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Abstract

Nonhuman primates are useful for the study of age-associated changes in the brain and behavior in
amodel that isbiologically proximal to humans. The A and tau proteins, two key playersin the
pathogenesis of Alzheimer’s disease (AD), are highly homologous among primates. With age, all
nonhuman primates analyzed to date develop senile (Ap) plagues and cerebra B-amyloid
angiopathy. In contrast, significant tauopathy is unusual in simians, and only humans manifest the
profound tauopathy, neuronal degeneration and cognitive impairment that characterize
Alzheimer’s disease. Primates thus are somewhat paradoxical models of AD-like pathology; on
the one hand, they are excellent models of normal aging and naturally occurring AP lesions, and
they can be useful for testing diagnostic and therapeutic agents targeting aggregated forms of Ap.
On the other hand, the resistance of monkeys and apes to tauopathy and AD-related
neurodegeneration, in the presence of substantial cerebral Ap deposition, suggests that a
comparative analysis of human and nonhuman primates could yield informative clues to the
uniquely human predisposition to Alzheimer’ s disease.
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Introduction

Alzheimer’s disease (AD) and other age associated neurodegenerative diseases present a
significant challenge to the biomedical community and society at large, and effective,
disease-modifying therapies remain elusive [1, 2]. One impediment to studying these
disordersisthat the field is still endeavoring to understand the fundamental pathogenic
mechanisms underlying neurodegeneration, and to differentiate diseasefrom normal aging.
AD istypified pathologically by the presence of extracellular senile plagues (SP) and
intracellular neurofibrillary tangles (NFT) [3-5], the primary molecular substrates of which
arethe p-amyloid (Ap) and tau proteins, respectively. The assumption has been that these
pathological hallmarks are linked to the dysfunction and eventual death of neurons, thus
causing the cognitive and behavioral impairments characteristic of AD. However, the
precise role that these lesions play in the pathogenesis of AD remains uncertain.
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Genetic, biochemical, and pathological evidence strongly supportsthe Ap cascade
hypothesis of AD, which holds that the aggregation of AP peptidesisacritical early eventin
disease pathogenesis [6, 7]. The AB peptide most commonly exists as a 40-42 amino acid
cleavage product of the B-Amyloid Precursor Protein (APP) [2, 5, 8]. Ap has aproclivity to
misfold and self-aggregate, subsequently forming the fibrillar, congophilic material (-
amyloid) that characterizes classical senile plaques[9]. Ap also aggregatesinto pre-fibrillar
(or non-fibrillar) oligomers and protofibrils, which are increasingly thought to mediate the
cytopathic effects of the multimeric peptide [5, 10-12].

Neurofibrillary tangles consist mainly of intracellular tau protein, a microtubule-binding
protein that, in AD, misfolds, becomes abnormally phosphorylated, and aggregates into
skeins of filamentous material consisting ultrastructurally of paired helical or straight
filaments[3, 13, 14]. Although the number of NFTs correlates significantly with the degree
of dementia[15-17], genetic evidence in particular indicates that tauopathy is downstream
of AP aggregation in the AP cascade [18]. The primacy of AP aggregation in AD
pathogenesisis further underscored by the experimental demonstration that tau
abnormalities can be induced or exacerbated by aggregated AP [19-23], but not vice-versa
[19]. Furthermore, every known familial, autosomal dominant variety of AD resultsin the
increased production or aggregation of A [6, 7]. Thus, although tauopathy is a defining
element of the AD phenotype, the seminal occurrence in the pathogenesis of AD appears to
involve the misfolding and accumulation of AB [18, 24].

To promote a greater understanding of the neurobiological substrates of AD, and to
investigate the role of senescence in the pathogenic process, many investigators have
employed nonhuman primates as a comparator. Nonhuman primates have the advantages of
biological proximity to humans, behavioral complexity, and relatively large brains that are
favorable for /n vivoimaging. In addition, nonhuman primates naturally generate human-
sequence AP that, with age, deposits prodigiously in parenchymal senile plagues and within
the cerebral vasculature (below). Simians thus can be useful for testing diagnostic and
therapeutic approaches in a biologically optimal model of naturally occurring, age-
associated pathology.

Despite their similarities to humans, it is surprising that nonhuman primates do not succumb
to the profound dementia and neurodegenerative changes that typify AD [25, 26]. As such,
long-lived nonhuman primates present a unique opportunity to examine complex brain aging
in acontext that is free of AD per se In addition, nonhuman primates may help usto
understand why, in the primate order, humans are uniquely vulnerable to AD. The present
review summarizes current knowledge of AD-related neuropathology and behavior in apes,
monkeys and prosimians, focusing in particular on p-amyloid lesions (senile plagues and
cerebral Ap-amyloid angiopathy [CAA]), tauopathy, and cognitive decline associated with
normal aging.

Alzheimer’s Disease and Related Neuropathology
B-Amyloid Precursor Protein (APP) and B-Amyloid (AB)

AR isanormal cleavage product of the p-Amyloid Precursor Protein (APP) [27], asingle-
spanning transmembrane protein expressed as several isoformsin cells throughout the body.
In neurons, the predominantly expressed isoform is 695 amino acids long, whereas APP in
non-neuronal cellsis mainly 751 or 770 amino acids in length [8]. APPis highly conserved
among extant mammals, suggesting an important (but still uncertain) biological function.
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Senile Plaques (B-Amyloid)

Senile plagues are extracellular, parenchymal deposits of aggregated AR in the brain (Figure
1). AP deposits can assume a variety of morphotypes ranging from small, diffuse aggregates
to large, diffuse or dense deposits [28, 29]. While thereis no standard plague type, so-called
‘classical’ senile plagues usually consist of adense core of fibrillar AR (B-amyloid) that is
associated with an array of secondary proteins[30], activated microglia and astrocytes, and
dysmorphic neuronal processes (abnormal neurites) [3] arising from various transmitter-
specific systems[31, 32]. ‘Amyloid’ isageneric term for aberrant deposits of any of a
number of proteinsin various organs. The definition of amyloid has evolved over the years
as our understanding of the substance has grown. The Nomenclature Committee of the
International Society of Amyloidosis defines amyloid as "an /n vivo deposited material,
which can be distinguished from non-amyloid deposits by characteristic fibrillar electron
microscopic appearance, typical X-ray diffraction pattern and histological staining reactions,
particularly affinity for the dye Congo red with resulting green birefringence” [33] (see also
Chiti and Dobson [34] and Fandrich [35] for discussions of the definition of amyloid). Some
proteinaceous deposits, however, are not birefringent after staining with Congo red; in this
review, we use the term ‘ senile plaques’ to designate histologically identifiable deposits of
AP, regardless of whether they fully conform to the current definition of ‘amyloid’.

Congophilic (fibrillar) p-amyloid in cortical senile plaques was long thought to be the
injurious form of A in AD, and its presence till is a diagnostic criterion for the post-
mortem confirmation of AD [9]. Accordingly, much research has examined the deposition
of the AB peptide and coincident features of senile plaquesin animal models such as
nonhuman primates; indeed, some of the earliest, high-quality ultrastructural analyses of
senile plaques were conducted on aged rhesus monkeys [36]. However, AB aggregation isa
highly dynamic process. Prefibrillar A multimers (oligomers and protofibrils) occur
throughout affected brain regions in AD, and mounting evidence points to these prefibrillar
AP species asimportant mediators of cytotoxicity [10, 11, 37]. Furthermore, recent evidence
suggests that the folded structure of Ap (and other pathogenic proteins) can vary at the
molecular level, forming variant ‘strains' [38], although it is not yet clear if such structural
variations influence the pathogenicity of Ap.

Cerebral B-Amyloid Angiopathy (CAA)

Cerebral p-amyloid angiopathy (CAA) refers to the accumulation of AR in the walls of
cerebral blood vessels (Figure 2) [39-42]. Some CAA is present, to varying degrees, in
virtually al AD cases; however, CAA may develop independently of the more common
hallmarks of Alzheimer’s disease (plagues and tangles) [43, 44]. In humans, CAA affects
mainly the leptomeningeal arteries and arterioles, the penetrating arterioles, and, less
frequently, veins and capillaries [45, 46]. Capillary CAA appears to correlate particularly
strongly with AD pathology [47] and cognitive impairment [48]. A rather low correlation
between the amount of capillary CAA and larger vessel CAA suggests that the two lesions
may be etiologically independent [47].

Neurofibrillary Tangles (Tau Protein)

In addition to senile plagues, the second major pathological hallmark of AD isthe
intraneuronal aggregation of abnormally phosphorylated tau protein (Figure 3),
histopathologically described as neurofibrillary tangles (NFT). ‘ Neurofibrillary tangles’ are
flame-shaped or roundish bundles of tau filaments in cell somata, whereas ‘ neuropil threads
are bunches of tau filaments within neuronal processes (Hauw and Duyckaerts, 2001).
Although contemporary evidence indicates that tauopathy is downstream of A proteopathy
in the pathogenesis of AD [18], NFTs are an important correlate of neuronal dysfunction and
dementiain the disease [15-17, 49]. Tauopathy is aprimary or secondary lesion in a number
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of neurodegenerative disorders besides AD, including fronto-temporal dementia, progressive
supranuclear palsy, and corticobasal degeneration [14, 50]. (Interestingly, head injury can
induce the phosphorylation and aggregation of tau and the accumulation of Ap in humans
[51, 52]). A substantial effort has been put forth to generate therapeutics that target the
aggregation of tau protein [53], as well as unwanted protein-protein interactionsin general
[54].

Cognitive Decline and Neurodegeneration

The primary clinical manifestation of AD is severe and progressive cognitive decline [55].
To amuch more limited degree, cognitive decline also is afeature of normal human aging,
and can be difficult to differentiate from mild cognitive impairment (MCI) or prodromal AD
[56, 57]. Currently, AD can only be diagnosed with reasonable certainty via the postmortem
examination of the brain for the characteristic lesions in patients with dementia [58]. For
effective disease treatment, it will be important to identify, as early as possible, the clinical
manifestations of both natural and pathological cognitive deterioration in the aging process.
A thorough examination of cognitive decline in nonhuman primates will optimize the
utilization of these animals as models of human aging and disease.

AB and Tau Pathology in Nonhuman Primates

Primate Phylogeny and Age-Related Proteopathy

Molecular evidence supports the estimate that the primate lineage emerged in the late
Cretaceous period, possibly as long as 85 million years ago (although the fossil record
currently suggests an earlier date) [59, 60]. Thereafter, the primates diverged into various
lines, such that the biological relatedness of the extant primates is considered to be greatest
in species that most recently separated [60, 61]. Accordingly, with regard to divergence
distance from humans, the approximate order of relatedness (from closest to most distant) is:
Great Apes (Family Hominidae), Old World monkeys (Family Cercopithecidae), New
World monkeys (Parvorder Platyrrhini) and Prosimians (Suborder Strepsirrhini and
Infraorder Tarsiiformes). { Tree shrews (Order Scandentia), once considered the most
primitive form of extant primate, are no longer considered to be members of the Primate
order; although tree shrews generate human type-sequence AR, they have not yet been found
to develop senile plagues with age [62]} .

Despite their biological closeness to humans, no nonhuman primate species has yet been
shown to develop Alzheimer’s disease [ 25, 26]. Hence, nonhuman primates are a good
model of brain aging and AB-amyloidosis /11 the abserice of neurodegenerative disease At
the same time, the incompl ete manifestation of AD-like changesin simians may provide
clues to the unique susceptibility of the human brain to Alzheimer’ s disease [25, 26, 63].

It isimportant to note that the amount of existing information on the aging nervous system
in different primate species varies widely, so in some instances, certain data may not be
available. In addition, a prominent feature of aging and age-related protein aggregation in
nonhuman primates is the high degree of variability, both in the age of onset of the process,
and in the amount, distribution, and appearance of lesions at any given age. With these
caveats in mind, the organization of the following discussion of each nonhuman primate
group will follow that of the preceding paragraphs, i.e.: Neuropathology (B-Amyloid
Precursor Protein and p-Amyloid, Cerebral Amyloid Angiopathy, Tau Protein) and
Behavior (Cognitive Decline).
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Neuropathology—Relatively few studies have characterized the neuropathology of aging
in great ape species, in part because of their long lifespan (up to 60 years for chimpanzees)
and small numbers in research facilities. Thereis a high degree of homology in APP, aswell
asin the promoters and regulators of its production, in chimpanzees ( Pan troglodytes),
gorillas (Goarilla gorilla gorilld and orangutans (Pongo pygmaeus) [64]. Histological studies
have confirmed the presence of senile plagues that are immunopositive for Ap in aged grest
apes [65-68]. Biochemical quantification of Ap 40 and Ap 42 isoformsin asmall sample of
chimpanzees indicates that very old chimpanzees can accumulate levels of total Ap closeto
those seen in the AD brain, and that the AR isoform ratio varies substantially among subjects
[63]. Other histopathological studies of the three great ape species have revealed swollen
neurites and glial activation in close proximity to senile plagues, similar to plaques in the
AD brain. To date, too few individuals have been analyzed to establish the rate of AP
deposition and the time-course of this process in the great apes, as well as potential
differences between males and females. Studiesin our laboratory indicate that Ap plague
pathology isfocal and relatively sparse in both male and female aged chimpanzees
(unpublished data).

The limitedstudies of CAAin great apes have demonstrated that vascular Ap amyloidosisis
fairly prevalent in aged chimpanzees [65, 66]and orangutans [68, 69], and predominates
over parenchymal plague accumulation [70]. One analysis of anaged gorillafound senile
plaques, but did not reportcerebral amyloid angiopathy [67]; arecent case report, however,
diddemonstrate CAA in a40 year-old albino gorilla[71].

Genetic studiesin great apes have found that tau in chimpanzees and gorillas shares 100%
and 99.5% sequence homology, respectively, with human tau [72]. The incidence of
tauopathy in great apes cannot yet be determined with certainty due to the paucity of
histopathologic analyses in aged animals. Nonetheless, in one study, tauopathy with human-
like paired helical filaments was reported in a 41 year-old female chimpanzee who had
suffered a stroke prior to death [73] (Figures 3B, 4). Like other aged chimpanzees, this
animal had a moderate degree of CAA, but very few senile plaques. In addition, the NFTs
were mainly in cortical neurons, whereas (unlike in AD) the hippocampus was largely free
of tauopathy or obvious neuronal loss.

Behavior—Aged chimpanzees are impaired on the delayed response task, a measure of
frontal cortical function [74], but they perform normally on associative memory tasks that
are relatively non-dependent on the frontal cortex [75]. Similarly, associative memory in
gorillas appearsto beintact in old age [ 76]. Though limited, these data suggest that there
may be a pattern of modest cognitive declinein great apes, akin to normal human aging.

Old World Monkeys

Neuropathology—The bulk of published data on age-associated neuropathology in
nonhuman primates comes from studies of rhesus monkeys (Macaca mulatta) and afew
other Old World species. The rhesus monkey and its close relative the cynomolgus monkey
(Macaca fascicularis) are widely used in behavioral and biomedical research, and much is
known about the physiology and pathology of aging in these species. The maximum lifespan
of rhesus monkeysis currently thought to be approximately 40 years[61].

APP is ubiquitously expressed in neurons of al macague species examined, including
rhesus, cynomolgus, and lion-tailed macaques (Macaca silenus) [77, 78]. The 695 amino
acid isoform of APP (APPggs) is completely homol ogous between humans and both rhesus
and cynomol gus monkeys, whereas the common longer isoforms have either one (APP757)
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or four (APP770) amino acid differences[79]. The activity of the B-amyloid cleaving
enzyme-1 (B-secretase, or BACE-1), which contributes to the liberation of A from APP,
increases with age in rhesus monkeys and humans [80]. A BACE-1 inhibitor recently was
shown to lower AP levelsin the cerebrospinal fluid and plasma of rhesus monkeys [81].

Early neuropathological studies of aged Old World monkeys demonstrated that animals
above the age of 30 exhibit well-formed (‘ mature’) senile plaques [69, 82], athough plague
formation can begin much earlier. Ap deposits are commonly found in rhesus monkeys after
the age of 25 years[30, 82, 83]. Interestingly, 25 years marks the onset of significant
biosenescence in rhesus monkeys [83], and is also the average age at which menopause
becomes apparent in this species [84, 85]. The relationship of menopause to cerebral Ap
accumulation, and whether there are male-femal e differences in f-amyloidogenesis among
primates, remain to be explored. Because recent datain Alzheimer patients suggest that
estrogen may be neuroprotective, an investigation into sex differencesin Ap accumulation
in nonhuman primates may prove informative [86, 87].

Total Ap in the tempora and occipital cortices of aged rhesus macaques reaches levels
comparable to cortical AR levelsin Alzheimer subjects; biochemical analysis further reveals
that the longer Ap 42 isoform often predominates over Ap 40 [63]. The highest plaque
densities in rhesus monkeys are in the frontal and temporal cortices, with fewer plagquesin
the hippocampal formation [30, 88, 89]. This neocortical-to-allocortical pattern of expansion
is somewhat akin to the progression of Ap plague formation in the AD brain [90]. Some
senile plaques are surrounded by swollen, dystrophic neurites and activated astrocytes and
microglia (Figures 5, 6) [ 77, 91]. However, there have been no reports of significant
neuronal lossin areas of high plague density.

Large-scale, cross-sectional studies have characterized the time-course, rate, and degree of
plaque formation in aged rhesus and cynomol gus macagques [ 78, 83, 89, 92-95]. Confirming
earlier studies, AP plague formation was not seen in any macaques under the age of 15, and
the accumulation of AR deposits was infrequent and highly variable within and among
animalsin their late teens and early twenties. The mgjority of plaquesin animals under the
age of 29 were of the diffuse or primitive type, with dense-core plagues most commonly
occurring in animals older than 29 years. The relative paucity of mature plaguesin any
subjects other than the oldest macaques (over 30 years) supports the early report of Struble
and colleagues [82], who showed a strong correlation between overall plaque density and
the existence of mature (amyloid) plaques. Together, these studies identify atimeline for the
progressive accumulation of AR peptidesin the aging macaque brain [96] that is somewhat
similar to the steady buildup of AP plague pathology in the brains of nondemented humans
[97, 98]. In addition to macaques, another Old World monkey, the vervet (Chlorocebus
aethiops), also shows an age-related increase in Ap plaque formation [99, 100]. Asin
macaques, thereis no direct evidence linking the presence of amyloid plagues with neuronal
lossin vervet monkeys.

Some degree of CAA has been reported in most aged macaques examined in these studies
[65, 66, 69, 77, 82, 83, 88, 93, 96, 101]. In awell-powered, cross-sectional study of aging in
rhesus monkeys, CAA was not detectable in any animal under the age of 20 years, and it
was present in about 38% of animals near the end of the maximum lifespan [94].
Interestingly, this study showed that CAA develops at approximately the same age as do
parenchymal AP deposits, albeit with a reduced frequency. Similar to rhesus monkeys,
cynomolgus monkeys manifest CAA after ~20 years of age, and there is a positive
correlation between parenchymal plaques and CAA [25] [93]. CAA also has been
immunohistochemically detected in at |east two non-macagque Old World monkey species,
the aged baboon [102] and vervet monkey [100].
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The amino acid sequence of the tau protein in rhesus monkeys differs from that in humans
by only four residues, suggesting that Old World monkeys might be capable of producing
NFTs[103]. Abnormally phosphorylated tau protein has been identified in rhesus [104] and
cynomolgus macagues [96], athough bona fide neurofibrillary tangles have not been
confirmed ultrastructurally in these species. In our experience, it is not unusual to encounter
occasional neurons and processes that are immunoreactive with antibodies to abnormally
phosphorylated tau in aged macaques, but no study has yet shown widespread, AD-like
tauopathy in these monkeys [65, 77]. One potential explanation for the lack of NFT in
macagues is that the protein contains the product of exon 8 of the tau gene, which does not
exist in humans and may prohibit the abnormal phosphorylation of tau [103].

Baboons manifest an unusual form of heavy, though highly localized, tauopathy. In the first
of aseries of studies, two aged baboons (aged 26 and 30 years) exhibited tau pathology in
neurons and glial cellsthat was associated with hippocampal neuropil changes[102]. Ina
more exhaustive, cross-sectiona study, the researchers showed that the abnormal tau
develops as afunction of age: 0% of animals aged 1-10 years, 31% of animals aged 11-20
years, 71% of animals aged 2125 years and 91% of animals aged 26-30 years exhibited
abnormal tau accumulation [105].

Behavior—Recognition memory is dependent on the medial temporal 1obe, one of the
earliest brain regions affected in the pathogenesis of AD [106]. Deficitsin recognition
memory are an indicator of mild cognitive impairment and AD in humans [107]. Old World
monkeys manifest age-related decrements in recognition memory that begin in the late teens
and become more salient in the mid-twenties [108—111]. In contrast, cognitive processes
such as reversal learning, working memory and set-shifting, which are dependent on the
frontal cortex [74, 112], are stable until the twenties in these animals[113-117]. These data
suggest that declines in cognitive function begin with the temporal lobe in the late teenage
years, but that frontal dysfunction is delayed until the twenties in macagues. However,
plaque density has not been found to correlate significantly with cognitive declinein rhesus
monkeys [110]. The progression of cognitive impairment from the temporal cortical areasto
the frontal cortex mirrors what is seen in the development of tau pathology in AD [118], and
opens the door to the possibility that non-fibrillar, oligomeric Ap or tau may be responsible
for the observed dysfunction in simians [2]. Studies aimed at examining whether oligomeric
AP isrelated to cognitive decline in nonhuman primates would be particularly informative.

New World Monkeys

Neuropathology—The B-amyloid precursor protein is highly conserved between humans
and squirrel monkeys (Saimiri sciureus) [89], the most thoroughly examined New World
speciesin aging studies [119-121]. Squirrel monkeys have a known maximum lifespan of
approximately 30 years [61], with menopause in females probably occurring in the mid-
teens [119]. Ap-immunopositive senile plagues are present in the brains of aged squirrel
monkeys [69, 122], but not in those of younger conspecifics [123]. Subsequent studies of
squirrel monkeys extended these early findings by localizing plaque-like deposits
predominantly to the neocortex and amygdala, with relatively little deposition in the
hippocampal formation proper [122]. Furthermore, Ap accumulation in the squirrel monkey
brain is mainly within the brain vasculature rather than in parenchymal plaques [120, 124,
125] (below). By enzyme-linked immunosorbent assay (ELISA), total cortical AP levels
were substantially higher in a group of senescent squirrel monkeys than in a cohort of end-
stage Alzheimer’s subjects [63]. Total Ap42 levels were comparable between the two
groups, and ApP42 levels were higher than Ap40 levelsin the cortices of both squirrel
monkey and human subjects[63], replicating an earlier report [126]. In general, thereisa
decreasing rostral-caudal gradient in the density of both plagues and amyloid angiopathy in

Curr Pharm Des. Author manuscript; availablein PMC 2013 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Heuer et a.

Page 8

squirrel monkeys [92], but there is also variability in the number, type and localization of
AP lesions, both between and within animals [91, 92]. Senile plagues in squirrel monkeys
are mostly smaller than those in macagues and humans [90, 91]. A comparable pattern of
age-related amyloid pathology, including CAA, is observed in other New World monkeys
such as the marmoset (Callithrix jacchus) [127, 128] and the cotton-top tamarin (Saguinus
oedipus) [129]. In these species, AP deposition begins sometime in the teens, with high
variability, and mature plaques do not emerge until the late teen years.

The development of age-related CAA has been particularly well studied in the squirrel
monkey [69, 123, 124]. CAA isthe predominant form of B-amyloid in the aged squirrel
monkey brain [120, 122] (Figure 2), although the pattern and distribution of lesions vary
[130]. CAA affects arteries and arteriolesin Saimiri, but, unlike in humans [32; 33],
capillaries also are heavily affected [124].

In rare familial human cases, CAA has been linked to specific mutationsin the gene for APP
[39, 131]; no such mutations have been discovered in squirrel monkeys [120]. In humans,
apolipoprotein E (ApoE) polymorphisms influence both the risk of AD and the susceptibility
to CAA. Specifically, compared to the ApoE3 or ApoE2 allelotypes, ApoE4 is associated
with an enhanced tendency to develop CAA [132]. Interestingly, al nonhuman primates
tested to date are homozygous for ApoE4 according to the human nomenclature [133].
However, an amino acid substitution at position 61 distinguishes simian ApoE from human
APpoE, causing nonhuman primate ApoE4 to interact with lipoproteins similarly to ApoE3 in
humans[133].

A rareform of familial cerebral amyloid angiopathy in Iceland involves a mutation in the
gene for cystatin-C, which results in the deposition of cystatin C in the brain vasculature
[40Q]. Interestingly, squirrel monkeys have an amino acid difference at the ‘Icelandic’ locus
on this gene [134], but the amyloid in the vasculature of the monkeysis primarily Ap, and
not cystatin C. Whether the polymorphism in cystatin-C influences the deposition of AB in
the vasculature in squirrel monkeys remains unknown, but it is worth noting that a human
case of cerebral Ap-amyloid angiopathy has been reported that had an Icelandic-like
mutation in cystatin-C [135].

Other New World monkeys such as marmosets [127, 128] and cotton-topped tamarins [129]
also develop significant CAA with age. The pattern of deposition appears to be similar to
that in squirrel monkeys, in that CAA is an early and prominent lesion in both marmosets
and tamarins [128, 129]. One study found rare p-amyloid plagues in very young marmosets
[136], although the significance of this singular finding remains unclear.

Asin Old World monkeys, significant tauopathy has not been reported in any New World
primate. However, investigators have described occasional, abnormal tau-immunoreactive
neurites and neuronsin aged squirrel monkeys[69, 124], but not in marmosets [128] or
cotton-topped tamarins [129] .

Behavior—Littleinformation is available on cognitive aging in New World monkeys, with
the exception of one study on the squirrel monkey and one on the marmoset. Aged squirrel
monkeys were impaired on a motor inhibition task [137], suggesting a dysfunctional
prefrontal cortex as it pertains to flexible decision making. The study of marmosets found an
age-related impairment on a delayed-response task [138], also suggesting dysfunction of the
prefrontal cortex. Taken together, these findings mirror the mild, age-related cognitive
impairments seen in Great Apes and Old World monkeys.
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Neuropathology—Among the prosimians, the bulk of aging research has focused on the
grey mouse lemur (Microcebus murinus), small primates with a maximum lifespan in
captivity of approximately 18 years [139]. The substantial conservation of APP in monkeys
and apes a so is observed in the mouse lemur [140]. Mouse lemurs devel op senile plagues as
young as 8 years of age, with consistent plaque formation in individuals 10 years and older
[141-143]. Approximately 60% of aged individuals show severe 3-amyloid deposition [140,
144, 145]. A recent study reported age-associated cerebral atrophy in microcebes that
appeared to be linked to intracellular A immunoresactivity, but not to plague burden or tau
immunoreactivity [146].

CAA has been consistently observed in mouse lemurs over 10 years of age [140, 142-144].
There is some uncertainty as to whether parenchymal plagues or CAA comprise the
dominant form of B-amyloid in microcebes, although one study noted a preponderance of
CAA [143].

Severa reports have presented light microscopic evidence that mouse lemurs manifest
neurofibrillary pathology/tauopathy with age [142, 143, 146]. The comparability of these
anomalies to human neurofibrillary tangles has not yet been established ultrastructurally.

Behavior—One experiment compared young (2-4yrs) and aged (7—11yrs) mouse lemurs
and found impairmentsin frontal lobe functions such as generalization, set-shifting and
reversal learning [147]. A follow-up study confirmed these findings, and also detected a
deficit in spatial memory in older animals [148]. Because these studies lacked a longitudinal
or multi-age cross-sectional design, the age of onset of cognitive decline in the mouse lemur
has not been determined. However, their small size, human-type AB sequence and relatively
early age of lesion formation make these prosimians potentially useful models of naturally
occurring, age related cerebral proteopathy.

Conclusions

Nearly half a century of neuropathological studies have confirmed that, like humans,
nonhuman primates exhibit age- related deposition of AP in the brain parenchyma and
vasculature (Figure 7). Conversely, tau pathology appears to be relatively rare in nonhuman
primates, and, when present, it is generally focal and often mild. Furthermore, nonhuman
primates do not develop the widespread neuronal degeneration and profound cognitive
impairments that characterize AD. However, the variations in cerebral Ap amyloidosis
among primate species can provide cluesto the origins of different types of lesions, and
perhaps also to the human-specific predisposition to AD. For example, by comparing gene
expression in closely related species, it may be possible to determine why Ap-proteopathy in
monkeysis relatively benign compared to that in humans with AD.

Most studies of nonhuman primates have relied on histochemical methods to characterize
the age-associated lesions in the brain. New and emerging technol ogies will open avenues
for investigators to perform enhanced biochemical, physicochemical, and high resolution
neuroimaging studies of the Ap and tau proteins at various points throughout the lifespans of
primates, and to correlate these findings with longitudinal behavioral data. Quantitative
ELISAs show that the levels of cerebral A are comparable in humans with AD and aged
chimpanzees, rhesus macaques, and squirrel monkeys [63]. Surprisingly, however, binding
assays with radiolabeled Pittsburgh Compound B (PIB) have revealed striking disparitiesin
the affinity of the ligand for Ap deposits between simians and humans, suggesting
potentially important differences in the architecture and/or endogenous binding partners of
AP aggregates that govern their neurotoxicity.
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Recent research suggests that oligomeric Ap may be akey source of neuronal dysfunction in
AD [149]. No studies of nonhuman primates have yet systematically measured oligomeric
forms of AB (or tau). Thus, while previous studies have failed to find a correlation between
plague burden and cognitive dysfunction [110], future investigations should examine non-
fibrillar Ap load for its potential relation to cognitive deficits. Additional studies that may
further clarify the relative resistance of apes and monkeysto AD include an investigation of
intracellular AB, adetailed analysis of the intracellular binding partners of Ap and tau, a
characterization of species-specific ApoE functionality, and the detection of
neuroinflammatory components in and around brain lesions.

While each nonhuman primate model has advantages and disadvantages for these studies
(lifespan, size, biological relatedness to humans, safety, status in the wild, etc), the rhesus
macague, because it has been well-studied, currently is the most accessible and practical
nonhuman primate mode! in which to study AD-like proteopathic processes. Rhesus
monkeys have afairly long lifespan (up to 40 years), and large, neuroanatomically
sophisticated brains; they show substantial AB deposition, and can be assessed for complex
cognitive functions using tasks that, in many instances, are translatable to humans. On the
other hand, the squirrel monkey is perhaps the most suitable nonhuman primate model of
CAA and age-related microvascular disease, as this animal has a predilection to develop
considerable vascular amyloid. Additional advantages areits small size and large brain-to-
body weight ratio, although a disadvantage is that it is more distantly related to humans than
are macagues. As noted above, prosimians also have advantages for certain analyses, owing
to their small size and relatively short lifespan, and baboons may be the best natural animal
model of tauopathy, although the relatively small amount of data on the prevalence of
tauopathy in baboons underscores the need for further investigation.

Aged nonhuman primates are valuable models of normal human brain aging, and they also
are biologically relevant research models for the devel opment of diagnostics and
therapeutics for AD and CAA. Aswe expand our understanding of conserved and divergent
properties of cerebral proteopathiesin the various primate species, we may begin to shed
light on why the uniquely capable human brain is particularly sensitive to age-related
neurodegenerative disorders such as Alzheimer’ s disease.
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Figure 1.

Senile plaguesin a human with AD (A) and in a 35 year old female rhesus macague (B). (A)
Dense core plague (black arrow); ‘primitive’ plague (arrowhead); diffuse plaque (gray
arrow). Antibody 6E10 specific amino acids 1-17 of Ap. Bars = 50um.

Curr Pharm Des. Author manuscript; availablein PMC 2013 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Heuer et a. Page 19

o
3

& o -
\,’ :
L]
) A 7 4
o " b
A o .
O ‘)
| o
f
Figure2.

Cerebral p-amyloid angiopathy immunostained with antibodiesto Ap in ahuman AD
patient (A) and in a 27-year old female squirrel monkey (B). Superficial vessels are
indicated by arrows, and parenchymal vessels by arrowheads. Antibody 10D5 specific to
residues 3-6 of AP (A) and p/A4 specific to AR phosphorylated at threonine 743. (B),
courtesy of Dale Schenk and Colin Masters, respectively. Bars = 50um.
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Figure 3.

Cortical neurons immunoreactive for abnormally phosphorylated tau in a human patient with
AD (A) and in a4l year-old female Chimpanzee (B). Note also the neuropil ‘threads
surrounding the somata. Antibody AT8 specific for Tau doubly phosphorylated at Ser202/
Thr205. Bars = 50um.
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Figure 4.

Ultrastructure of a neurofibrillary tangle in a cortical neuron from a 41-year old femae
chimpanzee. The paired helical filaments (arrow marks an isolated PHF) areidentical in size
and periodicity to those in humans with AD. Bar = 200nm.
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Figureb5.

Reactive gliosis associated with senile plaques in aged rhesus monkeys. A) Activated
astrocytes (red) surrounding a cortical senile plague in a 34 year old male rhesus monkey
(antibody to GFAP). B) Activated microglia (brown) in a cortical senile plague (antibody to
CD68 epitope PG-M 1, which is specific for macrophages and microglia) of a 30 year old
male rhesus monkey. Note that microglia tend to be spatially more centrally located; note
also the relatively quiescent glia more distant from the plagues. Bars = 50um.
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Figure6.

Abnormally distended neurites in a senile plague from the hippocampal formation of a~30
year old male rhesus monkey. Note the normal-appearing neuronal processes distal to the
plague. Antibody 6-17 to phosphorylated neurofilaments recognizes NF-H in axons. Bar =
50m.
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Figure7.

Maximum known lifespans and approximate ages at which AP deposition is present [Senile
Plaques (SP), and Cerebral Amyloid Angiopathy (CAA)] in some representative nonhuman
primate species. Note that there is variability in age of lesion onset (indicated by the hatched
bars) among members of the same species. Some estimates are approximate, due to the
relatively small numbers of aged animals studied.
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