of the hypothalamus 
are the master circadian pacemakers, or bi- 
ological clocks, in mammals. This bilateral 
dense cluster of neurons exhibits inherent 

generator as a result of the gradual uncou- 
pling of the generator from the neurochem- 
ical factors that coordinate GnRH secre- 
tion. One of the first signs of the impending 
transition to menopause is elevated FSH 
levels during the follicular ohase, as ob- 

Estradiol, Progesterone 

24-hour rhythmicity. Neurons from the 
SCN communicate extensivelv with each 

served here. 5uch  elevated 1e;els have been 
assumed to indicate changes in ovarian es- 

other, arborize broadly to mani  regions of 
the brain, and drive the timing of multiole 

tradiol and inhibin feedbick. However, de- 
creased frequency of GnRH pulses (40, 41) 
or lowered concentrations of GnRH (42) 
can lead to a oreferential increase in the 

" 

outputs so that almost all physiological 
functions show a oervasive dailv rhvthm. Fig. 1. Schematc diagram of the relations between 

the braln, pltultary gland, and ovary. GnRH neurons 
are influenced by neural Inputs from several hypo- 
thalamic and extra-hypothalamic regions of the 
brain. Among these, neural communication from 
the SCN synchronizes GnRH secretion according 
to daily environmental cues. The pattern of GnRH 
secret~on is also influenced indirectly by ovarian 
steroidal input. GnRH regulates the pattern of LH 
and FSH secreton from the anterior pituitarygland, 
whlch in turn regulates the termlnal differentiation 
of the ovaran follicles and secreton of estradiol, 
progesterone, and inhibin. Data suggest that mul- 
tiple changes occur at the level of the bran and 
ovary and initate the menopausal transiton ( 7  7) 

Female reproductiv; cyclicity is f'undknen- 
tallv grounded on a circadian foundation. 

release of ~ ~ ~ ~ c o m ~ a r e d  to the release of 
LH. Therefore, increases in FSH levels do 

, - 
This is most evident in rodents that are 
maintained in controlled laboratory condi- 
tions (53, 54). 

But even in human populations, where 
activity, light-dark cycles, and sleep are not 
rigorously controlled by experimental pro- 
tocols, reproductive functions exhibit a di- 
urnal rhythmicity (55-58). Several neu- 
ropeptides that are abundantly expressed in 
the SCN and whose rhythmicity is critical 
to coordinated clock function send projec- 

not necessarily reflect changes in ovarian 
function. 

Parallel changes have been reported in 
rodent models. Middle-aged rats with regu- 
lar estrous cycles exhibit alterations in the 
preovulatory pattern of LH and FSH secre- 
tion (28, 43-46). In addition, alterations in 
the steroid-induced surge (46), where estra- 
diol was clamped to equivalent levels in 
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phases of many outputs of the clock ad- 
vance, and the am~litude of multinle 
rhythms is attenuated [for review, see (66, 
67)l. In addition. there is an increased inti- , - 
dence of temporal desynchronization of two 
or more rhythms, fragmentation of circadian 
rhythms, and altered responsiveness to stim- 
uli that induce ~ h a s e  shifts. Thus, declining - 
reproductive function may be only one of 
many physiological endpoints to be affected 
by the fragmentation of the temporal orga- 
nization of physiological functions. 

The evidence that both the ovary and 
the brain  are^ key pacemakers in menopause 
is compelling,-.We probably should not de- 
bate which component of the reproductive 
axis deteriorates first. It is likelv that mul- 
tiple redundant pacemakers govern the pre- 
cise orchestration of physiological, cellular, 
and molecular events that weave together 
and lead to reproductive cyclicity. Instead, 
our goal should be to better understand the 
constellation of factors that interact to 
maintain regirlar reproductive cyclicity and 
how this precise dynamic balance changes 
with age. In so doing, we will come to 
understand the complex fabric of the func- 
tioning system and the multiple triggers 
that lead to reproductive decline. 
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The Aging Immune System: 
Primer and Prospectus 

Richard A. Miller 

Changes in T lymphocyte populations underlie much of the age-related decline in the 
protective immune response. Aging leads to the replacement of virgin T cells by memory 
T cells and to the accumulation of cells with signal transduction defects. Studies of 
antibody gene assembly, accessory cell function, post-thymic T cell development, 
skewed selection of T cell receptor repertoire, and the clinical concomitants of immune 
senescence will shed new light on the causes and consequences of age-dependent 
immune failure. 

Like a citadel astride key trade routes, an 
immune-system perspective gives a com- 
manding view of both basic and applied 
gerontology. Immune cells offer powerful 
models for study of how aging affects gene 
expression, cell communication, and ho- 
meostatic regulation; few other multicellular 
systems perform so well in vitro after dissec- 
tion and reassembly. Immune senescence 
also attracts intervention-minded geriatri- 
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cians seeking to protect elderly patients from 
infection and, perhaps, from neo~lasia. The 
past two decades of research have produced 
consensus in some areas, confusion in oth- 
ers, and provocative findings that are worth 
further pursuit. Figure .l depicts some com- 
ponents of the immune system that exhibit 
age-dependent alterations. 

The immune system comprises many 
cells with distinct functions, and the chal- 
lenge to the imm~~nogerol~tologist has been 
to map age-associated changes in immune 
responses to underlying cellular alterations. 
Aged people and rodents show declines in 
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