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Abstract Similarity in oldest parturitions in humans
and great apes suggests that we maintain ancestral rates
of ovarian aging. Consistent with that hypothesis, pre-
vious counts of primordial follicles in postmortem ovar-
ian sections from chimpanzees (Pan troglodytes)
showed follicle stock decline at the same rate that hu-
man stocks decline across the same ages. Here, we
correct that finding with a chimpanzee sample more
than three times larger than the previous one, which also
allows comparison into older ages. Analyses show de-
pletion rates similar until about age 35, but after 35, the
human counts continue to fall with age, while the
change is much less steep in chimpanzees. This differ-
ence implicates likely effects on ovarian dynamics from
other physiological systems that are senescing at differ-
ent rates, and, potentially, different perimenopausal ex-
perience for chimpanzees and humans.

Keywords Menopause . Reproductive aging . Hominid
evolution

Introduction

All mammalian females build finite oocyte stocks dur-
ing early development that deplete continuously there-
after, mostly through the process of atresia (Baker 1963;
McGee and Hsueh 2000; vom Saal 1994). Initial size of
the oocyte pool—as well as the rate of its exhaustion
with age—varies widely across species (Gosden and
Tefler 1987). In humans, this follicle stock reaches
maximum size in the fifth fetal month and drops ap-
proximately 80 % before birth (Baker 1963). Gosden
and Tefler (1987) have shown correlations in stock size
with longevity across 19 mammal species, with human
stocks of a size expected for longevities of the other
great apes.

Striking parallels in reproductive aging between
humans and chimpanzees—our nearest living rela-
tives—have been recognized for some time (Gould
et al. 1981; Graham 1979, 1981), although such simi-
larities have occasionally been questioned (Finch and
Sapolsky 1999; Videan et al. 2006, 2008). Investigating
these similarities, Jones et al. (2007) counted primordial
follicles in ovarian sections taken at necropsy from
chimpanzees ranging in ages at death from 0 to 47 years
and compared themwith counts in human ovaries across
the same ages. Fitting linear models to log-transformed
counts, they found rates of decline with age in humans
and chimpanzees to be statistically indistinguishable.

Here, we expand the number of chimpanzees repre-
sented from 19 to 67. Of those, we use 65 that are within
the 0–51 age range of the human sample to model and
compare patterns of change with age in the two species.
This larger chimpanzee sample allows non-linear
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modeling, which reveals interspecific differences in
rates of follicle stock decline that become especially
marked at older ages.

The comparison between chimpanzees and humans
is of particular evolutionary interest because oldest par-
ity is in the forties in both species, while women, but not
chimpanzee females, usually remain strong and healthy
through and beyond their fertile years (Finch 2010;
Gurven and Kaplan 2007; Hawkes 2010; Levitis et al.
2013). The follicle counts come—necessarily—from
Western women and captive chimpanzees, where mor-
tality is very low compared to other populations of each
species. However, the cross-species similarity in termi-
nal fertility and distinctive human postfertile life stage
holds across populations with very different overall
mortality levels (Hawkes et al. 2009). In all human
populations, most females, if they survive childhood,
live well beyond their fertile years, but chimpanzees
succumb to geriatric morbidities while still cycling
(Boesch and Boesch-Achermann 2000; Emery-
Thompson et al. 2007; Nishida et al. 2003; Sugiyama
2004; Wich et al. 2004). Even in captivity, chimpanzees
rarely survive into their forties (Lacreuse et al. 2008).
However, stable diets and extensive veterinary care
nearly double average adult life spans (Dyke et al.
1995), and a few achieve sufficiently advanced ages to
experience a period of clinical menopause—defined
retrospectively after 1 year without menses (Burger
1999; Herndon et al. 2012).

Classic papers in evolutionary life history theory
(Hamilton 1966; Williams 1957) saw the notable post-
menopausal survival of women as an indication of the
importance of this life stage in human evolution.
Subsequent lines of evidence are consistent with the
grandmother hypothesis that increased longevity
evolved in our lineage without a concurrent shift in the
ancestral rate of ovarian aging. That hypothesis pro-
poses that when ecological changes restricted the foods
young juveniles could manage, the increased depen-
dence of juveniles gave older females, whose fertility
was declining, a new way to increase their fitness. By
subsidizing those juveniles, ancestral grandmothers
allowed mothers to have next babies sooner. As more
robust elders left more descendants, longevity increased
in subsequent generations ( Hawkes et al. 1998; Hawkes
2003, 2010; Kim et al. 2012, 2014; see Hawkes and
Coxworth 2013 for review).

The hypothesis that greater longevity evolved in our
lineage without a shift in ovarian aging was bolstered by

the similarity in rates of ovarian follicle loss in chim-
panzees and humans reported by Jones et al. (2007).
Analysis of the larger sample now accumulated corrects
that result, showing interspecific differences that be-
come especially marked by the mid-thirties. After
reporting these results, we briefly consider the interac-
tions between ovaries and other physiological systems
in cycling dynamics, which may help explain this
difference.

Materials and methods

Subjects

We requested ovarian tissue samples from routine
necropsies performed at deaths unrelated to our
project at various primate research centers
throughout the USA. All institutions were en-
dorsed by the Association for Accreditation of
Laboratory Animal Care International, and all an-
imals represented in this study were provided with
exceptional clinical care.

Tissue samples from a total of 67 common chimpan-
zees (Pan troglodytes) were examined, including the 19
individuals originally analyzed by Jones et al. (2007). In
this larger dataset, ages range from 1 day to 56 years
(Table S1). We report our full sample, but the human
dataset we use for comparison (Hansen et al. 2008,
described below) includes ages 0–51, so we use the
same age range for chimpanzees—excluding the two
oldest—for a total of 65 chimpanzees in our statistical
model comparisons. We subsequently include the two
oldest to further characterize the change with age in
older chimpanzees.

Because we could not always reliably determine
exact ages, we rounded each to the nearest year for
statistical analyses. In most cases (n=65), mounted
ovarian tissue samples had been archived by the re-
search institution for pathological examination. In others
(n=2), the research center granted us immediate access
to the entire ovary upon the death of an animal. In
these cases, tissues were sent to AML Laboratories
to be grossed, stained, and mounted. In archived
tissues, one to three slides were examined for primor-
dial follicle counts. In cases where we had access to the
entire organ, we fixed and analyzed a minimum of two
slides per ovary.
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Histology

Following the methods of Jones et al. (2007), we fo-
cused on primordial follicles, defined as oocytes
surrounded by one layer of flattened granulosa cells
(Gougeon 1996; Miller et al. 1997) because they pro-
vide the best assay of remaining follicular stocks (Miller
et al. 1999). Primordial follicles tend to cluster in the
superficial cortex of the ovary, just beneath the dense
tunica albuginea; as a result, archived sections were only
included if they showed part of an edge. For the two
cases in which we had whole ovaries, the 5-μm sections
were cut perpendicular to the longest dimension and we
chose sections for counting from near the center of each
ovary.

Comparative analyses

A single counter (CTC) examined 137 slides that met
these criteria from 67 individuals, counting each slide
twice to ensure accuracy. In order to determine count
reliability, we estimated the coefficient of variation (CV)
for counts of the same slides. Averaged across the entire
sample, we found insignificant differences in follicle
counts (CV 7.3 %).

To characterize follicle loss in chimpanzees, we first
calculated mean follicle counts for each individual. This
involved averaging across multiple counts of each slide
and, in some cases, multiple slides for the same individ-
ual. We report the means, standard deviations, raw
counts, and confidence intervals for each individual in
Table S1.

Our human comparison is from Hansen et al. (2008),
who report the estimated number of non-growing folli-
cles by age in whole ovaries in American women aged
0–51 years. In this case, ovaries were collected from
individuals who had elected to undergo oophorectomies
or through collaboration with organ donation agencies.
Chimpanzee counts come from cross sections, each of
which represents approximately 1/2000 of an ovary.
This difference between whole organs and the fraction
sampled in sections makes age-specific counts differ
between the species by more than three orders of mag-
nitude and precludes a comparison of absolute follicle
stock size between the two species. As in Jones et al.
(2007), we focus our attention not on comparing the
totals themselves but on the change in follicle counts
with age.

During data exploration, we plotted the individual
averages across ages. Then, following Jones et al.
(2007), we transformed the data. Because two individ-
uals had zero follicles in all counts, we added one to the
average of all individuals (a convention for transforming
counts that include zeros) and log10 transformed them;
we then modeled the relationship between transformed
follicle count averages and subject age excluding the
two oldest chimpanzees, so the age ranges modeled for
both species are the same, 0–51. Models estimated with
these data agree closely with estimates generated
through a more rigorous resampling protocol, which
we do not report here.

Sample sizes are similar for the two species under the
age of 35, but the human sample is three times as large
over the age of 35 (Fig. 1). After fitting and comparing
models across the entire age range, we divided the
datasets and analyzed the under- and over-35 samples
separately. This is not a revival of the broken stick
model (Faddy et al. 1992) that has been recognized by
many (Hawkes and Smith 2010; Leidy et al. 1998),
including the authors themselves (Faddy and Gosden
1996), as biologically implausible. Instead, we divided
the age classes to allow more reliable and transparent
comparisons of age-related patterns of follicle loss in our
sample.
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Fig. 1 Sample size comparisons between the chimpanzee (dark
bars) and human (open bars) data used in statistical model
comparisons
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Results

Jones et al. (2007) log-transformed chimpanzee data and
regressed them on age. For that sample, measured that
way, the rates of decline with age in the two species
were statistically indistinguishable. Here, we log-
transformed the Hansen counts and the counts in the
larger chimpanzee sample (after adding one to each
count), fitted linear models to those counts by age, and
replicated the previous result. As in Jones et al. (2007),
the confidence intervals of the slopes (b) of the best-fit
linear models overlapped. Then, we fitted power and
exponential models to the transformed counts and com-
pared them with linear models using Akaike informa-
tion criteria (AICc). In this three-way model compari-
son, a non-linear model proved to be a better fit for the
human, but not the chimpanzee sample, highlighting
differences between the two species (Fig. 2).

Up to age 35, but not at older ages, sample sizes for
the two species are similar (Fig. 1), so we divided
samples from each species into two age classes, fit
linear, power, and exponential models to the data in
each age class and compared them. Table 1 provides
the parameter values, AICc, and relative likelihoods for
the best-fit models.

Since it is not intercepts but slopes that are of
interest, we focus attention on the slopes by cen-
tering the best-fit models for the 0–34 samples at the

median age in Fig. 3. The chimpanzee slope is slightly
steeper (in linear models, for these ages, the slope (b) for
chimpanzees=−0.04 (CI −0.06, −0.02), for humans
−0.03 (CI−0.04, −0.02)

For the 35–51 samples, Fig. 4 shows the best-fit
models centered in the same way. In this age range,
women’s counts decline with age while chimpanzee
counts show little age-related decline. The linear model
for humans in this range is almost as good as the
exponential model, with a slope of −0.097 (CI −0.152,
−0.042)—twofold to threefold steeper than the −0.038
slope of the linear model for chimpanzees in that age
range where the confidence interval overlaps zero.
Adding the counts from the two oldest chimpanzees,
ages 54 and 56, and fitting a linear model to ages 35–56
drops the slope more than threefold to −0.012 (95 %
CI=−0.06, 0.03), essentially flat.

The conclusion from the samples and analysis of
Jones et al. (2007) was that the rates of follicular decline
in humans and chimpanzees are statistically indistin-
guishable. In contrast, the analysis here indicates impor-
tant differences. Before age 35, the rates of loss are
similar. After age 35, the rate of decline is much less
steep in chimpanzees than in humans. While the small
size of our over-35 chimpanzee sample contributes to
the wide confidence interval for those ages, the
between-species difference is substantial.

Discussion

Not only are chimpanzees our closest living relatives,
their similarity in body and brain size to australopithe-
cines—the fossil genus ancestral to our own—makes
them the favored model for estimating ancestral matu-
ration and aging rates (Plavcan 2012; Robson andWood
2008; Smith and Tompkins 1995). Improved character-
izations of the similarities and differences between
humans and chimpanzees are indispensible for
justifying hypotheses about the evolution of hominin
life histories. Here, we have added data from an
additional 48 chimpanzees to the counts from 19
individuals reported by Jones et al. (2007) and com-
pared the decline in primordial follicle counts with age
in chimpanzees to the decline in humans. Results show
similarity in the rate of decline before the age of 35 but a
notably slower chimpanzee decline after it.

Other recent findings provide further context for
these results. Herndon et al. (2012) compared age-
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Fig. 2 A non-linear model best fits the human (circles)—but not
the chimpanzee (triangles)—data, highlighting differences be-
tween the species. The figure shows log-transformed counts ages
0–51, best-fit models, and their confidence intervals
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specific percentages of menopause in chimpanzees and
humans and found that the chimpanzee Bpercentages are
numerically lower than the percentages of women that
are menopausal at equivalent ages^ (p. 1151). Their
sample is small, however, and chimpanzees surviving
into their forties may represent a subset that was poten-
tially more robust and fertile to older ages all along

(Hawkes and Smith 2010). This mortality selection
likely affects our older age sample of ovarian sections
as well. It is only unusually robust females that survive
to these ages. Still, the slower decline in follicle stocks
we report here parallels the hint in Herndon and col-
leagues’ analysis that progression to menopause may be
slower in chimpanzees than in humans.

Differences between the two species in the aging of
physiological systems that directly interact with the
ovaries would be grounds to expect a difference.
Although menopause is typically ascribed to depletion
of ovarian follicular stocks, ovarian cycles depend on
feedback relationships between ovarian steroid hor-
mones and gonadotropins regulated by the brain
(O’Connor et al. 2001; Park et al. 2002). Menopausal
changes in women involve hypothalamic and pituitary
alterations (Rehman and Masson 2005; Santoro et al.
1998; Wise 1999; Wise et al. 2002; Yin and Gore 2006).
Interaction along the hypothalamic-pituitary-ovarian
(HPO) axis has been the focus of attention for some
time (Wise 1999; Wise et al. 2002; Yin and Gore 2006)
with the multifactorial determinants of these interactions
an increasingly rich area of study (Kenealy et al. 2013),
especially in rodents (Bonavera et al. 1998; Downs and
Wise 2009; Maffucci and Gore 2006; Reame 2000;
Wise 2001).

Yet, the aging phenotypes that lead researchers to
classify chimpanzees as geriatric in their mid-thirties
(Goodall 1986; Herndon et al. 2012) suggest that de-
clines in performance along the HPO axis would be
earlier in chimpanzees than in humans. Gosden
(1996), describing women, said that the Breproductive
system ages faster than the body as a whole and by age
45 can be said to be in the state that a woman’s other
organs have reached by eighty^ (p. 353–354). The con-
verse expectation for female chimpanzees would be that
as they approach the end of fertility their other organs
would have reached a state similar to the organs of
women decades older.

This points to the importance of species comparisons
between chimpanzees and humans that have been grow-
ing areas of interest. In particular, gene expression and
glial cells play a key role in the control of gonadotropin-
releasing hormone (GnRH) and in hormonal feedback
on GnRH neurons (Garcia-Segura et al. 2008; Kenealy
et al. 2013; Zhang et al. 2013). Sherwood and
colleagues (2006) report species differences between
humans and chimpanzees in glial cell densities in area
32 of the prefrontal cortex (PFC), although these data
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Fig. 3 Best-fit model comparisons between the chimpanzee
and human 0–34-year data, centered by age class means.
The chimpanzee model is the solid line, the human model
is the dashed line
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Fig. 4 Best-fit model comparisons between the chimpanzee and
human 35–51-year data, centered by age class means. The chim-
panzee model is the solid line, the human model is the dashed line
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are largely derived from considerably different human/
chimpanzee age comparisons. Area 32 has been shown
to be the site of significant projections between the
hypothalamus and the PFC (Ongur et al. 1998;
Rempel-Clower and Barbas 1998). Therefore, potential
differences in glial cell densities may affect the func-
tionality of the HPO axis and differences in the rate of
recruitment of primary oocytes (Wise et al. 2002).

Gene expression in the hypothalamus is also of par-
amount importance for aging in general because GnRH
from the hypothalamus promotes neurogenesis, and ag-
ing is characterized by diminished neurogenesis (Zhang
et al. 2013). Thus, in postmenopausal women, where
GnRH levels are especially high, we should expect to
see slower rates of overall somatic decline. If the func-
tion of the HPO axis changes in the same way with age
in chimpanzees and humans, then gonadotropin levels
should rise with age as ovarian steroid hormones fall
(O’Connor et al. 2001; Park et al. 2002). Our data
suggest this may not be the case.

Given the earlier onset of geriatric morbidities in
chimpanzees, it is unlikely that senescent dysregulation
of the hypothalamus occurs later in that species than in
humans. But, to better characterize the apparent puzzle
of slower decline in follicle stocks, with menopause Ba
late-life event in the chimpanzee^ (Herndon et al. 2012),
we need additional comparisons of age-specific HPO
hormones between humans and our sister species. The
limited data available are consistent with differences
between chimpanzees and humans in HPO axis aging.
One geriatric chimpanzee’s endocrine profile (Cloutier
2010) indicated suppression of estrone conjugates
(E1C) and pregnanediol (PdG), as would be expected
for a menopausal woman. However, gonadotropins, as
expressed through luteinizing hormone (LH) levels
were also low. This combination was unexpected. In
postfertile women, levels of gonadotropins are high
because ovarian steroid hormones no longer rise to
curtail their production by the hypothalamus. Such a
mismatch with typical human profiles is consistent with
the possibility that HPO aging differs between the spe-
cies; chimpanzees do not experience menopause in the
same way humans do.

Future age-matched endocrine comparisons between
the species are necessary to improve our understanding
of the physiology of perimenopause. Such data will
clarify functional life history comparisons and con-
tribute to understanding distinctive features of
menopausal experience that evolved in our lineage

along with our derived postfertile life stage (Alberts
et al. 2013; Levitis et al. 2013).
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