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Abstract At later ages, humans have high risk of de-
veloping Alzheimer disease (AD) which may afflict up
to 50% by 90 years. While prosimians and monkeys
show more substantial changes, the great apes brains
examined show mild neurodegenerative changes. Com-
pared with rodents, primates develop and reproduce
slowly and are long lived. The New World primates
contain some of the shortest as well as some of the
longest-lived monkey species, while the prosimians de-
velop the most rapidly and are the shortest lived. Great
apes have the largest brains, slowest development, and
longest lives among the primates. All primates share
some level of slowly progressive, age-related neurode-
generative changes. However, no species besides
humans has yet shown regular drastic neuron loss or
cognitive decline approaching clinical grade AD. Several
primates accumulate extensive deposits of diffuse

amyloid-beta protein (Aβ) but only a prosimian—the
gray mouse lemur—regularly develops a tauopathy
approaching the neurofibrillary tangles of AD. Com-
pared with monkeys, nonhuman great apes display even
milder brain-aging changes, a deeply puzzling observa-
tion. The genetic basis for these major species differ-
ences in brain aging remains obscure but does not
involve the Aβ coding sequence which is identical in
nonhuman primates and humans. While chimpanzees
merit more study, we note the value of smaller, shorter-
lived species such as marmosets and small lemurs for
aging studies. A continuing concern for all aging studies
employing primates is that relative to laboratory rodents,
primate husbandry is in a relatively primitive state, and
better husbandry to control infections and obesity is
needed for brain aging research.

Keywords Brain aging . Neuropathology . Primates .

Alzheimer disease . Primate life histories . Animal
husbandry

At later ages, the human brain has a high risk of
developing Alzheimer disease, which may afflict up
to 50% of those reaching advanced years: extensive
neuronal loss in forebrain and subcortical regions is
accompanied by accumulations of brain amyloid-beta
protein (Aβ) in senile plaques and neuronal cytoskeletal
abnormalities with hyperphosphorylated tau (tauopathy).
In contrast, the few great ape brains examined have
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shown very mild neurodegenerative changes while pro-
simians and monkeys show substantial accumulations of
brain amyloid and neuronal cytoskeletal abnormalities.
Thus, there are profound species differences in outcomes
of brain aging. To approach this puzzle, we first discuss
the different life spans and life history patterns of pri-
mates and then discuss the current evidence on brain
aging in detail. We suggest that variations in animal
husbandry have some role in these puzzling species
differences.

Primates compared with rodents in the mammalian
scheme

Primates comprise about 5% of the roughly 5,000
extant mammal species. As a group, they specialize
in arboreal locomotion, stereoscopic vision, manual
dexterity, and complex social organization and behav-
ior (Vaughan et al. 2000). With several exceptions,
primates are distributed in the tropics and subtropics.
By contrast, rodents are highly speciose—by far the
largest mammalian order, representing more than 40%
of living mammal species. Some rodent species are
adapted to nearly every habitat type, and they are well
represented in nearly every geographic region. Al-
though rodents range in size from 5 g to 50 kg, most
species are small (<100 g). Therefore, primates are
characterized by large body size relative to rodents.
Even the smallest primate species is larger than many
rodents. Furthermore, primates are characterized by
large brains relative to rodents or any other mammal
group (Eisenberg 1981). Finally, the majority of pri-
mates are diurnal, relying on vision as a primary
sensory mode whereas rodents are for the most part
nocturnal and more reliant on olfaction than vision.
These latter facts about rodent biology have been
largely neglected in widely used experimental para-
digms for learning, memory, and complex cognition.

Relative to mammals generally and rodents in par-
ticular, primates display slow life histories. That is,
they develop and reproduce slowly and are long-lived.
For example, typical small rodents such as the house
mouse (Mus musculus) can reach sexual maturity in a
couple of months, produce a litter of six or more pups
every 2 months, and generally live less than a year in
the wild. Even exceptionally long-lived rodents like
the naked mole rat reproduce copiously (Buffenstein
2005) compared with any primate. By contrast, even

primates with relatively “fast” life histories such as the
common marmoset require at least 15–18 months to
reach sexual maturity, produce no more than two
litters of twins per year, and can live 5+ years in the
wild and 12–16 years in captivity (Austad and Fischer
2011). More typical primates take years to reach ma-
turity, reproduce at intervals measured in years, and
can live decades in the wild. The great apes are charac-
terized by extremely slow maturation (Table 1), only
matched by a few much larger mammals such as ele-
phants and whales. Primates are longer lived than most
other mammal groups, surviving in captivity about
twice as long as rodents, even after correcting for differ-
ences in body size (Austad and Fischer 1991).

Primate phylogeny and life histories

Along with tree shrews (Scandentia) and colugos
(Dermoptera), primates form an evolutionary sister
group to the rodents and lagomorphs (rabbits, hares)
from which they have been separated for about 90
million years (Bininda-Emonds et al. 2007; Murphy
et al. 2004) (Fig. 1). Despite this rather close phylo-
genetic affinity, the more rapid evolutionary pace of
chromosomal rearrangements and nucleotide substitu-
tion in the mouse genome compared with primates or
dogs results in more genomic structural similarity as
well as more annotated transcripts shared between
dogs and humans than mice and humans (Kirkness et
al. 2003; Waterston et al. 2002).

Primates can be considered in four convenient evo-
lutionary groups: prosimians (e.g., lemurs, lorises, and
bushbabies), Old World monkeys (e.g., macaques and
baboons), New World monkeys (e.g., marmosets and
capuchins), and apes (e.g., humans and gibbons). The
apes can be further divided into lesser apes (gibbons
and siamang) and greater apes (humans, chimpanzees,
gorillas, and orangutans).

Prosimians consist of mostly small, nocturnal spe-
cies that forage solitarily and eat a mixed diet com-
posed mainly of insects. Exceptions to these
generalizations can be found among the 100 or so
species of lemurs that diversified into a much wider
variety of sizes and ecological niches on the isolated
island of Madagascar (Rowe 1996). Compared with
other primates, prosimians have low metabolic rates,
small brain to body size ratios, and depend less on
vision and more on olfaction as a primary sensory
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modality (Eisenberg 1981). From a life history per-
spective, compared with other primates, prosimians
have a fast life history, developing quickly, having
frequent reproductive bouts—often with multiple
births, and they are relatively short lived for primates
(Austad and Fischer 1992). Only one prosimian has
been used in aging-related research, the gray mouse
lemur (Microcebus murinus) as discussed below.

Old World monkeys consist of major species radi-
ations in Africa (baboons, guenons, and colobines)

and Asia (macaques and langurs). They are typically
larger than prosimians, slower to develop, have lower
reproductive rates, and are longer lived. Old World
monkeys are generally most active during the day and
highly reliant on vision, including well-developed col-
or vision. They also have a larger brain to body size
ratio, higher metabolic rates, and exhibit considerably
more complex social behaviors than prosimians. Some
species are entirely arboreal, others such as baboons
are primarily terrestrial. Most species are omnivorous
although a few are largely folivorous. Old World
monkeys are the closest primate relatives of humans
outside the apes (Fig. 1). Although several species of
macaques and the baboon have been used in aging-
related research, by far the most commonly used spe-
cies for a wide range of biomedical studies is the
rhesus macaque (Macaca mulatta).

DNA sequence data indicate that New World
monkeys diverged from their African ancestors about
35 million years ago (MYA), presumably immigrating
to South America on rafts of floating vegetation at a
time when the Atlantic Ocean was considerably nar-
rower than it is today (Chatterjee et al. 2009). New
World monkeys are arboreal, with many species hav-
ing prehensile tails. Except for the genus Aotus, they
are most active during the day and have well-

Table 1 Selected life history traits of the great apes and common captive primate study species

Species Age at first female
birth (years)

Interbirth
interval (years)

Maximum reported
longevity (field)

Maximum reported
longevity (captivity)

References

Human 19–20 2–4 80 100 Robson and Wood (2008)

Chimpanzee 12–16 5–6 55 59 Wich et al. (2004)

Gorilla 9–13 4–6 43 55 Yamagiwa (1997)

Orangutan 15–16 8–9 58 59 Wich et al. (2004)

Rhesus 4–5 1–2 31b 40 Hoffman et al. (2010)

Marmoset 1.3–1.5c 0.5c 10 17 Grzimek (1990) and
Tardif et al. (2011)

Lemur 0.8–1.0 0.33–0.5 6 18 Lutermann et al. (2006)

All data are from field studies except where otherwise noted. Maximum field longevity for humans is estimated from modern hunter–
gatherers. “Captive” human longevity represents that under modern technological conditions. Because there are vastly more longevity
data on modern humans than any other primate species, maximum captive longevity represents the maximum expected in a sample of
10,000 individuals. All other captive longevities are from the AnAge database (http://genomics.senescence.info/species/)

Chimpanzee common chimpanzee (Pan troglodytes), gorilla mountain gorilla (Gorilla beringei), orangutan Sumatran orangutan
(Pongo abelii), rhesus rhesus macaque (Macaca mulatta), marmoset common marmoset (Callithrix jacchus), lemur gray mouse lemur
(Microcebus murinus)
a The alleged 75+ age of a former film-star chimpanzee has been falsified (Rosen 2008)
b From provisioned, free-living monkeys introduced on a predator-free island
c Captive population

Fig. 1 Phylogeny of some relevant mammal groups (after
Bininda-Emonds et al. 2007). Note that branch lengths are
proportional to estimated time of divergence
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developed vision, although fully developed color vi-
sion is confined to a few species. New World monkeys
exhibit a diversity of life histories. Small species such
as marmosets and tamarins develop quickly, reproduce
copiously, and are relatively short lived (Table 1). By
contrast capuchin monkeys (genus Cebus) display
slow life histories and have the longest reported cap-
tive lifespan of any monkey, a remarkable 54 years,
only slightly exceeded by the great apes (Judge and
Carey 2000). Because of its small size, rapid repro-
duction, and relatively short life, the common marmo-
set has been increasingly used in aging-related
research (Tardif et al. 2011).

The great apes consist of humans, chimpanzees,
bonobos, gorillas, and orangutans. All great apes are
characterized by large brains, exceptionally slow life
histories—particularly with respect to prolonged ma-
ternal care—and long lives compared with other pri-
mates. Humans are a medium size great ape of African
origin—smaller than gorillas or male orangutans, larg-
er than female orangutans or chimpanzees (Nowak
1999) but with a comparatively enormous brain rela-
tive to any other species. Diverging from a common
ancestor with chimpanzee lineage about 6 MYA, the
multiple species in the human lineage began increas-
ing both body size and brain size about 2 MYA, reach-
ing modern levels within the past 500,000 years
(Robson and Wood 2008). Anatomically, modern
humans appeared roughly 200,000 years ago. The
great apes are of exceptional interest because of their
close evolutionary affinity with humans. Because of
the interest in the genetics of life history evolution in
humans, the most informative comparisons will be
those assessing life histories in a state-of-nature, the
environment that shaped their evolution.

Current information suggests that in nature, gorillas
have the most rapid life history of the great apes,
followed by chimpanzees, orangutans, and humans
(Kaplan et al. 2000; Robbins et al. 2004; Wich et al.
2004). Gorillas reach sexual maturity more rapidly and
have shorter interbirth intervals than any of the other
great apes except humans; they also have the shortest
maximum longevity in nature and in captivity (Table 1).
By the same metrics, chimpanzees appear to have a
faster life history than orangutans (Bronikowski et al.
2011; Wich et al. 2004).

We consider these conclusions about species differ-
ence as provisional because the habitat of all the great
apes has been dramatically reduced and degraded in

recent decades and all species have been considerably
affected by human diseases (Finch 2010). Moreover,
field estimates of lifespans are sensitive to numerous
confounding factors including the length of time and
depth of study. Thus, whether the life histories we
observe now, such as the much higher infant mortality
rate in chimpanzees than in any of the other great apes
(Wich et al. 2004; Bronikowski et al. 2011), represent
those experienced prior tomodern human encroachment
isn’t clear and may never be known. Zoo longevity
records only partially support the above conclusions.
For instance, in zoo records gorilla life expectancy is
slightly longer than that of orangutans, although maxi-
mum longevity is a bit shorter (Kohler et al. 2006). Zoo
records, however, are strongly affected by husbandry
knowledge and implementation (see below).

Although earlier researchers in gerontology fre-
quently assumed that animals in nature did not live
long enough to incur aging, this supposition has been
overthrown by decades of field research. All primates
that have been carefully studied in nature with long-
term monitoring of identifiable individuals display the
classic demographic signatures of senescence, increas-
ing mortality and decreasing reproduction with age
(Bronikowski et al. 2011; Atsalis and Videan 2009;
Hoffman et al. 2010). Reproductive decline often
occurs relatively late in life compared with humans
though. Chimpanzee menopause is about the same age
as in humans in captivity and in the wild (Atsalis and
Videan 2009; Finch and Holmes 2010; Hawkes and
Smith 2010). Female baboons show significant repro-
ductive decline at 18 years of age and undergo meno-
pause in their early 20s in a feral population where
adult life expectancy is only 12 years (Altmann et al.
2010; Bronikowski et al. 2002). Ironically, reproduc-
tive senescence in these baboons occurs much earlier
in males, although it is mediated by male–male dom-
inance interactions and represents reduced access to
females rather than reduced male fertility (Altmann et
al. 2010). The importance of studying animals in na-
ture to understand life history evolution becomes ev-
ident when considering that female reproductive
senescence may occur earlier in captive populations
than in the wild, possibly due to accelerated matura-
tion combined with captive breeding practices (Atsalis
and Videan 2009).

Humans are unique among other ape species in that
they develop slowly and are long-lived but paradoxi-
cally exhibit more rapid reproduction once sexual
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maturity has been reached (Table 1). Puberty is fol-
lowed by a phase of adolescent sterility and high-risk
pregnancy until later teen years when the pelvis has
fully matured (Bogin 1999; Finch 2007; Moerman
1982; Hawkes and Smith 2010). This more rapid
reproduction is enabled by earlier weaning and neces-
sarily with assistance (alloparenting) of other females—
is likely responsible for the phenomenal expansion of
human populations relative to other great apes (Hawkes
and Paine 2006).

For biomedical research, life history variables of
study species under captive conditions are more rele-
vant for the design and interpretation of experiments.
Because of a more favorable energy balance, primates
(and rodents) in captivity grow faster, reach larger
adult body size, mature early, and reproduce more
often than in the wild. For instance, female common
chimpanzees experience menarche at 7–8 years in
captivity, 10–12 years in the wild, their first birth at
8–11 years of age in captivity compared with 12–
16 years in the wild, and they exhibit interbirth inter-
vals of 2–4 years in captivity compared with 5–6 years
in the wild (Atsalis and Videan 2009; Wich et al.
2004). Longevity, as previously noted, is a more com-
plex issue and will be discussed below.

Humans diverged from their closest living relatives,
the chimpanzees and bonobos about 6 MYA, from the
Old World monkeys such as the macaques and baboons
roughly 25MYA, from the NewWorldmonkeys such as
marmosets and capuchins about 35 MYA ( Bininda-
Emonds et al. 2007; Glazko and Nei 2003; Fabre et al.
2009). The average sequence identity for orthologous
genes among these groups is 98–99% between humans
and chimpanzees (Chimpanzee Sequencing and

Analysis Consortium 2005), 93% between humans
and rhesus macaques (Gibbs et al. 2007), and—to give
these numbers some perspective—70% between
humans and mice (Waterston et al. 2002).

Primate neurobiology

The human brain shows greater vulnerability to age-
related Alzheimer disease (AD) neuropathology than
other primates studied so far (Table 2; Figs. 2 and 3):
All species examined regularly show progressive age-
related changes after maturation with dendritic atro-
phy, damage to white matter, gliosis (activation of
astrocytes and microglia), and increased Aβ in brain
parenchyma and in cerebral vasculature. Note that all
data on aging primates are based on captives in labo-
ratory colonies.

Against the apparent universals of slow atrophic
changes during primate and human brain aging, no
species besides humans have shown evidence of reg-
ular major neuron loss or drastic cognitive decline that
would approach clinical grade AD. It is critical to
recognize that humans and all the mammalian lab
models examined have progressive mild atrophic
changes in brain that are distinct from clinical neuro-
degenerative diseases of advanced aging, particularly
cerebrovascular disease, Alzheimer disease, and Par-
kinson disease, in rank order of prevalence. The differ-
ences between general aging changes and clinical
disease may be described as eugeric vs. pathogeric
age changes (Finch 1972). For example, in US-wide
samples of the NHANES, fluid intelligence scores peak
at about 25 years and decline progressively at about

Table 2 Overview of neurodegenerative changes with age in selected primate species (in order of lifespan)

Dendritic atrophy Neuron loss Diffuse amyloid Tauopathy AD

Human, clinically normal ++ ± + ++ after 80 +++ after 80

Great apea ? ? + ± –

Baboon ++ after 20 ?

Rhesus monkey ++ +? ++ – –

Squirrel monkey ++ ? ++ – –

Marmoset ? ? ++ – ?

Mouse lemur ? ? ++ ++ ?

a Chimpanzee, 41 years (Rosen et al. 2008), 59 years (Gearing et al. 1994, 1996), and 2 “aged,” no age given (Gearing et al. 1994);
gorilla, 44 years (Kimura et al. 2001); orangutans—28, 31, and 36 years (Gearing et al. 1997); baboon (Schultz et al. 2000); and lemur
(Bons et al. 2006; Kraska et al. 2011; Marchal et al. 2012)
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0.5%/year up through age 70 (McArdle 2009; Salthouse
2009). Complex multi-tasking (“walking while memo-
rizing”) also declines progressively across middle age
(Li et al. 2001). The rhesus monkey also shows mild
progressive cognitive changes from maturation
through middle age into old age, in spatial mem-
ory (delayed recognition) (Lacreuse et al. 2005)
and executive function (Moore et al. 2006); also
see chapter by Morrison in this issue. A small
sample of great apes (chimpanzees and orangutans)
showed similar age trends for other cognitive tests
(Anderson et al. 2007, 2005).

Paralleling the subtle cognitive changes during
middle age are mild, progressive atrophic changes. In
humans, brain atrophy is well characterized from lon-
gitudinal and cross-sectional MRI imaging analysis
(Fjell et al. 2010; McDonald et al. 2009). Greater
cortical atrophy in late middle age is a strong AD risk
factor (Dickerson et al. 2011).

Three species of aging nonhuman primates show
important differences. Two short-lived species showed
progressive atrophy resembling those of humans. An
MRI study of aging mouse lemurs showed region-
specific atrophy in association with impaired execu-
tive function (Picq et al. 2011). Aging rhesus monkeys
have been studied in most detail. Regional atrophy of
prefrontal cortex by MRI correlated with impaired
spatial and recognition memory (Shamy et al. 2011).
However, a very recent MRI analysis of chimpanzees
aged 10–46 years (N069; Yerkes National Primate Cen-
ter) did not find any indication of atrophy in cerebral
cortex, hippocampus, or white matter (Sherwood et al.
2011). These findings challenge earlier postmortem
findings of 10% decrease of total brain weight in chim-
panzees grouped as 15–30 vs. 30–59 years (Herndon et
al. 1998). Because the details of diet, infections, social
environment, and other husbandry factors that influence
brain development and aging are not known for this
study, we consider the findings of Sherwood et al.
(2011) to be more definitive, pointing to the conclusion
that chimpanzees have milder presentation of gross
atrophic changes during aging than humans or shorter-
lived primates.

Loss of synapses begins soon after maturation in
many brain regions of humans and of monkeys during
middle-age and is concurrent with enlargement and
activation of astrocytes (Finch 2009) (Fig. 2). Synapse
loss progressing across middle-age was first described
by Finch and colleagues for dopaminergic D2 binding

sites in rodents (Severson and Finch 1980) and in
humans (Severson et al. 1982; Morgan et al. 1987),
where it approximates a loss of 0.5–1.0%/year in
humans and comparable percent for rodents when
normalized per unit adult lifespan. The same synapse
loss rate was verified for a large set of normal human
brains in immunocytochemically identified synapto-
physin (SYN) by Robert Terry and Bob Katzman’s
group (Masliah et al. 1993). Rhesus monkeys show
similar progressive changes in association with com-
plex changes in synaptic markers: SYN and D2 de-
creased (Harada et al. 2002; Haley et al. 2010; Ingram
et al. 2001), but MAP-2 increased (Haley et al. 2010).
The progressive age-related loss of caudate D2 recep-
tors in rhesus monkeys is paralleled in caudate volume
shrinkage (Ingram et al. 2001).

Astrocyte activation during middle age is identified
by increased expression per cell of glial fibrillary acid
protein (GFAP), an intermediate filament, and in-
creased fibrous astrocytes in same brains studied for
SYN-terminal density (Hansen et al. 1987). GFAP
also increases per cell in aging rhesus hippocampus
and prefrontal cortex (Haley et al. 2010). However, the
numbers of astrocytes (density per area) does not
increase with age in these and other studies (Finch et
al. 2002). Finch and colleagues have hypothesized that
astrocyte activation may be driving the loss of synap-
ses during aging. This hypothesis is based on experi-
mentally evidence that the neurite outgrowth (E18 rat
cortical neurons) is slower in co-cultures of astrocytes
from old rat cortex (24- vs. 3-month-old donors)
(Rozovsky et al. 2005). Thus, aging in astrocytes
decreases neurotrophic support. These age changes
are reversed by down regulation of GFAP by RNAi,
which restored the ability of old astrocytes to support
E18 neuron outgrowth. These findings support the role
of increased GFAP transcription during middle age in
synaptic atrophy of normal aging. Recent experiments
extend these findings to the role of the estrogen
receptor ERα, which increases during aging in
male and female rodent brains (Arimoto et al., in
preparation).

Rodent models of brain aging are important in this
discussion of species differences because the aging
rodent does not accumulate the brain parenchymal β-
amyloid deposits (Aβ1-40 and Aβ1-42) (Sullivan et
al. 2008) observed in primates and human at later ages
to varying degrees. Whereas all primates examined
share the same β-amyloid (Aβ1-42) amino acid
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sequence with humans, the Aβ peptide of lab rodents
diverges from primates in three amino acids that re-
duce its spontaneous aggregation (Boyd-Kimball et al.
2004). The absence of brain Aβ deposits in aging
rodents gives an important comparative control in
aging mechanisms because Aβ is pro-inflammatory
and can activate astrocytes and microglia. Thus, in-
creased GFAP expression during aging and other

markers of glial activation during middle age does
not require depend on Aβ deposits; nonetheless, Aβ
deposits could also contribute to glial activation at
later ages.

Other insights come from gene expression compar-
ison of aging rat and monkey hippocampus by the
Landfield group: about 35% of the 1,500 changes in
different coding RNAs in the hippocampus during

Fig. 2 Synaptic loss progresses across adult ages in rodents and
humans without neuropathology. Adapted from Finch (2007,
pp. 24–25 and 98). a Dopamine D2 receptors in postmortem
striatum mouse, determined as Bmax by Scatchard analysis
(Severson and Finch 1980). b Human D2 sites (Severson et al.
1982). c Synaptophysin immunoreactive presynaptic terminals
(SYN-IR) in human cerebral cortex (Masliah et al. 1993). The
rate of loss approximates 0.5%/year in humans after age 20 for
striatal D2 sites and for SYN-IR cortical synapses. These syn-
aptic losses are independent of β-amyloid accumulation because

they arise in aging rodents which do not accumulate Aβ depos-
its and because losses begin before age 40 in humans when there
is negligible Aβ deposition except in rare familial Alzheimer
disease. d Declining blood flow parallels the loss of synapses,
while astrocyte fibrosis increases progressively (Hansen et al.
1987) in the same brains characterized for SYN-IR terminals.
The synapse density line was regraphed from (c). Blood flow
was measured by xenon in cortical grey matter of 13 healthy
adults (Amano et al. 1982)
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middle age in rats (Kadish et al. 2009) are also shared
with rhesus monkey (Blalock et al. 2010). Thus, ro-
dent models of aging allow us to begin dissection of
complex cellular changes during aging which, in pri-
mates appear to involve the additional factor of Aβ
amyloid accumulation.

The Aβ peptide is strongly implicated in AD from
many lines of evidence (Klein et al. 2001; Walsh and
Selkoe 2007; Hardy 2009). Particularly cogent is that
AD is universal in the Down syndrome from over-
expression of Aβ (trisomy 21): the specific role of the
amyloid precursor protein (APP) locus in chromosome
21 is demonstrated by an unusual case of clinically
diagnosed Down’s syndrome which proved to have a
segmental deletion of the APP locus which produced
the equivalent of disomy for the APP locus, thereby
normalizing the gene dose. In this case, AD-like
changes were absent during a 78 year lifespan, which
is much longer than expected for Down’s syndrome
(Prasher et al. 1998). Conversely, duplication of the
APP locus caused premature AD and cerebral angiop-
athy (cerebrovascular Aβ amyloid) in five unrelated
families (Rovelet-Lecrux et al. 2006). Moreover, the
human APP gene shows epigenetic variation, such that
some cells express only one allele (50-fold transcrip-
tion above the silent allele), while others express both
parental alleles (Gimelbrant et al. 2007). Somatic cell
epigenetic variation in APP expression and possible
age changes have not been studied at population levels
in humans or primates.

Of major potential significance, humans and rhesus
monkey brains both accumulate solubilizable Aβ dur-
ing middle age (Fig. 3) (Fukumoto et al. 2004); these
data do not resolve if solubilizable Aβ (1-40 and 1-42)
both increase in aging rhesus, as in humans, or if the
increase is exponential as for Aβ (1-42) in humans. At
the histological level, fibrillar deposits of Aβ (1-42)
arise later and are not prominent in the absence of
Alzheimer disease (Arriagada et al. 1992). [It was
not possible in this review to address the different
sized Aβ peptides in parenchymal and vascular amy-
loid deposits]. Nonetheless, most individuals after the
age of 55 harbor some amyloid deposits (amorphous
amyloid and senile plaques) and some neurons with
neurofibrillary tangles (NFTs) (Arriagada et al. 1992;
Zanjani et al. 2005; Ohm et al. 1995). Importantly, the
regional distribution of amyloid deposits and NFTs in
nondemented elderly closely approximates the distri-
bution of neurodegeneration in AD. Very recent

studies show that scattered neurons with hyperphos-
phorylated tau arise even before puberty (Braak and
Del 2011a; Braak and Del 2011b). Taken together, the
evidence suggests some association of pre-clinical Aβ
and NFT accumulation with the exponential increase of
AD after age 60, but we are far from understanding the
chain of causality in these complex and evidently life-
long processes. We know even less about the neuro-
proteomics of aging and neurodegeneration in primates.

By the average lifespan when risk of AD increases
sharply in human populations, aging primates present
a remarkable diversity of brain changes, which are
mostly mild and would not qualify as clinical–grade

Fig. 3 Brain amyloid-beta peptide increases progressively dur-
ing normal aging in (b) rhesus monkey and (b) human cerebral
cortex. The peptides analyzed were extracted in cold formic
acid. Redrawn from Fukumoto et al. 2004
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neuropathology (Table 2). Five species of monkeys
and one prosimian accumulate extensive deposits of
diffuse Aβ, as do humans during at later ages in the
absence of AD. The deposits do not meet the criteria
for neuritic plaques in AD by their diffuse character-
istics and limited presence of degenerating neurites.
The rhesus monkey, which has been studied in most
detail (Luebke et al. 2010) (Morrison et al. and Rosene
et al., this volume), does not present tauopathic abnor-
malities or major neuron loss during aging (Duan et al.
2003). The cognitive changes are correlated with syn-
apse loss and white matter degeneration, e.g., in exec-
utive functions of the prefrontal cortex area 46
(Rosene et al., this volume). However, the age-
associated cognitive changes are mild by comparison
with AD. Moreover, some individual monkeys age
“successfully” with minimal cognitive decline (Rapp
and Amaral 1991; Herndon et al. 1997). Thus, the
rhesus monkey may be considered a model for normal
(eugeric) brain aging in humans. Although tauopathies
have not been reported in aging rhesus, nonetheless
aging rhesus show neurocytoskeletal abnormalities
which cause axonal bulges (diverticula) that suggest
impaired axonal flow (Fiala et al. 2007). In contrast,
extensive neurofibrillary degeneration with tau hyper-
phosphorylation is reported in the mouse lemur (short-
lived primate); however, the level of neuron death was
not established for comparison with AD brains, which
typically show >50% pyramidal neuron loss in the
entorhinal cortex and CA1 layer of the hippocampus
(Simonian and Hyman 1994).

Chimpanzees and other great apes also accumulate
low levels of diffuse Aβ peptides at later ages, with
notable amounts of Aβ (1-40) as well as Aβ(1-42)
(Gearing et al. 1994, 1996, 1997). The brain aging
changes appear to be milder than in the mouse lemur,
monkeys, or humans of equivalent demographic age,
but very few specimens have been studied (Table 2).
Neurofibrillary degeneration has been considered ab-
sent in aging great apes (Gearing et al. 1994, 1996,
1997). However, we now have one case of classic
Alzheimer tauopathy and neurofibrillary degeneration
in a 41-year-old female who was euthanized after a
stroke (Rosen et al. 2008); this individual had notable
obesity and hypercholesterolemia, which are risk fac-
tors in human AD and, which in AD-transgenic mice,
accelerate neurodegeneration (Cole et al. 2010; Leduc
et al. 2010). Numerous tau-immunoreactive paired
helical filaments were found in neocortex and

subcortical regions. Aβ deposits were moderate, but
neuritic plaques were fewer than in typical AD. The
tauopathy was present in both cerebral hemi-spheres
and was not restricted to the infarcted region. Notably,
the hippocampus was not involved. Cerebrovascular
Aβ was also present, consistent with prior findings in
aging apes (Gearing et al. 1994, 1996, 1997). The
authors’ absence of comment on neuron loss should
not be interpreted as its absence. While no great ape or
monkey has neurodegenerative changes that approach
clinical AD, this case report suggests that obesity and
hypercholesterolemia can lower the threshold for tau-
opathy in the chimpanzee. However, the distribution
of lesions differed from classic AD in the lack of
neurodegeneration in the hippocampus, which is a
major target of AD in humans. Given the small numb-
ers of brains evaluated carefully in great apes of ad-
vanced ages (about 10) and the absence of any
quantitative analysis of neuron numbers, we cannot
yet conclude whether or not AD is unique to humans.
The rampant obesity in aging primate colonies may
yield additional cases. Cerebrovascular aging merits
further attention. In contrast to this diversity of amy-
loid and tauopathy, humans and all primates examined
show increased cerebrovascular amyloid during aging,
as noted above. Among the shared risk factors in
ischemic heart disease and AD in humans are high
LDL cholesterol, obesity, and the apoE4 allele. The
individual with a stroke and neurofibrillary degenera-
tion did not have any of the mutations in the MAPT
locus which are associated with hereditary tauopathies
in humans. Lastly we emphasize that all data on pri-
mate aging have come from captive animals. We do
not know of any case report on the pathology of aging
in wild-living animals.

An intriguing evolutionary question concerns why
neurodegenerative changes with age are milder in the
great apes than in either lemurs andmonkeys or humans.
One possibility, of course, is that important changes
have been missed due to the small number of carefully
evaluated brains of elderly apes. However, two other
possibilities deserve mention. First, the limited state of
ape husbandry has not yet allowed us to routinely pro-
duce really old animals. Notably, the longevity records
of apes in captivity are only marginally longer than
longevities reported from the wild (Table 1). Thus, it
may be that as captive husbandry continues to improve
and we see more apes of older ages, more dramatic
neurodegenerative changes will appear. An alternative
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possibility concerns the evolutionary trajectory of life-
spans within the ape clade. In the 25 million years since
they diverged from African monkey, apes evolved con-
siderably longer lives than monkeys. Elderly apes in the
wild live into their 40s and even 50s, whereas monkeys
in nature are elderly by their late teens or early 20’s
(Bronikowski et al. 2002) (Table 1). Accordingly, we
suggest that the evolution of lengthening lifespan could
have enhanced protection against neurodegenerative
changes with age by an additional decade or two. How-
ever, humans have undergone a very rapid increase in
longevity much more recently—perhaps as recently as
<100,000 years (Caspari and Lee 2004). At the age of
50, human and great ape brain aging changes may be
considered as equivalently mild by the modest accumu-
lations of diffuse Aβ and atrophic neurons with cyto-
skeletal abnormalities. We suggest the working
hypothesis that, because the human reproductive life-
span has not been lengthened relative to the apes, there
was little selection pressure to evolve additional
neuroprotection.

Species differences in relevant genes

The genetic basis for major differences in brain aging
between humans and other primates is as obscure as is
the basis for differences in life span. Aging monkeys
and humans apparently accumulate more deposits of
Aβ as diffuse amyloid plaques than do some of the
great apes examined. Nonetheless, as noted above, the
42-amino acid sequence of Aβ is identical in human,
great ape, and monkey (Johnstone et al. 1991). With
remarkably few exceptions (lab rodents), the Aβ se-
quence is identical in other vertebrates, including ze-
bra fish (Coulson et al. 2000). The absence of diffuse
Aβ plaques in old lab rodents may be attributed to
three amino acid differences that slow aggregation
(Boyd-Kimball et al. 2004). Besides its role in neuro-
toxicity (Klein et al. 2001; Hardy 2009), the Aβ
peptide also has strong anti-microbial activity (Soscia
et al. 2010), suggesting a basis for its evolutionary
stability. However, the APP from which the Aβ peptide
is derived by endoproteases, has undergone consider-
able evolution, and has many diverse implied functions
(Maloney et al. 2004; Jacobsen and Iverfeldt 2009).
Primate species differences in neurodegeneration could
be sought elsewhere in the APP gene, including the APP
promoter (Maloney et al. 2004). The tau peptide (MAPT

gene) is also 100% identical in humans, chimpanzees,
and in few other primates examined (Holzer et al. 2004)
as discussed in Rosen et al. (2008).

The apolipoprotein E (ApoE) gene also merits at-
tention in human-chimp aging differences. In the
brain, apoE transports cholesterol to neurons, while
blood apoE mediates the clearance of triglycerides.
Humans have two main alleles: the most prevalent
allele in all populations is ApoE3; ApoE4, the minor
allele in all human populations (<1%–45%), is con-
sidered ancestral in our genus (Fullerton et al. 2000;
Mahley et al. 2009). ApoE4 is associated with higher
risk of AD and accelerated brain decline. Although the
chimpanzee ApoE shares 2 amino acids with ApoE4,
chimp ApoE is predicted to function like the human
ApoE3 isoform because of a further coding difference
that influences peptide folding (Raffai et al. 2001;
Vamathevan et al. 2008). The putative ApoE3-like
function could contribute to the low levels of Alz-
heimer’s and ischemic heart disease in chimpanzees
(Finch and Stanford 2004; Finch 2010). Subcellularly,
ApoE4 causes more lysosomal leakage than ApoE3,
due to greater membrane disruption from peptide
chain unfolding at lysosomal pH (“molten globule”)
(Ji et al. 2006); this biophysical feature of ApoE4 is
unique to humans and is implicated in the greater
neurotoxicity of Aβ in ApoE4 transgenic models of
AD (Mahley et al. 2009). Moreover, in transgenic
mice with targeted replacement (TR) of the native
apoE with the human isoforms, the TR-ApoE4 mice
had extensive deposits of cerebrovascular amyloid and
cerebral hemorrhage which were rarer in the TR-
ApoE3 mice, and absent from the background strain
(Sullivan et al. 2008). Although chimpanzee ApoE has
not shown allelic variations in the few individuals
sampled (Mahley et al. 2009), serum cholesterol had
considerable heritability in a former breeding colony
(Williams-Blangero et al. 1994). The uniquely human
apoE3 allele spread about 0.226 MYA, range 0.18–0.58
MYA (Fullerton et al. 2000). These dates precede the
emigration of modern Homo sapiens from Africa and
overlap with the increased organized hunting of large
animals and the use of fire (Finch and Stanford 2004).

Overview of primate research models

Although numerous primate species have been used
for at least some aging research, we will focus on four
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species—common chimpanzees, rhesus macaques,
common marmosets, and gray mouse lemurs—for
which there is either the most relevance, the most infor-
mation, or which exhibit exceptional promise for future
aging research. Representative primate life history tra-
jectories are compared with humans in Fig. 4.

Because chimpanzees are our closest relatives, both
similarities and differences between their patterns of
aging and age-related diseases and ours will be partic-
ularly enlightening with respect to understanding the
genetic basis of aging and disease. The most common
causes of older chimpanzee deaths in captivity in
current colonies are related to congestive heart failure
from myocardial fibrosis (Varki et al. 2009, 2011).
Ischemic coronary disease may have been more prev-
alent in earlier colonies (Finch and Stanford 2004;
Finch 2010). Cancers are at much lower prevalence
in chimpanzees than in most human populations
(Finch 2010; Varki et al. 2011). However, as men-
tioned above, we know almost nothing about cancer
and other conditions of aging in feral populations of
chimpanzees. More information on normative aging in
chimpanzees would certainly continue to inform our
view of the evolution of human aging. However due to
the difficulties of research on chimpanzees, it is diffi-
cult to imagine that a large corpus of new information
will be available in the near future.

Rhesus macaques have been by far the most com-
monly used primate species in aging research. Ironi-
cally given the degree to which they have been used in
biomedical research, there is much less information on
the life history of wild rhesus than on any of the great
apes and what information exists comes mainly from
provisioned monkeys on predator-free islands well
outside their normal geographical range (Hoffman et

al. 2010). In well-maintained captive colonies, mean
adult survival is 25–27 years with the oldest animals
reaching about 40 years of age (Colman et al. 2009;
Bodkin et al. 2003).

The husbandry of rhesus appears to be superior to
that of the great apes as shown by their considerably
longer lives in captivity than even in provisioned free-
living populations. However, on typical captive diets,
>40% of older rhesus incur obesity in conjunction
with glucoregulatory problems such as hyperinsuline-
mia and diabetes (Colman et al. 2009; Bodkin et al.
2003). Neoplasia in more than 2600 animals from two
well-maintained colonies is reported in about 10% of
animals at necropsy. However, among animals older
than the median lifespan of 26 years, cancer contrib-
uted to approximately 50% of deaths (Simmons and
Mattison 2011). Almost 50% of reported cancers af-
fected the gastrointestinal system, possibly suggesting
microbial involvement. This is a much higher preva-
lence of cancer than reported in earlier studies
(reviewed in Finch 2010), likely due increasingly ad-
ept husbandry over time, such that animals of this
species now survive considerably longer than previ-
ously. The high incidence of gastrointestinal cancers
suggests, however, that environmental conditions
could still be improved. Rhesus macaques will contin-
ue to make major contributions to our understanding
of primate aging.

Two small, shorter-lived and primate species,
though somewhat more distantly related to humans
than Old World monkeys or apes, may prove excep-
tionally useful for future research. Advantages of these
small primates are related to their relatively rapid life
history, multiple births, short life, ease of handling,
and reduced maintenance costs compared with larger

Fig. 4 Comparison of primate life history trajectories. Lifespan
ranges represent maximum observed longevities in the wild and
in captivity. Maximum human longevity is given as 100 years to
compensate for the vast difference in amount of longevity data
between humans and other primates. Only about one to two of

10,000 humans live as long as 100 years in modern industrial-
ized populations. Marmoset common marmoset (C. jacchus),
lemur gray mouse lemur (M. murinus). Note that marmosets and
lemurs do not have menstrual cycles (they have estrous cycles),
thus do not have menopause
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species (Austad and Fischer 2011). The current and
future use of the common marmoset (Callithrix jac-
chus) in aging research has been recently reviewed in
detail (Tardif et al. 2011). A general overview of the
use of marmosets in biomedical research may be
found in (Mansfield 2003). In brief, the marmosets is
among the smallest and shortest lived anthropoid pri-
mate with a body mass of 350–400 g, about 4% of the
mass of an adult rhesus. Marmoset husbandry is well-
enough developed to enable considerably longer life-
spans in captivity (5–7 years mean and 17 years max-
imum) than in the wild (reported maximum of
10 years). Age-specific mortality shows acceleration
after age 6 concurrent with declines in lean body mass.
The survival curve might become more rectangular if
animals were maintained under specific pathogen free
(SPF) conditions. SPF conditions are defined by the
absence of listed specific infectious pathogens from
the colony, as monitored by regular testing. SPF con-
ditions have dramatically improved the health and
survival of laboratory rodents since 1970 and made
studies of aging among laboratories much more repli-
cable (Finch 2007, pp. 140–142). Although some pri-
mate studies employ SPF animals, it is far from the
standard of current gerontological rodent colonies.
Under current conditions, marmosets are considered
to be “old” by the age of 8 years, which is greater than
the median adult lifespan and about half of the maxi-
mum lifespan (Abbott et al. 2003).

In older marmosets from the New England National
Primate Research Center common causes of death
were neoplasia (16% of deaths in older animals), am-
yloidosis (13%), inflammatory bowel disease (13%),
chronic renal disease (9%), and diabetes mellitis (7%).
The high level of intestinal diseases (the most com-
mon malignant neoplasia was adenocarcinoma of the
small intestine) suggests that as in virtually all other
primate research colonies, intestinal microbiota may
play a role in disease. The cerebral cortex showed
diffuse Aβ plaques (but no neurofibrillary tangles)
(Table 2). However, the frequency and age of onset
of this amyloidosis varies widely among colonies in a
manner reflective of differences in survival among
those colonies (Tardif et al. 2011). Future studies of
primate brain aging may access the advantages of the
marmoset; their relatively rapid development, multiple
births, short life, ease of handling, and reduced main-
tenance costs compared with larger species (Austad
and Fischer 2011).

Lastly, we mention the gray mouse lemur (M. mur-
inus), an even smaller and more rapidly reproducing
species than the marmoset. These lemurs weigh 60–
110 g, mature in less than 1 year, have multiple births
and can reproduce at least twice per year (Picq 2007;
Austad and Fischer 2011). Maintained in captivity since
the 1950s, large colonies of mouse lemurs have been
developed in France since the 1970s and studied for
brain aging changes in detail (Bons et al. 2006). Life
expectancy in this species is 8–10 years with a reported
maximum of 18 years. Signs and symptoms of aging
appear within the first decade of life. For instance, 50%
of animals have cataracts by age 7 and substantial cog-
nitive decline is evident by age 10 (Beltran et al. 2007;
Picq 2007). Older mouse lemurs contract a wide range
of tumors (Remick et al. 2009). Although we lack
detailed information on the incidence of tumors in this
species, about 20% of animal deaths were tumor-
associated among captive prosimians generally. Of 123
tumors found in prosimians at the Duke University
Lemur Center, none occurred in animals younger than
age 5. In addition to multiple cognitive deficits, gray
mouse lemurs also develop pathological brain changes
including localized atrophy, diffuse and intraneuronal
deposits of Aβ, astrocytosis with increased GFAP, and
hyperphosphorylated tau in neurons (Dhenain et al.
2000; Bons et al. 2006; Kraska et al. 2011). As dis-
cussed below, the distribution of these lesions in the
brain is different from humans. Husbandry practices in
this species are difficult to assess. While mouse lemurs
clearly live longer in research colonies than in the wild
(Table 1), we do not know of detailed survival data
along with the distribution of causes of death. One
drawback of the use of lemurs in biomedical research
is that animals cannot be taken from the wild and the
international trade of captive individuals is highly regu-
lated (they are listed in Appendix I of the Convention on
International Trade in Endangered Species). Conse-
quently, research may proceed at existing colonies but
establishing new research colonies presents a challenge.

Husbandry issues

Aging-related biomedical research is most informative
when husbandry of the study animals has been opti-
mized to minimize infectious diseases and maximize
nutritional and psychological well-being of the ani-
mals. Such conditions reveal changes over time
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specific to aging rather than environmental pathologies.
Such detailed attention to husbandry has revolutionized
aging research with rodents over the past half century
(Finch 2007), making research not only more informa-
tive but also more replicable among laboratories.

By rodent standards, captive primate husbandry is
still at an early stage of development. This is evident
either when inspecting captive survival data or when
comparing the longevity of captive versus wild pop-
ulations. For instance, in laboratory mice and rats as
well as humans from industrialized countries typically
display survival curves with a pronounced right
“shoulder” because survival is uniformly high early
in adult life but then declines rapidly as senescence
progresses (Fig. 5) (Turturro et al. 1999; Austad
2001). Elimination of chronic infections has been a
major contributor to producing this survival curve
shape (Finch 2007). By contrast, because substantial
mortality occurs even early in adulthood and long before
evident senescence, captive primate survival curves are
typically more linear, even concave (Allman et al. 1998;
Smucny et al. 2004). In addition, given optimum hus-
bandry one would expect animals in captivity to survive
far longer than animals in the wild. In captivity, food is
reliably abundant and predators are absent. Mice and
rats clearly survive much longer in the lab than they do
in the wild. However, a number of captive primate
species live just marginally longer—if that—in captivity
compared to the wild (Table 1). For instance, the median
longevity of eastern gorillas in a wild Rwandan popula-
tion is 33 years compared with about 25 years in zoo
populations (Kohler et al. 2006). However, maximum
zoo longevity for gorillas is substantially longer in zoos
than in the wild (Table 1). In orangutans, on the other
hand, life expectancy in the wild is considerably longer
than in captivity (30 vs. 19 years combining the sexes)
and maximum longevity is virtually identical (Wich et
al. 2004; Kohler et al. 2006). The causes of reduced
captive compared to wild longevity are manifold, no
doubt including suboptimal diets, obesity, lack of exer-
cise, inbreeding, poor adaptation to the local climate (for
outdoor colonies), and psychological stress. Primate
diets in nature are notoriously complex and seasonally
variable, as are their social environments. At present,
there is little standardization among captive colonies of
any species in either diet or social environments. Obe-
sity is rampant in captive mammals of virtually all
species, and primates are no exception (Hotta et al.
1996; Klimentidis et al. 2011; Steinetz et al. 1996). A

significant challenge is to define healthy (normative)
body weight or body mass index for the common re-
search primates. Fortunately, husbandry practices con-
tinue to improve. Strikingly, the lifespans of orangutans
born in zoos since the middle-1980s approximates that
of wild orangutans, for instance (Wich et al. 2009).
However, for primates to be maximally informative for
aging studies, obesity, stress, and chronic infections will
likely need to be controlled to the current biogeronto-
logical standards of mouse and rat colonies, or even
better. Thus, we cannot yet draw firm conclusions about

Fig. 5 Representative survival curves for captive populations of
female gorillas (N0458), baboons (N0422), and genetically
heterogeneous laboratory mice (N0210). Note the more “rect-
angular” shape of the mouse curve, particularly when compared
with the baboon curve but also in comparison with the gorilla
curve. Redrawn from Allman et al. (1998), Martin et al. (2002),
and Strong et al. (2008)
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whether the apparent gross divergence of brain aging
patterns between primate species is nature or nurture.
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