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Abstract

The neuroendocrinology of menopause is reviewed from a comparative perspective, with

emphasis on laboratory rodent models. These changes are compared by the 2011 STRAW Criteria

(Stages of Reproductive Aging Workshop). Ovarian cell loss begins prenatally in all mammals

studied, with exponential depletion of primary follicles and oocytes in association with loss of

fecundity by midlife. Rodents and humans also share progressively increasing irregularity in

ovulatory cycles and increasing fetal aneuploidy as oocyte depletion become imminent.

Hypothalamic impairments of the estrogen-induced surge of pituitary gonadotrophins (luteinizing

hormone, LH; follicle stimulating hormone, FSH) are prominent in middle-aged rodents, but

sporadic in peri-menopausal women. In aging rodents, hypothalamic impairments of the LH surge

have been experimentally associated with prolonged phases of sustained estradiol (E2) and very

low progesterone (P4) (‘unopposed estradiol’). Although peri-menopausal women also show

hyper-estrogenic cycles, there is no indication for irreversible hypothalamic desensitization by E2.

Ongoing cognitive assessments in clinical trials of estrogen therapy with and without P4 or other

progestins may further inform about possible persisting effects of unopposed estrogens.
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1. Introduction

First, ovarian senescence is reviewed from a comparative perspective across vertebrates.

Then, the stages of menopause by the STRAW criteria (Stages of Reproductive Aging

Workshop) are compared with laboratory rodent models. Past work from my lab in estradiol

(E2)-driven rodent neuroendocrine is reviewed, and updated with recent findings that link

impaired astrocyte neurotrophic activity to increased expression of estrogen receptor alpha
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(ERα). Species differences are important in neuroendocrine aging changes which are much

less robust in menopausal women than in rodent models.

2. Ovarian senescence

2.1 Oocyte depletion and de novo oogenesis

Ovarian primary follicles and oocytes decline exponentially, starting by birth or before in

humans, rodents, and all mammals examined (Fig. 1)(Table 1) [1,2,3]. There is some

evidence for postnatal de novo oogenesis (neo-folliculogenesis) from Tilly and others [4,5].

However, as the ovarian stock dwindles, there is no evidence for a contribution of de novo

oogenesis to active follicular pools. A surgical model of accelerated ovarian aging by hemi-

ovariectomy (OVX) advanced the onset of fetal aneuploidy and acyclicity by about one

month [6]. Acyclicity is predicted to begin at a threshold of 150 remaining oocytes [3]. As

elegantly developed by Nelson and Felicio [7], the onset age of acyclicity can be predicted

from the rate of ovarian oocyte loss, which is approximated by a single exponential; like the

rate of radioactive decay and ‘zeroeth order’ chemical kinetics, the rate of oocyte loss is

independent of the number remaining; also see [8]. The extreme ‘radical ovarian resection’

of removing 90–95% of the follicles in 5 mo old mice accelerated the onset of ayclicity by 5

months, within the limits of the prediction [7]. These findings suggest that de novo

oogenesis in mice to compensate for the excised primary follicles is minor after 5 months.

Mathematical models of the human oocyte reserve are also consistent with minimal de novo

oogenesis [9]. Nonetheless, the potential for recovering oogonial stem cells remains of great

interest as women increasingly schedule pregnancies to later ages when natural fecundability

is sharply dwindling.

Although Zuckerman’s (1951) [10] concept of finite pools of ovarian oocytes in humans and

other mammals is considered the law of the land, the naked-mole rats (rodent family

Bathyergidae) may prove to be an exception: these small subterranean species, now

laboratory adapted, maintain reproduction to nearly the limit of their prodigious lifespans

[11,12]. The current record for Heterocephalus glaber, exceeds 31 years in the lab colony of

Rochelle Buffenstein (pers. comm.). Equally remarkable is the increase of litter size in the

established breeders older than 15–20 years [11]. We hope for data on ovarian follicle

populations by age.

Looking further into long-lived vertebrates, there are a few credible examples of fish and

turtles that maintain reproduction into their later years [2, 12]. Two species of rockfish

(Sebastes aleutianus, rougheye rockfish and S. alutus, Pacific ocean perch) were examined

for follicle counts of individuals of defined ages in a project that I organized [13]. Both fish

species showed adult de novo oogenesis with annual crops of mature ova; S. aleutianus

maintained follicle and oocyte numbers up to age 80 years. Further studies of these regularly

harvested species could evaluate the viability of the oocytes by in vitro fertilization. Other

shorter-lived fish show definitive ovarian senescence with definitive postreproductive

phases in lab populations [2]. Thus during the last 500 million years of vertebrate evolution,

ovarian senescence has arisen independently in different lineages.
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Humans are unique among primates in a definitive postmenopausal phase of life that may

have co-evolved with our exceptional longevity. The chimpanzee age at menopause at about

52 years observed in captivity is close to their maximum lifespan [14, 15]. In natural

populations, no postreproductive phase has been observed for chimpanzees, or for shorter

lived monkeys, which also have definitive menopause in captivity [16]. The evolution of the

extended post-reproductive phase of the human life history is a definitive human innovation,

and may be understood in terms of ‘inclusive fitness’ for the role of grandmothers and other

sources of social capital [15,17]. Nonetheless, ovarian senescence has also evolved in

species across the vertebrate phyletic radiations that entirely lack multi-generational social

systems [2].

Loss of oocytes and primary follicles begins before birth at an astonishing rate [8, 18]:

Starting at 7 million oocytes at 20 weeks of gestation, one million remain at birth, and the

loss continues postnatally. At most, about 350 oocytes could be ovulated during the human

reproductive lifespan, which is 1/20,000th of the initial 7 million potential eggs. The

mechanisms of oocyte attrition involve apoptotic processes intrinsic to the ovary. Because

aneuploidy increases as the pool is exhausted (see above), some have argued that oocyte

attrition is evolutionarily adaptive to eliminate defective oocytes with chromosomal

abnormalities or damaged mitochondria [19].

Human oocyte loss curves show more complexity than the rodent, with some acceleration of

loss in the last decade [20, 21, 22, 23]. Nonetheless, the age at menopause is still determined

by the initial oocyte and follicular pool, with a threshold number of primary follicles before

the last cycle estimated at 1000 for women [22] and 100 for mice [3]. In postmenopausal

ovaries, “follicles were virtually absent” [20].

In women, the rates of follicle recruitment fall sharply as menopause approaches [23], but

ovulation is still possible, even after menopause [24, 25]. In mice the progressive deficits in

ova were clearly shown by superovulation with injected gonadotrophins [26]. Postnatal

oocyte loss is under systemic physiological regulation, and is slowed by hypophysectomy

[27, 28] and by caloric restriction [29, 30]. After restoration of ad lib feeding, mice regained

regular cycling [29] and retained fecundity up to 6 months beyond their usual ages [31].

Conversely in women, tobacco smokers tend to have early menopause by about 1 year [32],

in association with dose-response for pack-years and second hand (passive) inhalation of

smoke [33]. No oocyte or follicle counts are yet available for smokers.

2.2. Defective oocytes and birth defects

Birth defects from chromosomal meiotic abnormalities (aneuploidy) increase sharply as the

follicular pool diminishes. The risk of Down syndrome (trisomy 21) increases exponentially

with maternal age 100-fold between age 25 and 50 [35, 36]. In mice, oocyte aneuploidy

increased with age >5-fold (Table 2) [26]. The increase of abnormal fetal karyotypes is

accelerated by premature follicular depletion, in mouse models with partial OVX and in

Turner’s syndrome with ovarian dysgenesis, a subset of which retain sufficient follicles for

adult fertility [6, 37]. Remarkably, in oocytes from aging mice, aneuploidy and abnormal

mitochondrial aggregates were attenuated by caloric restriction [30], which as mentioned

above, also slowed the rate of oocyte loss. While caloric restriction in mice and other animal
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models does not readily translate into human benefits, we must remain open to the

possibility that human ovarian aging is modulated by systemic factors, such as tobacco

smoke toxins.

The basis for increasing aneuploidy in mice includes abnormalities in meiotic spindle

formation and chromosome segregation at anaphase I [26, 38, 39]. In women, deacetylation

defects increase with maternal age and correlate with chromosome misalignment [40]. Gene

expression profiling of oocytes in aging mice [26] and humans [41] showed selective

changes in mRNA for functions (GO and KEGG categories) related to chromosome

alignment and spindle formation. A bioinformatics could identify shared RNA changes

across rodents and humans.

2.3. Perimenopausal cycles and sex steroid transitions

As the follicular pool approaches exhaustion, ovarian cycle irregularity and average cycle

length increases in humans and rodent models (Fig. 2). Table 1 compares rodent changes

with the stages of menopause according to 2012 STRAW Criteria (Stages of Reproductive

Aging Workshop) [42]. Table 1 notes species differences as well as similarities.

Longitudinal studies of women show the increased prevalence of longer, as well as shorter

than normal cycles, both interspersed with normative ca. 30 d cycles [23, 43, 44, 45].

Anovulatory cycles increase. There are also hyperestrogenic cycles, discussed below. Total

estrogen production eventually diminishes towards OVX levels after menopause (STRAW

Stage 1, Table 1) [25, 45]. However, there are wide individual variations during the peri-

menopause (Stages −2 and −1; Table 1) such that “Unpredictability is the norm” [47]. Even

identical twins vary in age at menopause: mean MZ co-twin difference at menopause is 2 y,

with a range 1–12 y [48]. Heterogeneity in age at menopause may arise in part from

individual variations in the numbers of oocytes formed during development, as also

observed in inbred mice [3, 8].

Rodents also have extensive individual heterogeneity of ovarian cycle aging, e.g. in our

studies of the C57BL/6J mouse [49, 50, 51, 52, 53, 54]. Young lab mice and rats typically

have 4–5-d cycles, which become increasingly irregular after 7 mo, with long cycles (6–10

d) interspersed with normal cycles of 4- to 5-d length (Fig. 2 and Fig. 3). However, unlike

humans, aging rodents do not show cycle shortening, with no cycles <4 d. Nonetheless,

aging rodents have been widely used as convenient models for the perimenopause because

of ovarian cycle irregularity during depletion of the ovarian follicle pool, increased risk of

fetal aneuploidy, and eventual reduction of plasma estrogen and progesterone to OVX levels

[1, 49, 52, 55, 56]. While rodents show definitive ovarian senescence, by convention the

endpoint is not termed menopause because rodents lack vaginal discharges equivalent to

menstrual flow (the menses).

The onset of rodent perimenopause is marked by a phase of interspersed longer cycles

(irregular cycles), identified by vaginal smear cytology followed by one of three alternate

pathways of ovarian activity (rodent pathways I, II, III, Fig. 3) [49]. In pathway I, rodents

transition from irregular cycles to ‘constant estrus’ or persistent vaginal cornification, an

anovulatory state with polyfollicular; eventually, constant estrus fades to anestrus with thin
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smears (few cells) indicative of low estrogens and progesterone from the imminent or

complete depletion of growing follicles [57]. Aging rodent anestrus is a model for the

STRAW postmenopausal Stages +1 and +2, with OVX levels of plasma estradiol (E2) and

progesterone (P4) and uterine atrophy [57]. In pathway II, constant estrus is followed or

interrupted by prolonged diestrus-like vaginal cytology with intermittent ovulation, also

known as repetitive pseudo-pregnancy (RPP) [58, 59, 60], again ultimately followed by

anestrus. In the minor pathway III, irregular cycles are directly followed by anestrus. In

practice, rodent studies of the peri-menopause require laborious daily tracking of vaginal

cytology in large groups for at least 10 consecutive days to define the cycling status.

The major changes in menstrual flow in women, and vaginal cytology in women and

rodents, result from lower estrogen and progesterone production as the follicular pool

diminishes. All mammals characterized show the end-point of ovarian senescence from the

depletion of growing follicles with major decreases in blood estrogen and progesterone that

approach the equivalent of OVX in young adults. However, in the approach to follicular

exhaustion, women show hyperestrogenic cycles with elevated plasma E2:P4 (see below),

which may be modeled in the constant estrus stage of rodents. However, rodents differ in

their regular development of hypothalamic desensitization with impaired pre-ovulatory E2-

induced LH surges (Fig. 4), for which there is no clear equivalent in women. Rodents also

differ from humans and monkeys in their very low levels of the adrenal androgens (Section

3.4).

Estrogens gradually decline very late in the human perimenopause as the follicular pool

becomes exhausted (STRAW Stage minus 1, Table 1) [24, 42, 44, 61]. However, there is a

trend for increased follicular phase plasma E2 and higher E2:P4 ratio during the

perimenopause relative to young cycling women [25, 45, 62, 63, 64]. From Prior’s 1998

meta-analysis of 12 studies [61], I calculate that average follicular phase blood E2 was 30%

higher in perimenopausal vs the premenopausal women1. Subsequent studies confirm these

trends [25, 63, 65]. Prior [61] describes ‘the paradox of endogenous ovarian

hyperstimulation”, which is paradoxic because declines, not increases, are the larger trend in

estrogen production as menopause approaches. Hyper-estrogenic cycles may be interspersed

(flanked by) with cycles with lower estrogens, suggested by the 7-fold higher frequency of

episodes of high unopposed estrogens in perimenopausal than regularly cycling younger

women [66]. There are also anomalous cycles with secondary peaks of estrogen during the

luteal phase (‘LOOP cycles’, luteal out-of- phase follicular event) [67]. Sometimes a

dominant follicle may also emerge from the cohorts (‘waves’) of anovulatory follicles that

precede the ovulatory wave [68]. I note the important lack of hormone data for successive

cycles in sequences (strings) of cycles of varying length, as discussed below.

Unopposed estrogens are known risk factors in cancers of the uterus [64, Clear definition of

the ‘window of risk’ is frustrated by uncertainties about the total duration of unopposed

estrogens because cycle length transitions and hormone levels vary widely, both within and

between individuals. A model for phases of ‘unopposed estrogen’ in perimenopausal women

1From Prior’s Table 1 [69]: periMP 225 + 98 pmol/ml, N=445 vs. preMP 175 + 57, N=292.
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may be found in constant estrus aging rodents, with sustained modest E2 and low P4 from

polyfollicular ovaries without corpora lutea.

Plasma FSH and LH remain elevated at later STRAW Stages 0 to+2, after eventual

depletion of the follicular reserve. Similarly, aging mice may show elevated FSH and LH

[57, 70], particularly those with uterine atrophy indicative of low estrogens [57]. However,

there is an important interaction with age-related pathology, because plasma LH elevations

are not seen in aging mice with pituitary tumors or some other gross organ lesions [57].

Female rodents older than 18 mo have a high incidence (ca. 50%) of pituitary tumors that

hypersecrete prolactin [58, 71, 72, 73]. The lower plasma LH in tumor-bearing mice is

attributable to their prolactinemia, which can directly suppress gonadotrophin release [74].

In contrast, pituitary tumors are relatively uncommon in postmenopausal women, and as

well as in aging male mice.

3. Neuroendocrine changes

3.1. Rodent models

Impairment of the E2-induced pre-ovulatory gonadotrophin surge in aging constant estrus

mice and rats is a major landmark of reproductive senescence [49, 55, 75, 76].

Hypothalamic-pituitary desensitization was demonstrated by my lab and others by short-

term OVX followed by acute E2 replacements that induce vigorous, circadian timed LH

surges in young adults, whereas constant estrus rodents were unresponsive [60,75,77,78]

(Fig. 4B).

Hypothalamic-pituitary impairments were further shown by ovarian transplantation to

beneath the kidney capsule (heterotopic transplantation). The control group of young ovaries

transplanted to young hosts (Y to Y) had about 20 cycles, close to the number in intact hosts

(Fig. 5 & Fig. 6). In contrast, ovaries from middle-aged donors (MA to Y) supported <10

cycles (Fig. 6, MA-INT to Y), consistent with their smaller pool of remaining follicles [3].

Paralleling the impaired E2-induced LH surge (Fig. 4B), ovaries from young cycling (Yc)

donors transplanted to middle-aged acyclic hosts incompletely restored cyclicity for a

limited duration (Fig. 5, Yc to MAc; Fig. 6, Y to MA-INT) [49, 54].

Further transplantation studies evaluated cycle length [54]. In MA hosts with young ovary

transplants, we observed longer cycles, but not 4 d cycles. In contrast, the Y to Y transplants

had predominantly 4 d cycles. Thus, there may be a neuroendocrine component in the

transition to longer cycles during aging, as well as in the ultimate failure of cyclicity.

Evidence that these mechanisms involve the hypothalamic-pituitary exposure to ovarian

steroids came from attenuation of neuroendocrine impairments by long-term ovariectomy

(LTO) when young, followed by young ovarian grafts. Middle-aged LTO mice (MA-LTO)

had predominantly 4 d cycles if OVX when young and allowed to reach middle-age before

receiving young ovaries. The Y ovary to MA-LTO hosts had the same number of cycles as

Y to Y controls (Fig. 6). Moreover, LTO mice did not show the usual age decline in

negative feedback sensitivity of E2 on LH [79].
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We hypothesized [49] that neuroendocrine impairments with E2-desensitization arise from

cumulative exposure to estrogen from elevated blood E2:P4 ratios during the initial

lengthening of cycles and acyclicity. This hypothesis was tested in two ways. First, we

transplanted young ovaries into middle-aged hosts that were still cycling and observed more

cycles than in slightly older mice that were acyclic (Fig. 5). A second approach exposed

young OVX mice to sustained lowl levels of E2, administered in the drinking fluid, which

were sufficient to suppress the post-OVX elevations of LH [80,81]: as few as 6 weeks of

unopposed low E2 caused premature loss of cyclicity, as assessed with young ovary

transplants [80, 81]. We also compared the effects of depot injections of E2 valerate (EV)

that maintain supraphysiological high levels of exogenous plasma E2 for 4–5 weeks in

young LTO and intact mice: the EV had larger effects on cycling duration in the LTO than

intact mice (Fig. 6) [82]. The ovarian capacity for cycling was not altered by the effects of

EV (Fig. 6, MA to Y, INT-EV vs INT). The importance of unopposed E2 was shown by the

ability of P4 implants to block the effects of E2 on hypothalamic desensitization [81].

Further aspects of postmaturational E2 exposure are shown in the delayed anovulatory

syndrome (DAS) of rodents, which indicates interactions of pre- and postpubertal steroid

exposure. If neonatal females are given a large single dose of testosterone (T), the adults

lack ovarian cycles in association with impaired hypothalamic responses in the lack of E2-

induced surges of LH and FSH. Because male rodents also do not respond to E2 with a

gonadotrophin surge, this is known as hypothalamic masculinization, and represents an

‘organizing effect’ of neonatal steroids on the developing brain [83]. However, with a

smaller ‘submasculinizing’ dose of T given neonatally, young adult females initially have

ovulatory cycles, but become prematurely anovulatory (DAS). Further we showed that DAS

effects can be caused by small neonatal doses of E2 and that the loss of cyclicity is due to

hypothalamic desensitization to E2 [84]. These and other findings suggest a continuum

model for irreversible effects of E2 (and other sex steroids) in which postpubertal exposure

was additive with earlier exposure [49].

Lastly, the number of hypothalamic GnRH neurons was not altered during normal aging up

through late middle-age [85] or in the DAS [86]. This was important in early discussions of

neuron loss during non-pathological brain aging as an example of a major function change

without neuronal loss.

3.2. Peri-menopausal women

Peri-menopausal women also show sporadic impaired hypothalamic functions [24, 44, 76],

but to a much milder degree than in aging rodents. On one hand, the negative feedback of E2

on LH and FSH has not shown impairment in postmenopausal women [87, 88]. Moreover,

the pulsatile LH patterns of postmenopausal women show no change in frequency and even

less variability than in younger women [89]. On the other hand, peri-menopause includes

sporadic, transient impairments of the LH surge. In the SWAN Study, Weiss et al. [90]

followed 159 women of average age 49 daily for ovarian and pituitary hormones, with

hormones assayed in urine (estrone conjugates, E1c) and LH (Fig. 7). Group I had normal

ovulatory cycles with LH surges at the peak of estrogen production. Group II showed

hypothalamic-pituitary insensitivity with the absence of LH-FSH surges, despite equivalent
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estrogen elevations, while Group III lacked surges of estrogens and LH. Given the evidence

from rodents that unopposed estrogens impair the pre-ovulatory LH surge, I suggest that the

impaired peri-menopausal LH-FSH surges in Group II resulted from transient E2-

desensitization by a prior sustained hyperestrogenic follicular phase within that cycle.

Current data on individual cycles does not address this possibility.

3.3. Open questions about persisting estrogen effects

There is no evidence for enduring hypothalamic impairments in humans or primates from

adult exposure to unopposed estrogens. In a unique study, young OVX monkeys given 30

month of equine estrogens (Premarin) had no hypothalamic microglial activation or evident

neurotoxicity [91]. However, it is unclear if this exposure was sufficiently long, because 30

months represent about 12% of the 30 year monkey lifespan, and is less in proportion than

the 8 mo of exposure that activated hypothalamic glia in rats that live 30 months. Thus, the

question of persisting sex steroid effects on primate and human brain cells should remain

open.

Recent MRI studies of the pubertal human brain suggest that the cerebral cortex, amygdala,

and other regions are subject to sex-specific influences during adolescence. Sex differences

in white and grey matter regional volumes emerge after puberty in correlation with

individual blood levels of sex steroids [92, 93]. Girls showed 1–2 year earlier onset of brain

morphological changes, corresponding to their earlier puberty. These emerging findings

suggest that a need to revisit the classic 1959 concept of Phoenix et al. [94] of a ‘critical

window’ of limited duration in early postnatal life when sex steroids ‘organize’ brain

circuits [95, 96, 97].

Several important questions may be considered. Do sex differences in brain regional volume

require continued exposure to plasma sex steroids during adulthood? How does the human

brain respond to changing sex steroid levels during middle-age in both genders, and

hormone therapy. Ongoing large trials of hormone therapy may inform about hazards and

possible benefits of unopposed estrogens to normal cognitive aging, as well as to Alzheimer

disease and cerebrovascular pathology.

The subcellular mechanisms of persistent estrogen perturbations (Fig. 5 and Fig. 6) could

involve high affinity estrogen receptors (ERs). We recently reported that primary astrocyte

cultures from the cerebral cortex have impaired neurotrophic activity if obtained from

middle-aged acyclic (constant estrus) rats [99]; in contrast, cultures from regularly cycling

rats of the same age (10 month) had normal neurotrophic activity. We hypothesize that

astrocyte neurotrophic activity assayed in culture carried a persistent effect from the in vivo

steroidal milieu of irregular cycles and constant estrus. There is a precedent for persisting

effects of E2 in human hepatocarcinoma HepG2 cells which was described as “estrogen

memory” [98]. Exposure of HepG2 cells to 20 nM E2 for 48 hours induced a “moderate

affinity” E2-binding site that persisted for 10 cell generations, whereas 6 hours of E2

exposure had no lingering effect. This lower affinity E2 binding site is unlikely to include

the high affinity estrogen receptors, ERα or ERβ. In possible parallel to HepG2 cells, brain

astrocytes had elevated ERα bit not ERβ in astrocytes cultured from acyclic but not

regularly cycling rats, both in primary culture and in vivo in the cerebral cortex [99].
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Manipulations of ERα levels in astrocytes from different age groups showed reciprocal

relationships between elevated ERα and neurotrophic activity via the upstream promoter of

GFAP. We do not consider the term estrogen memory from the HepG2 study is appropriate

for brain astrocytes which have specific roles in synaptic functions of learning and memory.

We are studying the possibility that the unopposed estrogen milieu of constant estrus (see

above) induces excess ERα expression as an outcome of inflammatory cascades that

diminish neurotrophic activity during the loss of regular cycling. Both ERα or ERβ are

implicated in maintaining synaptic functions during aging and in regulating synaptic

plasticity. The selective increases of astrocyte ERα during aging, in contrast to decreased

ERα in rat hippocampal neurons [100] give a basis for considering brain cell-type

specificities of estrogenic drugs.

3.4 Adrenal androgens

Adrenal androgens transiently increase in blood during the perimenopause, among which

dehydroepiandrosterone-sulfate (DHEA-S) and delta-5 androstenediol are receiving

particular attention [101,102]. There are wide variations of basal plasma DHEA-S levels

between and within and ethnic groups, which are considered greater than the

perimenopausal variations in plasma E2. While average DHEA-S increases are about 15%,

androstenediol may be elevated 5-fold in some women, yet others comprising “possibly

15%” do not incur any elevations of adrenal androgens [103]. The extent of concurrence of

adrenal androgens with hyperestrogenic cycles has not been defined, and longitudinal

studies are needed. The levels of estrogens and androgens may vary independently because

of the distinct steroidogenic pathways of adrenal and ovary and their different hormonal

inputs. Plasma levels of sex hormone binding globulin (SHBG) a hepatically secreted

glycoprotein, may also be important in the menopausal transitions. The level of free

androgens in plasma varies with SHBG levels, which binds both androgens and estrogens

with high affinity [101,104]. Depending on the degree of SHBG binding saturation, which is

generally lower in women than men, elevations of androgens or estrogens can displace the

other steroid class. SHBG levels are also influenced by individual variables (e.g. obesity

lowers, whereas oral contraceptives increase) [104]. The variations of adrenal androgens are

being discussed in relation to the individual postmenopausal health outcomes.

Lab rodents are not good models for the manifestly complex role of adrenal androgens

during aging, because of their very low plasma DHEA [105]. However, macaque monkeys

which have a well-defined menopause, also show increased DHEA-S [106]. Nonetheless,

rodents may still be useful experimental models for gene expression responses to adrenal

androgens, which show stereoselective ligand binding to ERα or ERβ and transcriptional

modulation of ER-targeted genes [107,108]. Moreover, Baker notes importantly that blood

27-hydroxycholesterol can interact with steroid binding by SHBG, despite its 1000-fold

smaller Kd, because of its 1000-fold higher concentration [107].

4. Conclusions

This comparative perspective on menopause is ovarian centered. Humans and laboratory

mouse and rat models undergo exponential decay in the numbers of oocytes and follicles,

with total loss of fecundity during midlife. As the follicular pool wanes, cycles become
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longer and birth defects increase. Human and rodent stages of reproductive senescence are

compared in Table 1, based on the 2012 STRAW Criteria. The peri-menopausal

hyperestrogenic cycles may be modeled in constant estrus rodent. However, there is no

rodent equivalent of the peri-menopausal increase of adrenal androgens. The hypothalamic

mechanisms that support ovarian cycles show modest sporadic impairments in peri-

menopausal women. In apparent contrast, female rodents develop major hypothalamic

impairments during the peri-menopause that are linked to elevated blood levels of E2 with

low P4 (“unopposed estrogens”). The impact on brain cells of unopposed estrogens is well

documented in adult rodents for which there is no clear human clinical condition.

Nonetheless, the human brain has evidenced persisting effects of sex steroids during puberty

with gender-specificity. Ongoing clinical trials of hormone therapy may further inform

about this question. We face many challenges in the expanding physiological and

pharmacological complexity of menopause to optimize HT for brain, metabolic, skeletal,

and vascular health.
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Highlights

• The STRAW Criteria for the menopause correspond to some rodent aging

changes

• Ovarian cell loss begins prenatally in all mammals

• Hypothalamic impairments in aging rodentsare robust, but sporadic in

perimenopausal women

• In aging rodents, hypothalamic impairments are associated with chronic

unopposed estrogens
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Fig. 1.
Oocyte loss from birth thru midlife in mouse (British strain A) [109] and Caucasian women human [110]. Redrawn from Finch

et al. 1984 [49] In both species, the stock of primary follicles and immature oocytes begins to decline exponentially before birth

and becomes exhausted during midlife. Mean lifespans in 2010 are much greater than under Darwinian conditions before

modern medicine and hygiene.
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Fig. 2.
Ovarian cycle regularity, defined by the frequency distribution of cycle lengths in mice and women. Redrawn from Nelson et al.,

1982 [51], from longitudinal data of cycle lengths of C57BL/6J mice [51] and Treloar’s landmark study of self-reported

menstrual cycles (alumna, University of Minnesota) [43]. Both show U-shaped curves of the variance in cycle length. During

early adulthood, variance decreases, followed by maximum regularity during the most fertile phase of life, and then increased

irregularity during follicular depletion. Perimenopausal stages are compared in Table 1.
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Fig. 3.
Rodent reproductive senescence proceeds on three alternate pathways to anestrus (terminal acyclicity), based on vaginal smear

cytology; redrawn from Finch et al. 1984 [49]. Regular 4–5 day cycles during peak fecundability across 3–7 months are

followed by pathway I: irregular cycles (prolonged cycles >5 day interspersed with 4–5 day cycles) and then PVC (persistent

vaginal cornification; alternate name, constant estrus, CE) and lastly to anestrus (the ovarian equivalent of the human post

menopause with extremely low plasma E2 and P4, and elevated gonadotropins, ovariectomy equivalent) [57] (Table 1 above).

PVC cytology is due to persistently elevated blood E2 and negligible P4 from polyfollicular anovulatory ovaries lacking corpora

lutea [50]. The duration of PVC varies inversely with age of onset [53]. Pathway II: PVC may be followed by 10–14 day cycles

resembling repetitive pseudo-pregnancy (RPP), with growing follicles and corpora lutea (prolonged luteal phases) and

intermittent ovulation [60]; the PVC-RPP pathway may be more common aging rats than mice, (Table 7 in [1]). The minor

pathway III is a direct transition from irregular cycles to anestrus.
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Fig. 4.
Rodent age impairments in the E2-induced gonadotrophin surge. Redrawn from Anderson et al. 2002 [78]. Hypothalamic-

pituitary impairments in the induced LH surge in acyclic rats (18 month, PVC). Top panel: experimental design, with E2

implants to ovariectomized rats (OVX). Bottom panel: Young cycling rats OVX and given E2 implants had a nocturnal LH

surge which models the pre-ovulatory blood LH surge at proestrus, whereas middle-aged acyclic rats did not respond. Notably,

LH was elevated in the young OVX rats without E2 (−), but not in the old, showing impaired negative feedback of low E2 on

pituitary secretion of LH.
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Fig. 5.
Ovarian transplantation. C57BL/6J mice were given young (3–4 mo) ovarian transplants (heterotopic kidney capsule); ovarian

cycles were followed by vaginal cytology. Redrawn from Finch et al. 1984 [49]. Top: Young to young cycling mice (Yc to Yc)

controls cycled nearly as long as intact controls, with acyclicity complete by 16 mo. However, middle-aged acyclic mice if

given young ovaries (Yc to Mac) had limited ability to cycle and became acyclic within 3 mo. Bottom: Middle-aged hosts that

were still cycling at grafting of young ovaries (Yc-Mc) maintained regular cycles for the next 6 months. This suggests that the

onset of acyclicity (PVC, Fig. 3 and Table 1) with prolonged exposure to E2 with low progesterone (‘unopposed estrogen’) can

cause ‘ovary-induced damage’ (hypothalamic desensitization).
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Fig. 6.
Test of the hypothesis that prolonged exposure to unopposed estrogens induces hypothalamic desensitization using ovarian

transplantation, redrawn from Mobbs et al. 1985 [84]. Letters above bars (A,B,C) identify groups that differ statistically. The

two groups from the left show that middle-aged hosts given young ovaries (Y-MA, INT, intact) supported fewer cycles than

young (Y-Y) (replication of findings in Fig. 5). The third group from the left was OVX when young and after 6 months (long-

term OVX, LTO) received young ovaries at middle-age (Y to MA-LTO) and had as many cycles as Y-Y controls. This finding

suggests that aging in the absence of endogenous ovarian steroids protects against hypothalamic desensitization from prolonged

cycles and PVC [49]. The fourth and fifth groups were given E2 valerate (EV) that caused sustained elevations of E2; when

middle-aged, their ovaries were replaced by young ovarian grafts; EV treatment blocked the ability to support cycles in the

intact group, but supported slightly more cycles in the LTO, which is consistent with shorter duration exposure to unopposed

estrogens. In the two right-most groups, MA ovaries were transplanted to Y hosts, and supported about 60% fewer cycles than

the Y-Y controls, consistent with imminent depletion of ovarian follicles at middle-age.
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Fig. 7.
Perimenopausal cycles from women aged 48–49 years show divergent hypothalamic-pituitary functions; redrawn from Weiss et

al. 2004 [90]. Three hormonal subgroups were defined from daily urinary levels of estrone conjugates (E1c/mg creatinine) and

luteinizing hormone (LH/mg creatinine): Group I (18%) had mid-cycle elevations of E1c and normative LH surges at Day 0;

Group II (20%) had E1c elevations at all days, but no LH surge. The authors concluded that thisshowed “unresponsiveness of

the hypothalamic pituitary axis to an estrogen peak…. supporting the hypothesis that there is a relative insensitivity to

estrogen… manifested by both positive and negative feedback”. The majority Group III (62%) lacked elevations of E1c or LH

surges, but had higher FSH levels than the other groups (not shown).
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Table 1

Stages of Ovarian Aging in Women and Rodent Models

Ovarian aging, Stages defined by STRAW a Women Rodent models b

−5, early reproductive stages: Variable to
regular cycles

15–20 y 2–3 mo

−3b, late reproduction declining
fecundability

30–50 y
irregular cycles, short and long

7–12 mo, irregular lengthened cycles; rodents are
“retired” as breeders

−2, early menopausal transition; 35–50 y
elevated FSH; hypo- and
hyperestrogenic cycles; increased
anovulatory cycles

9–15 mo, acyclic (constant estrus, with
unopposed estrogen; Fig. 3) and hypothalamic
desensitization to E2 [49, 55]

−1, late menopausal transition acyclic, anestrous, very low estrogens [57]

0, final menstrual period no fecundability amenorrhea, >2 mo; dwindling follicles no exact equivalent to menopause; dwindling
follicles

+1a,b early postmenopausal extinction of follicles; hot flushes, 2 y;
increasing FSH and LH

Follicle depletion, 18–24 mo [3]; FSH & LH
elevations equivalent to OVX if no pituitary
tumors [57]

+1c FSH elevations stabilize, 3–6 y

+2, late postmenopausal urogenital atrophy uterine atrophy [57]

a
Stages of Reproductive Aging Workshop (STRAW), 2011 revision [42].

b
From longitudinal studies of lab rodents ([1,49, 50,51]. Fig. 3 shows alternate trajectories of rodent reproductive senescence.
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Table 2

Ovarian ova production and oocyte aneuploidy in aging mice

Age, month # Ova Aneuploidy

2 40 ± 7 4.2%

6 31 ± 4

12 17 ± 6

16 4.4 ± 3.6 25%

B6D2F1 mice (C57BL/6J x DBA2/J mice) oocytes arrested at metaphase II [26].
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