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The Effects of Aging on Hormone and Reproductive
Cycles in Female Chimpanzees (Pan troglodytes)

Elaine N Videan,'" Jo Fritz,! Christopher B Heward,? and James Murphy!

In contrast to those for human females, observational cycle data available for chimpanzees suggest that menstrual cycling, and
thus reproductive potential, continues until near death. This study documents age-related changes in estrous cycling and hormone
profiles in 14 female chimpanzees (Pan troglodytes) ranging in age from 31 to 50 y. Estrous data were analyzed from daily cycle
charts, averaging 13.3 y of cycle data per subject, after omission of gestational and postpartum amenorrhea. Concentrations of total
luteinizing hormone (LH), follicle-stimulating hormone (FSH), estradiol (E,), and other hormones were assayed in serum samples
taken biannually. Sample collection times were chosen to avoid the ovulatory LH and FSH peaks of the female’s cycle and yielded a
mean of 19.6 serum samples over an average of 14.4 y per subject. Analysis of cycle charts revealed a negative relationship between
age and the percentage of cycle days at maximal tumescence. There also were positive relationships between age and the length of
the estrous cycle and age and the percentage of cycle days at complete detumescence. Analysis of hormonal data revealed curvilinear
relationships between age and both LH and FSH. These cycle and hormonal changes mirror those in perimenopausal and meno-
pausal women. Our data provide evidence of perimenopause (at 30 to 35 y) and menopause (at 35 to 40 y) in the chimpanzee.

Abbreviations: E,, estradiol; FSH, follicle-stimulating hormone; LH, luteinizing hormone; PFA, Primate Foundation of Arizona

Research into the aging process mandates an integrative ap-
proach because it relates to all areas of biomedical scientific study.”
The nonhuman primate is an appropriate model for studying
the aging process in humans because of its close phylogenetic
relationship.® In particular, various species of primates have been
used as models for studying the evolution of female menopause
in humans.>!5 Studies of the aging process in wild and captive
chimpanzees have primarily focused on behavioral correlates of
aging and neurobiology.#”141920 Defining ‘old age’ as around 31
y to death, Goodall* documented a gradual decrease in activity
levels and a more difficult time climbing trees. However, little
mention is made of reproductive cycling in aged females.

Reproductive senescence in the human female is characterized
by cessation of menstrual cycling and ovarian steroid hormone
production in approximately the fifth decade of life, with death
not occurring for more than 20 y thereafter.?! Perimenopause in
humans is defined as the period of menstrual irregularity pre-
ceding menopause and lasting 2 to 8 y.2! Perimenopause also
is marked by endocrine changes, including a gradual increase
in both follicle-stimulating hormone (FSH) and luteinizing hor-
mone (LH) concentrations. Menstrual cycling-based definitions
of menopause have been widely used, but this practice has led to
inaccurate determinations of menopausal status in some wom-
en.!” Endocrinologic definitions, which may be more accurate
than cycling-based approaches, define the onset of menopause
as the point at which FSH levels exceed 20 IU /1310 or 30 IU /1.2
Exact thresholds for LH have not been determined, but LH levels
typically have more than doubled by the menopausal transition.?!
Regardless, data addressing the effects of age on reproductive cy-
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cling in chimpanzees are in sharp contrast to those for women.

Most chimpanzees in captivity cycle (based on anogenital
swelling) until death, which may occur in the fourth or fifth de-
cade of life, although cycle lengths increased with age in some an-
imals.! Births are negatively correlated with age in the wild?® and
in captivity, 3! although anogenital swelling continues in some
animals until death. Longitudinal studies on wild chimpanzees
can only estimate ages of the senior members of the troops, but
they do address the question of behavioral correlates of aging re-
lated to female cycling.'4228 Hiraiwa-Hasegawa and colleagues!”
described 2 female chimpanzees who were estimated to be older
than 40 y and who continued to cycle but did not become preg-
nant. Goodall'* noted 1 chimpanzee older than 40 y who did not
cycle for almost 3 y prior to her death. Ghiglieri'® reported 2 old
females who never cycled during his 2-y study of the chimpan-
zees of Kibale Forest. Finally, Nishida and colleagues? reported 5
females who ceased cycling and could have been postreproduc-
tive. Reproductive endocrinology has been conducted on both
wild® and captive®3* female chimpanzees; however, no study to
date has examined hormone profiles in female chimpanzees as a
function of aging.

Permanent cessation of reproductive cycling has not been noted
in the chimpanzee, according to some authors.”'¢ They argue that
this phenomenon may be due to death at a younger age than for
humans.” Only 2 studies in captive chimpanzee have examined
the relationship between age and menstrual cycling.'>1¢ Although
better able to identify ages of the subjects and track sexual cy-
cling than those of wild animals, these studies lacked detailed
hormonal analyses, and no attempts to reexamine the question of
menopause in captive chimpanzees have been made. A closer ex-
amination of anogenital swelling patterns in captive chimpanzees
may be more indicative of changes in cycling than are duration
and frequency. Refining the analysis of cycling data by observing
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the subtle changes rather than the more overt changes may lead
to a better understanding of the cycle pattern in female chim-
panzees. In addition, long-term hormonal analyses can give us a
better picture of how aging affects female chimpanzee endocri-
nology and reproduction. Finally, the possibility of reproductive
senescence (menopause) in captive chimpanzees has important
implications for long-term breeding programs. Failure to recog-
nize reproductive senescence in aging captive female chimpanzee
populations may result in gross overestimation of their reproduc-
tive capacity.

The purpose of this study was to document longitudinal age-
related changes in estrous cycling and hormone profiles in fe-
male chimpanzees to provide a comparative viewpoint to human
female reproductive senescence. Estrous cycling and hormonal
changes associated with increased age were examined. Cycle fre-
quency, cycle duration, subtle changes of anogenital swelling pat-
terns, and hormone profiles with correlations to age may provide
new information on the process of aging in the female, captive
chimpanzee. Increased information will, in turn, provide answers
to the perplexing question of why cessation of menses has rarely
been noted in chimpanzees (contrary the situation for women) as
well as provide valuable information for the management and
breeding strategy of captive chimpanzees.

Materials and Methods

Animals. Subjects included 14 female chimpanzees (Pan trog-
lodytes) housed at the Primate Foundation of Arizona (PFA), a
facility accredited by the Association for Assessment and Ac-
creditation of Laboratory Animal Care, International, in social
groups of 3 to 6 animals. Subjects ranged in age from 31 to 50 y at
time of study or natural death. Until the enactment in 1997 of the
National Center for Research Resources breeding moratorium,
all subjects were housed in breeding configurations. Table 1 pro-
vides reproductive and life history information for all subjects.
No breeding has taken place in this colony since 1997, and all
subjects are currently housed in either single-sex configurations
or with a single vasectomized male. All subjects are defined as
‘clean’ according to criteria from the National Center for Research
Resources. No subject has been exposed to hepatitis C or human
immunodeficiency virus, and all are free from hepatitis A and B
antigens. Likewise, no subjects were on infectious studies over the
course of the sample collection period. Housing and care met and
exceeded all current national and US Department of Agriculture
guidelines. Chimpanzees were housed in either indoor-only or in-
door—outdoor enclosures. All cages were furnished with elevated
benches, vertical and horizontal poles, and firehose ropes. Chim-
panzees also were provided with paper or straw bedding, manip-
ulatable enrichment items, and forage-browse material on a daily
basis. The data collection protocol was reviewed and approved by
the PFA Institutional Animal Care and Use Committee.

Estrous cycling data. Sexual cycling data were collected from
preexisting records on file at PFA collected by 4 observers with a
minimum of 85% interobserver reliability, according to the index
of concordance. Cycling data was analyzed from a mean of 19.8
(£3.1) y of age to present on each subject, creating a longitudinal
dataset for each of the 14 subjects. Total available data averaged
13.3 (£ 4.6) y of cycle data per subject, after omission of periods
of gestational and postpartum amenorrhea, resulting in a total
of 186.4 y of cycle data. Sexual cycling data recorded included
length of cycle, length of peak estrous (maximal tumescence), and
length of complete detumescence. Menses and length of menses
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Table 1. Breeding and life-history information for female chimpanzees,
ranked according to current age or age at natural death

Subject Age (y) Parity
1031 31 3
1025 35 5
1010 35 1
1012 35 0
2721 35 4
1034 35 5
1006 36 6
1061 37 2
1015 37 4
1026 37 5
1022 37 3
1060 44 5
1016 48 6
1009 50 0

were not included in the analysis, because menses is difficult to
note in chimpanzees.®!” Bleeding is often slight, and female chim-
panzees are often fastidious and clean themselves as they bleed,
such that menses is not visible.'” Cycle length was defined as the
number of days from the onset of maximal tumescence in one
cycle to the onset of maximal tumescence in the next consecutive
cycle. Maximal tumescence was defined as very taut skin with
no wrinkles or sags. Complete detumescence was defined as no
swelling and flaccid skin with many wrinkles.” Both length of
time at maximal tumescence and complete detumescence were
converted to a percentage by dividing by the number of days in
each complete cycle.

Hormonal profiles. A hormonal profile, including total lutein-
izing hormone (LH), follicle-stimulating hormone (FSH), and es-
tradiol (E,) was prepared from each sample at Kronos Science
Laboratories by use of standard human clinical reference labora-
tory assays. Serum samples have been taken biannually for all
PFA-housed animals from 1987 to present (or time of death). The
samples used in this study were chosen to avoid the ovulatory
LH and FSH peaks of the female chimpanzee’s cycle (4 d before to
2 d after onset of detumescence). This selection resulted in a mean
of 19.6 (+ 6.0) serum samples over an average of 14.4 (+2.9) y for
each subject, thus yielding a longitudinal dataset for each of the
14 subjects and resulting in a total of 275 serum samples.

Data analysis. Because multiple samples were taken from each
subject, resulting in 14 longitudinal data subsets, a mixed effects
regression model controlling for subject was used to model the
relationship between estrous cycle characteristics and age.’ Cycle
length, percentage of time at maximal tumescence, and percent-
age of time at complete detumescence were modeled separately
against age using mixed effects regression models controlling for
subject. The mixed effects regression model is an extension of the
multiple regression model, allowing and controlling for repeated
measures and unbalanced designs. The mixed effects model ac-
counts for potential correlations within subjects across time and
adjusts the sample size accordingly. In addition, because multiple
serum samples were taken from each subject, total LH (mIU/ml),
FSH (mIU/ml), and E, (pg/ml) were modeled against age by
use of mixed effects regression models controlling for subject.’
A threshold FSH value (14 mIU/ml) was estimated in light of
endocrinologic definitions of menopause and perimenopause in
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Figure 1. Relationship of (A) cycle length, (B) percentage maximal tumescence, and (C) percentage maximal detumescence to age (y) in female chim-
panzees (n = 14). Regression lines, confidence intervals, and statistics were calculated by use of a mixed model (see text for details).

human females.>!%?! Further, longitudinal hormonal and estrous
cycling data were analyzed separately for 3 female chimpanzees
older than 40 y (nos. 1009, 1016, and 1060) in a second set of mixed
effects regression models, again controlling for subject. For all
tests, the threshold for statistical significance was set at 0.01, and
all analyses were run using JMP 6.0 (SAS Institute, Cary, NC).

Results
Perimenopause. Analysis of cycle charts revealed a positive cur-
vilinear relationship between age and cycle length (F =26.364, P <
0.001, Figure 1). Interpretation of the graph indicates that cycle
length remained fairly stable between ages 20 and 35 y but began
increasing thereafter. There was a negative curvilinear relation-
ship between age and percentage of cycle days at maximal tumes-

cence (F=14.088, P <0.001) and a positive curvilinear relationship
between age and percentage of cycle days at complete detumes-
cence (F =10.500, P < 0.001, Figure 1). The percentage of cycle at
maximal tumescence began decreasing exponentially and the
percentage of cycle at maximal detumescence began increasing
exponentially between ages 30 and 35 y.

Analysis of hormonal data revealed a bell-shaped curvilinear
relationship between age and LH (F = 18.270, P < 0.001), with LH
peaking around age 30 to 35 y (Figure 2). Mean adult (15-29 y)
values for LH ranged from 6 to 10 mIU/ml (Figure 2). A histogram
displaying mean LH values across 5-y age blocks shows a similar
curvilinear pattern (Figure 3). There was also a positive curvilinear
relationship between age and FSH (F = 5.628, P = 0.004), but the
data were highly variable, and the fit was poor (2= 0.04, Figure
2). A histogram of mean FSH values across 5-y age blocks reveals
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Figure 2. Relationship of (A) total luteinizing hormone (LH, mIU/ml), (B) follicle-stimulating hormone (FSH, mIU/ml), and (C) estradiol (E,, pg/ml)
to age (y) in female chimpanzees (n = 14). Regression lines, confidence intervals, and statistics were calculated by use of a mixed model. The solid
horizontal line indicates the estimated threshold above which female chimpanzees would be classified as menopausal (see text for details). The vertical
dashed lines on the LH (A) and FSH (B) graphs represent the hypothesized menopausal age of 35 y.

steady levels until approximately the mid-30s, when a gradual
increase in hormone levels occurs (Figure 3). In addition, the ma-
jority of the points fall below the FSH threshold level until about
age 35y (Figure 2). Analysis revealed that estradiol tended to
decrease with age, but this pattern was not significant, and data
were highly variable (F =2.010, P = 0.136, Figure 2).

Menopause. The number of cycles per year in the 3 oldest fe-
males decreased dramatically from approximately 10 per year
(cycle length, 37 to 40 d) before the age of 30 y to 4 to 5 per year
(cycle length, 60 to 70 d) beginning around the age of 43 y (F =
13.146, P < 0.0001, Figure 4), particularly in 2 of the subjects (nos.
1016 and 1009). The percentage of cycle days at maximal tumes-
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cence decreased (F = 6.645, P = 0.002), and the percentage of days
at maximal detumescence increased (F = 8.474, P = 0.0002), par-
ticularly steeply after age 35 y (Figure 4). In addition, 2 of the
females aged 49 y (no. 1016) and 50 y (no. 1009) experienced ex-
tremely long, erratic cycles at ages 44 and 46 y, respectively, and
ceased having cycles associated with anogenital swelling at 46
and 48 y, respectively.

The hormonal data from these 3 aged females revealed signifi-
cant bell-shaped curves (FSH: F = 5.217, P = 0.008; LH: F = 8.693,
P =0.0004) similar to those seen in the other older females, with
an FSH peak around 40 y of age and an LH peak around 35 to
40 y of age (Figure 5). All 3 females achieved FSH levels above
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Figure 3. Mean (+ standard error) concentrations of (A) luteinizing hormone (LH, mIU/ml) and (B) follicle-stimulating hormone (FSH, mIU/ml) across
5-y age categories in female chimpanzees (n = 14). The solid horizontal line indicates the estimated threshold above which female chimpanzees would

be classified as menopausal (see text for details).

the hypothesized menopausal thresholds between ages 35 and
40 y (Figure 5). Two of the females had LH levels 2 to 3 times the
adult (>30 y) mean as early as their late 30s. In addition, LH de-
creased dramatically after age 40 y; in 2 of the females (nos. 1016
and 1009) these levels approached 0 mIU/ml by age 45 y. Finally,
E, showed different relationships for the 3 oldest females, but
there was a high degree of scatter, and none of these regression
lines were significant (Figure 5).

Discussion

In human females, perimenopause is marked by a decrease
in the frequency of menstrual cycles and an increase in cycle ir-
regularity.2%30 Similarly in chimpanzees, we observed a decrease
in cycle frequency, observable due to the overall increase in cycle
length (Figure 1). Cycle length increased from approximately 35
d (10 to 11 cycles per year) between ages 15 and 30 y to an aver-
age of 40 to 50 d (7 to 9 cycles per year) at approximately age
35 y. This finding is similar to the previous examination of es-
trous cycles in aging female chimpanzees.'® Closer examination
of the relationship between age and cycle length in the present
study also indicated an increase in cycle variability, beginning
at approximately age 30 y. Similar to what has been observed in
women, cycle length in female chimpanzees ranged 21 to 55 d
during ages 15 to 25 y but grew to a range of 21 to 85 d beginning
between ages 30 and 35 y (Figure 1).26 Perimenopause in women
also is characterized by a shortening of the length of the follicular
phase of the cycle.?¢ In female chimpanzees the decreased length
of the follicular phase (maximal tumescence) began between ages
30 and 35 y. This change was preceded slightly by an increase in

the length of maximal detumescence, which began closer to 30 y
of age (Figure 1). The increasing length of detumescence could be
interpreted as an increase in the luteal phase of the cycle. How-
ever, the increase in maximal detumescence is more likely an in-
dication of increasing periods of amenorrhea, another hallmark of
perimenopause in humans.® Therefore, the estrous cycle changes
we report support an onset of perimenopause in chimpanzees
between 30 and 35 y of age.

In addition to changes in menstrual cycles, perimenopausal
women exhibit increasing levels of both FSH and LH.2!%0 In
chimpanzees we observed similar patterns of increasing FSH
beginning around age 35 y (Figure 2). There was a high degree
of scatter, but similarly collected human samples from a much
larger population (n = 2030) also yield a high degree of scatter in
FSH as females approach menopause (Figure 6, reproduced with
permission'®). The increases we observed were gradual increases
in FSH, whereas LH levels increased more dramatically begin-
ning at age 25 y. This pattern resulted in pronounced spikes in
LH, reaching 2 to 3 times the normal range (5 to 10 mIU/ml).
These spikes in LH were not likely related to a typical LH ovula-
tory spike, because the sample times for this study were chosen
to avoid the ovulatory window. Therefore, the steady increase in
FSH and spikes in LH mirror changes seen in gonadotropins dur-
ing human perimenopause?'* and further support cycle data that
indicate perimenopause in chimpanzees begins after shortly after
the age of 30 y. What remains unknown is how these changes in
hormone levels affect menstruation and reproductive potential.
As noted earlier, menses is often difficult to observe in chimpan-
zees because of the small amounts of blood and fastidious nature
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Figure 4. Relationship of (A) cycle length, (B) percentage maximal tumescence, and (C) percentage maximal detumescence to age (y) in female chim-
panzees older than 40 y (n = 3). Regression lines, confidence intervals, and statistics calculated by use of a mixed model (see text for details). The vertical

dashed lines represent the hypothesized menopausal age of 35 y.

of female chimpanzees.®!” We also were not able to test reproduc-
tive potential through follicular counts. However the elevated LH
levels suggest that reproductive potential is markedly reduced
beginning at approximately 30 to 35 y. Our findings support pre-
viously reported data from wild?® and captive?3! chimpanzee
populations that indicate birth rates significantly decline with
age, particularly after 30 to 35 y.

Research on changes in estrogens during perimenopause in
humans has revealed conflicting reports. Early research found a
steady decrease in estrogen during the perimenopausal transi-
tion,* and some more recent studies have supported those ear-
lier findings.?” However, other studies have observed either an
increase in estrogen?? or little change at all.>* Studies of estrogen
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levels during perimenopause in women are further complicat-
ed by decreases in dehydroepiandrosterone sulfate, an adrenal
hormone that assists in producing estrogens from peripheral tis-
sues.?? There was no significant change in E, with increasing age
in female chimpanzees, although there was a clear trend toward
lower E, levels after the age of 40 y (Figure 2). Further research
is needed to examine changes in dehyrdoepiandrosterone sulfate
and other estrogens in female chimpanzees to understand this
relationship. In women, perimenopausal changes in hormones
are coupled with follicular depletion and oocyte loss.?! However,
little is known about follicular endowment or depletion in chim-
panzees. Additional research is needed on follicular endowment
and depletion and the potential relationship between estrogen
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Figure 6. Relationship of follicle-stimulating hormone (FSH, mIU /ml) to
age (y) in human females (n = 2030), reproduced with permission.'® The
horizontal line indicates the estimated threshold above which females are
classified as menopausal (see text for details). The vertical dashed line
represents the average human menopausal age of 50 y.

levels and follicular counts in older chimpanzees.

In humans, menopause has historically been defined as the age
of final menstrual period, after which the woman experiences at
least 12 consecutive months of amenorrhea.?! In 2 of the 3 aged
(44 to 50 y) female chimpanzees in this study, aged 49 and 50y,
visible signs of anogenital swelling ceased at ages 46 and 48 y.
After this neither animal showed signs of estrous cycling, which
by the historical human definition classified them as menopausal.
Cycle length increased dramatically after age 40 y in all 3 of our
aged females, with periods of maximal detumescence 60 to 90 d in
length by the early to mid-40s (Figure 4). As we have stated, these
long periods of maximal detumescence most likely represented
periods of amenorrhea. In women, periods of amenorrhea last-
ing 60 d or longer are a hallmark of late perimenopause or early
menopause.® The anogenital swelling data support an onset of
menopause around age 45 y in female chimpanzees. However,
evidence of anogenital swelling during periods of adolescent
sterility and during pregnancies suggest that this marker may
not be a reliable indicator of ovulatory function."'"* Anogeni-
tal swelling may serve to assist in group transfer, as changes in
social group composition have been shown to influence anogeni-
tal swelling patterns.® In addition, during periods of anogenital
swelling, females receive more social grooming from both male
and female group members.® Therefore, continuation of anogeni-
tal swelling may not be an accurate gauge of reproductive status
and may instead serve to maintain affiliative relationships within
the social group.

Microscopic examination of the ovarian epithelium in late post-
menopausal women typically shows signs of atrophy and fibrosis
with scar tissue and follicular cysts common as well.” Postmor-
tem examination of the ovarian tissue of animal 1009 showed
atrophy and signs of ovarian cysts.3¢ The immunohistology of
this female chimpanzee suggests she was in a late postmenopaus-
al phase at her death, further supporting that the menopausal
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transition occurred prior to senescence of anogenital swelling.
However, this animal represents only 1 datapoint, and additional
research is needed on ovarian and follicular status in older female
chimpanzees.

Physiologic definitions of menopause focus on endocrine
changes, most notably a prominent rise in FSH levels and a dra-
matic peak in LH levels.!?! Examination of the hormone profiles
of our 3 oldest female chimpanzees revealed dramatic peaks in
LH, above the adult mean, beginning at 35 y of age. Levels of
LH reached 4 times the normal level (approximately 10 mIU/ml)
around age 40 y (Figure 5). Similar peaks in FSH levels, above the
hypothesized threshold, were observed in these females during
the same time period. This evidence supports that menopause
occurs around age 35 to 40 y, despite the fact that we have visual
indications (that is, anogenital swellings) that appear contradic-
tory. Perhaps most surprising were the steady levels of E,, which
were observed both perimenopausally and postmenopausally in
these female chimpanzees (Figure 4). Further research is needed
on additional estrogens in aged female chimpanzees to elucidate
the function, if any, of the steady levels of E, during and after
the menopausal transition. It is not entirely clear what regulates
tumescence and detumescence in female chimpanzees.® Early re-
search proposed that genital swelling was controlled by estrogen,
but more recent research suggests it may be controlled by either
the ratio of progesterone to estrogen or progesterone alone.® Ad-
ditional information on estrogen and progesterone production in
aged female chimpanzees may help in understanding the physi-
ology of persistence of anogenital swelling after hormonal indica-
tions of menopause in chimpanzees.

Previous research has led to statements that chimpanzees do
not experience menopause and therefore provide a poor model
for studying the evolution of menopause in humans.® Longitu-
dinal studies on wild chimpanzees?® have suggested the possi-
bility of a postreproductive period in female chimpanzees, but
evidence thus far suggests that anogenital swelling, and thus
ovarian function, in female chimpanzees continues until death.
The present study has shown evidence that female chimpanzees
exhibit estrous cycle and hormonal changes that mirror many of
those observed in perimenopausal and menopausal women. In
addition, hormone profiles suggest that anogenital swelling is not
an accurate indicator of reproductive potential in older females.
These data, together with immunohistology results, provide evi-
dence of perimenopause at 30 to 35 y and menopause at 35 to 40
y in the chimpanzee.

This estrous cycle and hormonal evidence of reproductive
senescence in captive chimpanzees will affect long-term breed-
ing programs. Both captive and field studies have consistently
demonstrated a dramatic decrease in fertility in female chim-
panzees beginning around 30 to 35 y of age and continuing until
death.2>2831 Perimenopause in women is associated with a sharp
decline in fertility due to simultaneous endocrine changes.!>%”
The similar patterns of endocrine and estrous cycle changes ob-
served in the female chimpanzees in the present study provide
evidence that reproductive function is compromised as early as
30 y of age. Placing perimenopause in female chimpanzees at 30
to 35 y, with menopause occurring prior to 40 y of age, effectively
reduces the reproductively viable portion of the chimpanzee pop-
ulation, likely excluding all those over the age of 35 y. Therefore,
management and breeding strategies for captive chimpanzees
must address the increasing age of the captive population.
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