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While humans exhibit a significant degree of neuropathological changes associated with deficits in
cognitive and memory functions during aging, nonhuman primates present with more variable
expressions of pathological alterations among individuals and species. As such, nonhuman
primates with long life expectancy in captivity offer an opportunity to study brain senescence

in the absence of the typical cellular pathology caused by age-related neurodegenerative illnesses
commonly seen in humans. Age-related changes at the neuronal population, single cell, and
synaptic levels have been well documented in macaques and marmosets, while age-related and
Alzheimer’s disease-like neuropathology has been characterized in additional species including
lemurs as well as great apes. We present a comparative overview of existing neuropathologic
observations across the primate order, including classic age-related changes such as cell loss,
amyloid deposition, amyloid angiopathy, and tau accumulation. We also review existing cellular
and ultrastructural data on neuronal changes, such as dendritic attrition and spine alterations,
synaptic loss and pathology, and axonal and myelin pathology, and discuss their repercussions on
cellular and systems function and cognition.
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INTRODUCTION

Humans exhibit a significant degree of neuropathological changes associated with the
cognitive and memory deficits during aging. Some of these cellular and pathological
alterations vary among individuals and species of nonhuman primates (NHP) (Hof, Gilissen,
et al., 2002; Rapp & Amaral, 1992). NHP experience some cognitive dysfunction with
increasing age and, similar to aging humans, they have deficits in executive function,
working memory and recognition memory (Moss et al., 1988; Rapp & Amaral, 1989, 1992;
Voytko, 1998). Along with the fact that many NHP species have long life expectancy in
captivity, primates offer a unique opportunity to study brain senescence.

Here we summarize evidence from lemurs, ceboids, cercopithecids and hominids. For
some of the genera included in this work, the data reviewed come from only a limited
number of species that are most accessible to laboratory investigation. These include
lemurs (mouse lemurs, Microcebus murinus) and ceboids (mainly common marmosets,
Callithrix jacchus, also squirrel monkeys, Saimiri spp., and cotton-top tamarins, Saguinus
oedipus). In cercopithecids, age-related and disease-like alterations are well documented in
macaques, particularly the rhesus macaque (Macaca mulatta) and to a lesser degree from
the long-tailed macaque (Macaca fascicularis). In this group, we also include studies of
Patas monkeys (Erythrocebus patas), baboons (Papio spp.), vervets (Chlorocebus spp.), and
guenons (Cercopithecus campbelli). The review concludes with studies in hominids, which
comprise chimpanzees (Pan troglodytes), bonobos (Pan paniscus), gorillas (Gorilla gorilla
and Gorilla beringei), and orangutans (Pongo pygmaeus and Pongo abelii), as well as studies
using postmortem human brain with the aim of highlighting certain parallels with the NHP.
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For the purpose of this review, we summarize cell type-specific and age-related changes to
neuronal populations, dendritic arborization, spine morphology, synaptic loss, and axonal,
myelin and glial pathology at the structural and ultrastructural level in NHP species. Here,
we focus on Alzheimer’s disease (AD)-like pathologies in NHP that may contribute to
cognitive decline during aging. AD is a progressive, irreversible brain disorder characterized
pathologically by amyloid B protein (Ap) plaques and angiopathy, neurofibrillary tangles
(NFT), extensive neocortical and hippocampal neuronal loss, and neuroinflammation,
accompanied by severe cognitive impairment (Serrano-Pozo et al., 2011). We present

a comparative overview of existing neuropathologic observations across primate species
that resemble some of the pathological hallmarks of AD such as cellular loss, amyloid
deposition, amyloid angiopathy, and tau accumulation. For both structural and pathological
age-related changes, we mainly reviewed data derived from the dorsolateral prefrontal cortex
(dIPFC, Brodmann areas 8-10 and 46), entorhinal cortex, and hippocampal complex (CA
subfields 1-4, dentate gyrus, and subiculum) for rhesus macaques and humans, but also
include relevant information found in other brain areas for those NHP species where less
information is available.

2 LEMURS

2.1 Structural changes and altered cell morphology in the aging brain

Grey mouse lemurs—Significant degeneration of axonal terminals in neocortical layers
Il and 1V and of pyramidal neurons in neocortical layer 111 has been observed in the

brain of old grey mouse lemurs (8 to 11 years of age, n = 5 out of 10), coinciding with
general atrophy of the brain compared to young animals (2-3 years, n = 15). Affected
pyramidal neurons and apical dendrites showed argyrophilic filamentous inclusions, as well
as dendritic degeneration, resulting in neuritic debris (Bons et al., 1992). Unfortunately,
population-level analysis of neurons or quantitative single-cell analysis of changes to
dendrites, spines or synapses are unavailable in this species.

Astrogliosis was also assessed in grey mouse lemurs (> 7 years old, n = 4) showing

brain atrophy-associated increase in the intensity of glial fibrillary acidic protein (GFAP)-
expressing cells in the cerebral cortex, corpus callosum, and hippocampus (Kraska et al.,
2011).

2.2 Neuropathological changes in the aging brain

Grey mouse lemurs—Neuropathological examination of brains from grey mouse lemurs
by silver staining revealed few amyloid-like deposits in neocortical vasculature but more
frequent neuritic amyloid-like plaques, mostly in layer IV of the parietal cortex and
occipital cortex of old individuals (8-11 years old, n = 2 of 10) compared to younger
animals (2-3 years of age) (Bons et al., 1992). Amyloid antibody immunocytochemistry
confirmed AB4g peptide deposits in old animals (8-12 years of age, n = 8), with amyloid
accumulations found mostly in the cerebral vasculature and cortical neuropil (Bons et

al., 1994; Kraska et al., 2011). Extracellular diffuse Ap plaques, but few mature and
neuritic plaques, were present in the neocortex and even less frequently in the hippocampus
(Giannakopoulos, Silhol, et al., 1997). Intracellular A has also been detected in the
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neocortex and hippocampus of grey mouse lemurs past 7 years of age (Kraska et al.,

2011). In a different study, cell bodies and proximal dendrites of pyramidal neurons in
layer 111 neocortex and axons in the stratum radiatum of CA3/4 of the hippocampus,

as well as glial cells and microvessel walls in the brains of grey mouse lemurs over 8

years of age, were strongly immunoreactive using antibodies against the amyloid precursor
protein (APP) (Silhol et al., 1996). Ex vivo magnetic resonance microscopy revealed dark
spots that increased with age in areas of the cortex and hippocampus between young (1-4
years) and old (6-10 years) grey mouse lemurs, suggesting the presence of Ap plagues or
microhemorrhages (Bertrand et al., 2013).

Normal tau (detected by antibody MV4S4 raised against normal human tau) was present
throughout the cortex at most ages (1-11 years of age) in the grey mouse lemur (Bons et al.,
1995). However, using antibodies to detect normal and aggregated tau (anti-S400/T429 tau)
and phosphorylated tau in paired helical filaments (PHF), aggregated and phosphorylated
tau were present in 1-4 year old grey mouse lemurs but more prevalent in those older

than 5 years; tau increased as they aged to 13 years and occurred mainly in the soma and
dendrites of pyramidal neurons and neurites in frontal cortex, entorhinal cortex, subiculum
and amygdala, but not in the hippocampus CA subfields (Bons et al., 1995; Giannakopoulos,
Hof, et al., 1997). Of note, the earlier age of onset of tau deposits, consistent prevalence

and high density in layers IV, V and V1 of the frontal, parietal and temporal cortices, and

in layers 111, 1V and V of the occipital cortex differed from amyloid deposits seen in this
species (Giannakopoulos, Hof, et al., 1997). However, a qualitative study using a different
tau antibody (against p-S202) reported neuronal accumulation of phosphorylated tau in the
hippocampus but not in neocortical regions in old grey mouse lemurs (> 6 years old, n =

3 of 5) (Kraska et al., 2011). Further assessment would be required to confirm whether
age-related phosphorylation of tau differs depending on tau epitope or brain area in the grey
mouse lemur.

3 CEBOIDS

3.1 Structural changes and altered cell morphology in the aging brain

Common marmosets—No quantitative studies exist of age-related neuronal population
changes in the neocortex and hippocampus in the common marmoset, except for altered
hippocampal neurogenesis. Neurogenesis in the hippocampus declined from young (1.5-3
years old, n = 8) to middle-aged (3.5-7 years old, n = 9) marmosets, with fewer new

cells in the subgranular zone and the subventricular zone, but not in the hilar region of the
dentate gyrus (DG) of the middle-aged group (Leuner et al., 2007). Moreover, the decline of
neurogenesis in the subgranular zone continued in old common marmosets (8-15 years old,
n = 3) and was associated with a decrease in neural progenitor cells (Bunk et al., 2011).

Age-related studies of neuronal morphology in the common marmoset have mainly focused
on axonal changes. Pyramidal neurons of layers Il and Illa in areas 10 and 14C showed

a shortening of the axon initial segment, the site of action potential initiation, in 12-14
year old marmosets (n = 4) compared to 2-3 year old animals (n = 7). Degeneration of
white matter structures was also observed. Myelin thickness and density were reduced in
the corpus callosum of old (15-20 years old, n = 4) marmosets compared to young ones
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(4 years old, n = 2). Moreover, lower myelin fraction of axonal fibers was correlated

with the variability in performance of the older animals in a detour reaching task (Phillips
et al., 2019). There is currently no evidence describing changes to dendrites, dendritic
spines or synapses during aging in marmosets. Some efforts have been directed towards

the study of dendrite growth, spinogenesis and normal development of synapses and spines
in young and adult marmosets (Ichinohe, 2015; Sasaki et al., 2015). Profiles of dendrite
and spine formation and pruning differ across areas of the PFC in NHP. In this regard,

basal dendrites of layer 111 pyramidal neurons in areas 8b/9 and 14r increased in length
from birth to 2 months (n = 1 each) and then decreased to a stable length by 6 months

of age (n = 2), whereas neurons in area 24 reached a stable length by 2 months of age
which was maintained to 2.5 years of age (n = 1). The frontal cortex (area 8b/9) showed

the greatest spine loss (43%) from a peak at 2—-3 months of age compared to areas 24
(33%) and 14r (29% spine loss) (Sasaki et al., 2015). Preliminary results from our ongoing
longitudinal study of old male and female marmosets (7-9 years) show differences between
cognitively impaired and non-impaired animals in dendritic spine vulnerability during aging.
For example, behaviorally impaired marmosets displayed a decrease in total spine density
in layer 111 of dIPFC (area 8b/9) similar to that seen in macaques (Dumitriu et al., 2010;
Luebke et al., 2010; Motley et al., 2018). These preliminary studies form the foundation for
more detailed quantitative examination of neuronal populations, dendritic morphology and
spine density in larger cohorts of marmosets across age and cognitive status.

3.2 Neuropathological changes in the aging brain

Common marmosets—In the common marmoset, Ap plaques have been reported

in some animals past middle-age (>7 years of age) and more consistently in the very

old (>15 years of age). These animals displayed different amounts of AR, deposits in
neocortical regions, including the sensorimotor, association, and paralimbic cortices, but not
in the hippocampal formation (Geula et al., 2002; Rodriguez-Callejas et al., 2016). While
accumulation of AP, was detected in the form of diffuse and compact plaques, AB4q diffuse
aggregates were found mainly associated with blood vessels (Geula et al., 2002; Rodriguez-
Callejas et al., 2016). Ap deposition was most frequently found in the association cortex,
and particularly in occipital cortex. Amyloid angiopathy was seen in cortical and meningeal
vessels, particularly in abundance within the calcarine sulcus. Moreover, Ap deposits
showed acetylcholinesterase or butyrylcholinesterase activities, apolipoprotein E (ApoE) and
al-antichymotrypsin immunoreactivity and APP staining in a pattern resembling neuritic
plaques (Geula et al., 2002). Our preliminary results in old marmosets (7-9 years of age)
also show different degrees of Ap deposition in plaques and in cerebral vasculature in

layer 111 of dIPFC (Fig.1) and hippocampal CA1 (Rothwell et al., this issue). Marmosets
with greater amyloid burden seem to show higher dendritic spine loss in the dIPFC and

CALl, suggesting an accelerated aging process accompanied by neurodegenerative changes.
Whether the degree of amyloid burden associates with the variable trajectories of cognitive
decline in old marmosets requires further study.

To investigate the mechanisms involved in the development of cerebral amyloidosis in
marmosets, intracerebral injection of brain homogenates from AD patients or Ap peptides
were placed into the caudate nucleus, nucleus accumbens, hippocampus, amygdala and
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parietal cortex (Maclean et al., 2000; Philippens et al., 2017; Ridley et al., 2006). The
experimentally induced amyloidosis was similar to naturally occurring Ap deposition. Small
and large vessels with cerebral amyloid angiopathy (CAA) and some plaques were present
throughout the neocortex of injected marmosets, 1-8 years following injection (7-13 years
old, n = 7), with no evidence of astrocytic hyperplasia or inflammation. A4 deposits
were found in large vessels, especially in the calcarine sulcus, the lateral sulcus and on the
surface of the cingulate cortex. Small vessel CAA was found in the superficial layers of the
neocortex (Maclean et al., 2000). Diffuse and mature, neuritic plaques, mainly containing
AB42, were found in the cingulate cortex, the parietal and temporal banks of the lateral
sulcus, the temporal cortex and occasionally in the hippocampus, but absent in subcortical
areas and the cerebellum when the marmosets were examined from <1 year to >9 years
after the injections (6-16 years, n = 27) (Ridley et al., 2006). Injection of fibrillar A
triggered tau phosphorylation (p-S262 and p-S396/S404) in neocortical neurons of old (8-
10 years, n = 5) but not young marmosets (2-3 years, n = 5) 11-12 days post-injection
(Geula et al., 1998). Triggering neuroinflammation along with AP seeding resulted in both
diffuse and senile plaques in middle-aged (5-8 year old, n = 4) and old (13-14 year old,

n = 2) marmosets injected with human AP together with lipopolysaccharide in the frontal,
sensorimotor and parietal cortices (Philippens et al., 2017). However, findings derived from
intracerebral cortical injections need to be interpreted with caution, given the variability in
the incubation periods of the amyloid injections and the overlap between the ages at which
amyloid deposits occur as a natural consequence of aging in marmosets.

Geula and colleagues did not find abnormally phosphorylated tau (p-S396/S404 tau and
p-S262 tau) deposits in old marmosets (> 7 years old, n = 15) where immunoreactivity

was detected for AR (Geula et al., 2002). However, another study detected low levels of
abnormally hyperphosphorylated tau (p-T231 tau and p-T212/S214 tau) and aggregated tau
(using antibody Alz-50) in the cytoplasm of neurons starting in adolescence and young
adulthood (1.6-5 years, n = 4). These tau markers increased in intensity and abundance

in the medial temporal region (hippocampal CA3 field, entorhinal, and inferior temporal
cortex) and parietal cortex, in animals past reproductive senescence (> 8 years old, n = 7).
The oldest animals (mean age 18 years) showed phosphorylated tau in soma, dendrites and
as nuclear inclusions in neurons and aggregated tau as fibrillary inclusions in both neurons
and glia. In the DG, glial tau was localized to dystrophic microglia, but not active microglia
(Rodriguez-Callejas et al., 2016). More recently, a biochemical study addressed possible
reasons for the variability in tau detection, by investigating the expression of different tau
isoforms and their phosphorylation status in the marmoset brain (Sharma et al., 2019).
These authors reported that while marmoset tau conserves the phosphorylation sites seen in
humans, it lacks 10 amino acids in the N-terminal motif unique to primates. Interestingly,
adult marmosets (23 months) express only three-repeat tau and ON or 2N isoforms similar to
adult mice and rats, compared to humans where adults express both three- and four-repeat
tau and 1N isoform. Western blotting using anti- phospho tau AD epitopes generated by
double phosphorylation at S202 and T205 (AT8), at T231 and S235 (AT180), and at S396
and S404 (PHF-1) were used to examine whether both of these sites were phosphorylated
in newborn or adult marmoset brain (Sharma et al., 2019). In this study, all three double
phosphorylated epitopes were found in newborn marmosets (postnatal day 0, n = 3), with
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p-S396/p-S404 tau levels being the most robust. In adult marmosets (1.9-5.8 years old, n

= 3), only p-S396/p-S404 tau was weakly detected. When adult brains were probed with
antibodies to detect single phosphorylation epitopes, p-T205 site was not detected, but
strong levels of p-S202 and p-S404 sites were revealed as were lower levels of p-T231,
p-S235 and p-S396 (Sharma et al., 2019). However, it remains to be established whether tau
phosphorylation patterns change with further aging in marmosets resulting in pathological
tau aggregation.

The modulation of neuroinflammation by glial cells may also contribute to aging in the
marmoset brain. The number of microglia was comparable across ages in marmosets

(mean 1.6 to 18 years) (Rodriguez-Callejas et al., 2016). However, the state of microglial
activation has been related to their ferritin content in old marmosets. Ferritin, a protein

with ferroxidase activity, is capable of storing iron that accumulates in brain during aging.
The number of ferritin-containing activated and dystrophic microglia in CAl and CA2 was
higher in middle-aged (mean age 5 years, n = 2) and old marmosets (mean age 11 years, nh =
5) compared to adolescents (mean age 2 years, n = 2). However, very old marmosets (mean
age 18 years, n = 2) had fewer ferritin-containing activated microglia in the hippocampus
and entorhinal cortex than in the old (mean age 11 years), suggesting that protection against
oxidative stress damage conferred by ferritin in microglia of adult and old marmosets may
be lost in the very old. Conversely, the decrease of ferritin in very old marmosets led to

the accumulation of iron in brain tissue, and this may be related to the increase of oxidized
RNA in neurons and astrocytes. The same study also showed increased number of and
larger astrocytes in the hippocampus of old and very old marmosets compared to adolescent
and adult marmosets (Rodriguez-Callejas et al., 2019). We also observed variable levels of
microglial activation and altered morphology in old marmosets (7-9 years; Rothwell et al.,
current issue) and whether these quantitatively correspond with the variability in cognitive
decline observed in these animals is under investigation.

Cotton-top tamarins—An immunohistochemical analysis showed that Ap deposition and
associated pathogenesis occur in old (12.4-20.9 years old, n = 20) but not young (6.3 to
11.3 years old, n = 16) cotton-top tamarins. Diffuse and compact plaques were observed

in frontal, temporal and occipital cortices in cotton-top tamarins from 12 years of age, but
hippocampal plagues were only found over 20 years of age. Both Ap plaque and vascular
deposits occurred initially in frontal and temporal cortices. Vascular AR was much more
abundant in occipital cortex. In all these brain areas, Ap4» preceded APyq deposition. AR
was present in both plaques and in the vasculature but AB4g was mostly vascular. Moreover,
the dense-core plaques were associated with reactive astrocytes, activated microglia, ApoE,
and ubiquitin-positive dystrophic neurites, but APP- and tau-immunopositive neuritic
plaques were absent (Lemere et al., 2008). Tau hyperphosphorylation (p-S202/205) was
absent in tamarins and neither neuritic nor NFT tau was observed in cotton-top tamarins
(Lemere et al., 2008).

Squirrel monkeys—A few reports describe the development of significant amyloidosis

in the natural course of aging in squirrel monkeys. Amyloid deposits were mostly
cerebrovascular and meningeal with fewer parenchymal AP deposits consisting of dense-
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cored and diffuse Ap in the neocortex, and rarely in the hippocampus, in animals between
23 to 27 years of age (n = 6) but not in 8 year olds (n = 3). Some of the dense plaques

were associated with neurites and astrocytes (Walker et al., 1990). Although Ap-laden
vessels were more prevalent in squirrel monkeys older than 15 years (n = 14), certain

brain regions, such as the neostriatum showed a relatively higher proportion of plaque-like
deposits. A systematic sampling of the entire rostro-caudal extent of the brain confirmed
that CAA lesions were denser rostrally than caudally, present more in capillaries, and in
severe cases, CAA was associated with other vasculopathies, including microhemorrhages,
fibrinoid extravasation, and focal gliosis, more astrocytic than microglial (Elfenbein et al.,
2007). Analysis of the composition of the Ap protein species in CAA identified not only
APBa4p as but also AB4» as the main component in amyloid deposits (Sawamura et al.,

1997). These two species coexist in most microvascular and parenchymal lesions, but larger
arterioles have more AB4g (Elfenbein et al., 2007). Squirrel monkeys are homozygous for
APpOE &4 but due to an amino acid substitution, the protein functions like human ApoE &3
(Morelli et al., 1996). ApoE was detected in amyloid plaques in squirrel monkeys (Ndung’u
etal., 2012).

In contrast to AP deposition, neurons and plaque-associated neurites with tau
hyperphosphorylation (p-S202 tau, p-S396/40 tau and p-S202/205 tau) or aggregated tau
(Alz50) were rarely found in the neocortex and NFTs were absent in old squirrel monkeys
(14-23 years, n = 11) (Elfenbein et al., 2007; Rosen et al., 2016).

4 CERCOPITHECIDS

4.1 Structural changes and altered cell morphology in the aging brain

Rhesus macaques—Studies of rhesus macaques across the lifespan have demonstrated
that within the dIPFC, area 46 is especially vulnerable to age-related cellular changes
associated with cognitive decline. This vulnerability did not involve cell loss, as neuron
counts and sizes in the PFC were comparable among young (5-6 years, n = 3), middle-aged
(12 years, n = 1) and old macaques (25-32 years, n = 5) (Peters et al., 1994). Stable neuron
counts in area 46 have been confirmed in much older macaques (22-44 years, n = 18)
(Stonebarger et al., 2020). Like in the PFC, neurons in the hippocampus were also preserved
when young (0—4 years, n = 8) and old macaques (18-31 years, n = 5) were compared
(Keuker et al., 2003). However, a recent study reported a modest increase of granule neurons
and volume specifically in the DG, attributed to neurogenesis in this area, when including
more subjects over a wider age range (6.1-31.5 years, n = 18) (Ngwenya et al., 2015). Aging
in rhesus monkeys was not associated with loss of neurons in entorhinal cortex layers I,

I11, and V/VI; neuronal area and volume were also conserved in old (20.4-30 years, n =

10) compared to young macaques (8-15.3 years, n = 12) (Gazzaley et al., 1997; Merrill

et al., 2000). Although total neuron counts are preserved, fewer reelin-expressing neurons
were found in layer Il of the entorhinal cortex in old macaques with memory deficits (27-38
years, n = 7) compared to cognitively intact old (27-38 years, n = 7) or to young adults
(8-10 years, n = 7), suggesting that specific neuronal classes may be selectively vulnerable
to cognitive aging (Long et al., 2020). Moreover, though learning performance correlated
with the level of neurogenesis in the hippocampal DG, not all age-related impairment in
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cognitive performance could be explained by an age-related decline in adult neurogenesis
(5.3 £0.8t0 29.6 years, n = 18) (Aizawa et al., 2009; Ngwenya et al., 2015).

Despite no neuron loss observed in aging, irregularities in dendritic arborization, altered
distribution, number or morphology of spines, loss of synapses or axons may explain the
electrophysiological changes in the macaque underlying the detrimental effects of aging on
cognitive function. Swollen layer I dendrites, regression of dendritic trees, loss of dendritic
spines and synapses (Fig. 2), and alterations in neurotransmitters and receptors in pyramidal
neurons in area 46 have been described in old macaques (Luebke et al., 2010; Peters et al.,
1994). Old macaques (24-25 years, n = 5) showed a reduction in length and complexity

of both apical and basal dendrites of temporal cortical neurons projecting to area 46,
compared to young adults (10-12 years, including both rhesus and long-tailed macaques, n
= 6) (Duan et al., 2003). DG neurons of old rhesus macaques (24-30.2 years, n = 9) had
comparable total length and complexity but showed decreased vertical extent, corresponding
to decreased width of the DG molecular layer, compared to young macaques (5.1-10.8
years, n = 11) (Luebke & Rosene, 2003). Length and complexity were increased in the
proximal one-third and decreased in the distal one-third of DG dendritic tree, suggesting
alterations in specific inputs to the molecular layer with age.

Furthermore, age-related spine loss (estimated at 43%), occurs mainly on proximal branches
of apical dendrites, whereas spine loss in basal dendrites (estimated at 27%) occurs
primarily on distal branches (Duan et al., 2003). More recent findings have described a
selective decrease with age in spine density and increase of head volume of thin spines

but not mushroom spines in area 46 (young 9-14 years, n = 12; old 22-35 years, n = 14)
(Dumitriu et al., 2010; Young et al., 2014) and in area 7a of the parietal cortex (young
6-13.5 years, n = 6; old 21-34.7 years, n = 12), which is also active during working memory
tasks in humans and NHP (Motley et al., 2018).

Complementary electron microscopy (EM) studies have confirmed that dIPFC neurons
undergo a marked loss of synapses, during aging (5-35 years, n = 32), mostly in layers

I1, 111 and layer V of area 46 (Dumitriu et al., 2010; Peters et al., 2008). Not all synapses
are equally vulnerable, with glutamatergic axospinous synapses being the most affected by
aging. The synapse loss in layer 111 correlates with the degree of cognitive impairment with
aging. Selective loss of axospinous synapses has also been reported in the DG of macaques
with aging (4-35 years, n = 10) (Tigges et al., 1995).

In addition to synapse loss, an age-related disconnection of dIPFC from other cortical
regions is supported by extensive loss of myelinated fibers and increase of degenerating
myelin sheaths in area 46 (5-32 years, n = 9) (Fig.3) and related white matter tracts (4-32
years, n = 21) of macaques with aging (Bowley et al., 2010; Peters, 2009; Peters et al.,
1994). In the hippocampus, old macaques (28.2 £+ 1.0 years, n = 8) had shorter cholinergic
fibers compared to young adults (8.8 + 0.5 years, n = 6) (Calhoun et al., 2004).

The key role of structural alterations of area 46 in cognitive aging is evidenced by whole-cell
patch-clamp recordings and high-resolution 3D morphometric analyses of layer Il of dIPFC
compared to visual cortex (V1). The results demonstrate that dIPFC but not V1 neurons
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show action potential hyperexcitability that is associated with cognitive decline as well as
reduced excitatory and increased inhibitory synaptic activity (Amatrudo et al., 2012; Kabaso
et al., 2009; Luebke et al., 2015; Peters et al., 2001). Computational models have considered
these unique features of pyramidal neurons and other key determinants of area-specific
network behavior in NHP to make predictions about the consequences of these empirically
observed age-related changes at both the single neuron and circuit level (Coskren et al.,
2015; Ibafiez et al., 2019; Rumbell et al., 2016).

Morphological alterations in dendrites and synapses are accompanied by changes in
postsynaptic expression and distribution patterns of neurotransmitter receptors in aging
macaques. The number of neurons expressing certain ionotropic glutamate receptors
(iGIuR) and N-methyl-D-aspartate receptor (NMDAR) and a.-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (AMPAR) subunits is significantly reduced during aging.
GluR2 and NMDAR1 expression decrease primarily in the long corticocortical projections
from the superior temporal cortex to area 46 in old macaques compared to young adults
(10-25 years, n = 9 including both rhesus and long-tailed macaques) (Hof, Duan, et al.,
2002). Additionally, /n situhybridization experiments confirmed a significant decrease in
the mRNA expression of the NR2B subunit of the NMDAR in the PFC and in the caudate
nucleus, but not in the hippocampus, in old monkeys (24-26 years, n = 4) compared

to young adults (6-8 years, n = 4) (Bai et al., 2004). Age-related neurochemical and
electrophysiological changes also take place in the hippocampus of old rhesus monkeys.
Decreased glutamatergic neurotransmission with no changes in cholinergic or GABAergic
systems has been reported in the neocortex of old (29-34 years, n = 5) compared to young
macaques (4-9 years, n = 7) (Wenk et al., 1991). DG cells of behaviorally characterized
old rhesus macaques (24-30.2 years, n = 9) showed increased input resistance and reduced
perisomatic inhibitory signaling compared to young macaques (5.1-10.8 years, n = 11)
(Luebke & Rosene, 2003). Further, the hippocampal DG showed lower density of synaptic
GIuR2 subunit of the AMPAR on spines expressing both GIuR2 and the atypical protein
kinase C C isoform (PKMC() coupled with memory deficits in old (29.52 + 1.26 years, n =
12) compared to young macaques (9.72 £ 0.20 years, n = 5) (Hara, Punsoni, et al., 2012).

It is important to highlight that age- and menopause-related cognitive impairment occurs in
NHP species with female endocrine senescence comparable to that of humans. Sex-related
effects in cognitive aging have been examined in female macaques. The abundance of
estrogen receptor a (ERa) within excitatory synapses in dIPFC is correlated with cognitive
function performance in young (9 years + 7 months, n = 12) and old (22 years + 7 months,

n = 14) ovariectomized female macaques and ERa expression is stable across age, with

and without estrogen treatment (Wang et al., 2010). Conversely, G protein-coupled estrogen
receptor 1 (GPERL1) distribution within layer 11 dIPFC synapses is reduced with age (young:
10.37 + 0.65 years, n = 13 vs. old 24.99 + 0.70, n = 13) and partially restored with estrogen
treatment (Crimins et al., 2017).

The effects of estrogen treatment reported include changes in dendritic spines and the
expression of essential synaptic components. Estrogen-treated groups of ovariectomized
young macaque females (6-8 years, n = 10) showed increase of total spinophilin-
immunoreactive spines in layer | of area 46 in dIPFC but not in layer I of area V1o
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(Tang et al., 2004). In layer Il pyramidal neurons in dIPFC area 46, estrogen increased
spine density, with a shift toward the more plastic thin spines, in old ovariectomized female
macaques (22 years + 7 months, n = 14) (Hao et al., 2006). The cognitive benefits of
estrogen replacement in old macaques (24.70 + 0.66 years, n = 13) compared to young
adults (10.01 + 0.55 years, n —13) may be a result of the decreased levels of synaptic
phospho-Tyr1472-GIuN2B (pGluN2B) NMDAR subunit in the dIPFC (Hara et al., 2018).
Estrogen treatment also improved presynaptic mitochondrial number and morphology (Hara
et al., 2014) and restored multisynaptic boutons (MSB) in dIPFC, both of which correlated
with better working memory performance in old, ovariectomized macaques (22 years + 7
months, n = 8) (Hara et al., 2014; Y. Hara et al., 2016).

Long-tailed macaques—Cell counts per unit area in the aging long-tailed macaque
showed a trend towards fewer neurons, significantly fewer astrocytes and more microglia

in the hippocampus of middle-aged (18-19 years, n = 12) compared to young (3-5 years,

n = 12) female macaques (Kodama et al., 2010). Stereological estimates may provide more
robust data, as in another study showing fewer total and dividing neural progenitor cells, but
not astrocyte progenitors, and fewer immature neurons in the DG of old (20-24 years, n = 4)
compared to young macaques (4—7 years, n=3) (Aizawa et al., 2011).

Age-related ultrastructural changes in the brain included decreased number of synapses per
neuron in the temporal, but not frontal cortex of 17 year old (n = 2) compared to 10 year old
macaques (n = 3), though synapse densities were comparable between the two age groups
(Bertoni-Freddari et al., 2006). This reduction in synapses per neuron in the temporal cortex
did not persist in older macaques (20 years old, n = 4), but synapse density was decreased

at that age and accompanied by an increase in synapse size in both the temporal and frontal
cortex (Bertoni-Freddari et al., 2007). These results would require further confirmation using
larger sample sizes, random sampling and more rigorous quantification methods.

Patas monkeys—In Patas monkeys, retrograde tract-tracing studies in area 46 of the
dIPFC revealed changes in dendritic spines on projection neurons of the temporal lobe. In
young (10-12 years, n = 3) and old subjects (21-25 years, n = 3), the total length of basal
and apical dendrites and the number of dendritic branches did not significantly change.
There was, however, a significant reduction in dendritic spine numbers and densities along
the dendritic branches of the old animals compared to the young (Page et al., 2002).

The decrease in spine density on corticocortical projection neurons connecting the temporal
to the prefrontal cortex suggests age-related deficits in excitatory inputs. Immunoreactivity
against GIuR2 and NMDAR subunit 1 was assessed in area 46, inferior parietal area 7a

and superior temporal sulcus in young and old Patas monkeys (10-25 years, n = 6). In the
old animals, the proportions of projection neurons expressing NMDAR1 were significantly
decreased in the temporal cortex and area 7, and those expressing GIuR2 were decreased

in all three areas compared to the young monkeys. These projection neurons also had

lower levels of GIuR2 compared to NMDAR1, suggesting a potential vulnerability to
excitotoxicity caused by the imbalanced levels of these receptors (Hof, Duan, et al., 2002).
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4.2 Neuropathological changes in the aging brain

Rhesus monkeys—Ap plaques, including diffuse and compact neuritic plaques, were
observed in the neocortex and hippocampus of old (20-35 years, n = 6) but not young
macaques (15 years, n = 3) (Poduri et al., 1994). Plaque load and amyloid angiopathy
increased with age in macaques past 20 years (5-39, n = 109) (Cork et al., 1990; Sloane
etal., 1997; Uno et al., 1996; Uno & Walker, 1993). Some senile plaques and cortical and
meningeal blood vessels showed immunoreactivity for ApoE (Mufson et al., 1994; Poduri
et al., 1994). Neuritic plaques showed acetylcholinesterase activity and immunoreactivity for
APP, glutamic acid decarboxylase, tyrosine hydroxylase, somatostatin, neuropeptide Y and
choline acetyltransferase in old macaques (20-37 years, n = 11) (Kitt et al., 1984; Kitt et al.,
1985; Martin et al., 1991; Struble et al., 1984; Walker et al., 1988; Walker et al., 1985). Ap
deposited in compact plagues showed fibrillar conformation (Shah et al., 2010). AB4g, AB42
and pyroglutamyl-Af were present in plaques and vascular deposits in macaques (21-31
years, n = 13) (Gearing et al., 1996; Hértig et al., 2010). AB deposits containing oligomers
with between 3- to 12-mers, but not dimers, were detected in the brains of rhesus macaques
(Zhang et al., 2019).

Infusion of soluble oligomers of AP peptide (ABOs) or fibrillar AB into the brain of rhesus
macaques has been used to create NHP models of AD. Rhesus macaques (11-19 years, n

= 4) injected repeatedly with ABOs for 24 days in the lateral ventricle showed dendritic
spine loss, similar to that observed in normal aging in macaques, in DG of the hippocampus
and layer I11 of the dIPFC area 46 when examined 6 days after the last injection. However,
amyloid plaques or tau pathology were not detected (Beckman et al., 2019). In contrast

to soluble AB, injection of fibrillar A triggered tau phosphorylation (p-S262 and p-S396/
S404) in NFTs, neuropil threads and neurites, as well as microglial clustering and neuronal
loss around plaques in the neocortex of old (25-28 years, n = 4) but not young macaques (5
years, n = 2) 11 to 12 days post-injection (Geula et al., 1998).

Previous EM studies showed degenerating neurites and paired filaments in the frontal and
temporal cortex of old macaques (1623 years, n = 4) (Wisniewski et al., 1973). Although
p-S396/404 tau NFT pathology was not detected in the neocortex of old macaques (5-31
years, n = 16) (Zhang et al., 2019), clusters of phosphorylated tau-positive (p-S396/404)
swollen neurites, a significant loss of neurons and a small reduction in the density of
cholinergic axons were observed in the vicinity of compact plaques in the neocortex of old
macaques (25-31 years, n = 11) (Shah et al., 2010). At later ages (30-33 years), a few NFTs
stained for p-S396/404 were detected and apical and basal dendrites containing p-S396/404
and p-T217 tau were observed in deep layer 111 dIPFC of macaques. Tau NFTs containing
p-S396/404 were found in the entorhinal cortex of old macaques, starting in layer 1 between
24-26 years and progressing to the deeper layers in 33 to 38 year old animals. Neurons
containing p-S214 tau in their soma, axons, dendrites and spines were observed in layer

Il entorhinal cortex in young macaques (7-9 years) and in the dIPFC at later ages (31-34
years) (7-38 years, n = 10) (Datta et al., 2021; Paspalas et al., 2018). Total levels of p-S214
tau increase with age in the dIPFC. At the ultrastructural level, young macaques (9-11 years,
n = 3) showed higher incidence of p-S214 tau in axons and proximal dendrites, whereas in
old macaques (24-31 years, n = 5), it was predominant within dendritic spines, suggesting
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age-related trafficking of phosphorylated tau (Carlyle et al., 2014). Moreover, p-S214 tau
within axon terminals and dendritic spines in female rhesus macaques was reduced with age
(young 9.9 + 0.7 years, n = 8 vs. old 25.2 £ 0.9 years, n = 8) and correlated with synapse
density but not cognitive status (Crimins et al., 2019).

Growing evidence suggests that astrocytes and microglia become activated during aging in
macaques. Whereas glial counts were unchanged in area 46 of old macaques compared to
young (5-35 years, n = 21), ultrastructural analysis revealed more cytoplasmic inclusions
in astrocytes and microglia of old macaques (Peters et al., 1994; Peters & Sethares,

2002). Some inclusion bodies within astrocytes contained myelin, possibly a result of
demyelination with aging (Peters & Sethares, 2003). The area adjacent to compact, but
not diffuse, Ap plaques showed activated microglia (Shah et al., 2010), abnormal microglial
morphology, and astrocytosis (Hartig et al., 1997; Zhang et al., 2019). In the frontal cortex
of old macaques (19-26 years, n = 4) compared to young adults (7-12 years, n = 5),
astrocyte processes were less complex in the gray and white matter (Robillard et al.,
2016). In frontal white matter, microglia express a phagocytic phenotype with enlarged
hypertrophic morphology during aging (6—31 years, n = 44) (Shobin et al., 2017).

Long-tailed macaques—In long-tailed macaques (n = 34, 6-36 years old), diffuse and
compact AP plaques were detected in the temporal and parietal cortex and the hippocampus
starting around 19 years of age (Kodama et al., 2010; Oikawa et al., 2010; Podlisny et al.,
1991; Uchihara et al., 2016). Ap4, was predominant in diffuse plaques (Darusman et al.,
2014; Oikawa et al., 2010) though both A4 and AP4g Was detected in mature plaques
(Nakamura et al., 1996; Nakamura, Nakayama, et al., 1995; Nakamura, Tamaoka, et al.,
1995). Neurites associated with mature plaques contained ApoE, APP and ubiquitin but not
tau (Kimura et al., 2003). Amyloid deposits were also present as CAA in small blood vessels
of the frontal, temporal, and occipital cortex and in hippocampus (Darusman et al., 2014;
Kodama et al., 2010; Nakamura et al., 1996; Podlisny et al., 1991).

Tau phosphorylated at S202/T205 was detected as dystrophic neurites or within
oligodendrocytes in the frontal and temporal neocortex and basal ganglia of long-tailed
macaques over 30 years of age. Rare diffuse, granular deposits of p-S202/T205 tau were
also detected in hippocampal pyramidal neurons or in perivascular astrocytes in the oldest
(36-year old) macaques (Uchihara et al., 2016). The tau deposits in these macaques

were different from those observed in AD, in that they contained only 4-repeat tau and
were present in oligodendrocytes of the basal ganglia, pons, medulla and white matter

of hippocampus and temporal lobe (Kiatipattanasakul et al., 2000; Oikawa et al., 2010;
Uchihara et al., 2016). Rare tau deposits of pT231 were also observed in neurons of the
temporal and occipital lobes of a 29-year-old long-tailed macaque (Darusman et al., 2014).
Gliosis was present in the frontal, temporal, parietal and occipital cortices of old macaques
(over 29 years) (Darusman et al., 2014). Astrocytic processes stained with GFAP were
detected proximal to compact Ap plaques (Nakamura et al., 1996).

Baboons—A recent study reported that old baboons (P, anubis, 20 + 3 years of age, n
= 3) show a decline in attention, learning, and memory compared to young adults (13
+ 3 years of age, n = 3) (Lizarraga et al., 2020). Interestingly, age-related pathology in
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baboons also appears around the age at which cognitive deficits are apparent. Ap pathology
is rare in the neocortex of baboons before 20 years of age; however, diffuse Ap plaques

and vascular amyloid range from mild to moderate severity in older 2. hamadryasand P,
anubis (Schultz, Dehghani, et al., 2000; Schultz, Hubbard, et al., 2000). This grading of Ap
pathology has been confirmed (P hamadryas, P. cynocephalus, P. anubis) in the frontal (area
9 or 10), temporal (area 22), parietal (area 40), and occipital cortices (area 17-18), but not
hippocampus and amygdala (1-30 year old, n = 50). However, another study using different
antibodies detected AP plaques in hippocampus as well as in layers 111 to V of the neocortex
(18-28 years, n = 6). Here, AB4, was the prevalent peptide in the diffuse parenchymal
plaques, while both Ap4o and Ap4, were present in vascular deposits and ApO was present
in both plagues and amyloid-laden vessels (Ndung’u et al., 2012).

Abnormally phosphorylated or misfolded tau has also been studied in the brains of 2
hamadryas and P anubis (Schultz, Dehghani, et al., 2000; Schultz, Hubbard, et al., 2000).
Similar to the studies in amyloid deposits, grading of abnormal tau (p-S202/T205 tau)
showed no tau pathology in young baboons (1-10 years, n = 9), rare tau inclusions in

adults after 19 years of age (11-20 years, n = 12) but more frequent and more severe tau
pathology with increasing age thereafter (21-30 years, n = 28). In general, the distribution
of tau pathology showed no correlation to the location of AP deposits. In the hippocampus,
abnormal tau-positive inclusions were detected in cell bodies and dendrites of CA1 and CA3
pyramidal neurons, with the highest density of neuronal tau deposits in the deeper granule
cell layers. Moreover, in P anubis layer 11 neurons of the entorhinal cortex also showed
accumulation of abnormal tau (Schultz, Hubbard, et al., 2000). In the few studies available
for brain areas outside the hippocampus and entorhinal cortex, abnormal phosphorylated tau
(p-S202/T205 tau) was found in rare neurons within cortical layer VI and in glia-like cells in
the frontal cortex of 2 hamadryas (26 to 28 years of age, n = 2) (Hartig et al., 2000) and in

a few neurons or as diffuse extracellular reactivity in the temporal cortex of P cynocephalus
(20 to 24 years of age) (Ndung’u et al., 2012).

Age-related changes in glial cells of baboons included abnormal tau (p-S202/205, p-
S396/404, TG-3 to detect phosphorylation and conformation changes) in the cell bodies
and processes of perivascular astrocytes in the hippocampus from 19 years of age (Schultz,
Hubbard, et al., 2000), as well as in oligodendrocytes in the perforant path of the oldest
subjects (2630 years, n = 2) (Schultz, Dehghani, et al., 2000).

Vervets—In vervets, the number of AR plaques has been shown to increase with age in
specific brain regions. Density of A4 and AP4o plaques increased with age in the cingulate
gyrus (areas 6/32 and 23c), and entorhinal cortex, frontal cortex, secondary somatosensory
cortex, insular cortex, and auditory cortex when comparing vervets of different ages (6-32
years, n = 15) (Cramer et al., 2018). Interestingly, Ap plaque distribution showed regional
variation in temporal and parietal cortices, with both diffuse and neuritic plaques as well

as vascular Ap deposits observed in old vervets (Latimer et al., 2019). Soluble AB4, and
AB4g levels did not show age-dependency. However, guanidine-extracted insoluble AB4» and
AB4g levels in temporal and parietal cortices of old vervets (19.5-23.4 year old, n = 9) were
significantly higher than those of middle-aged vervets (8.2-13.5 year old, n = 9) (Latimer

et al., 2019). Also, older animals (> 15 years of age) had higher amyloid deposition of both
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phosphorylated (phosphorylated serine 8) and non-phosphorylated A variants in the frontal
and temporal cortex (Kumar et al., 2018). Generally, no significant age-related changes
were observed in the hippocampus or the visual cortex (Cramer et al., 2018), basal ganglia,
brainstem, or cerebellum (Latimer et al., 2019). Only a few studies have found extracellular
AB plaques in the hippocampal region in older vervets. Phosphorylated Ap was also found
in meningeal and parenchymal blood vessels (Kumar et al., 2018).

Cellular phosphorylated tau (p-S202/T205 tau) appeared in granular cytoplasmic deposits in
parietal, temporal, and occipital lobes, as well as basal ganglia, brainstem, and cerebellum
of most vervets over 8 years of age (n = 18) (Latimer et al., 2019). However, intraneuronal
tau tangles (p-S202/T205) were observed in the entorhinal cortex and in stratum radiatum

of hippocampal CA1-4 fields of two vervets over 20 years of age (Cramer et al., 2018).
Moreover, higher levels of soluble PHF tau were found in the temporal cortex of old vervets,
whereas guanidine-extracted insoluble PHF-tau levels were comparable in parietal cortex for
both old and middle-aged groups (Latimer et al., 2019). Interestingly, whereas data from
CSF showed no significant changes in AB levels, an increase in total tau and phospho-tau
levels were observed in old vervets (Cramer et al., 2018).

In addition to AP and tau pathology, altered distribution of glial cells was observed in old
vervets. Increased GFAP expression in astrocytes of the temporal and parietal cortex and
hippocampus with aging in vervets (10-24 years old, n = 10) was accompanied by clustering
of astrocytes and Ibal-immunoreactive microglia around AP plaques (Cramer et al., 2018;
Kalinin et al., 2013).

Guenons—A single study of Campbell’s mona monkeys (30 and 27 years of age), showed
sparsely scattered phosphorylated tau (p-S202/T205 tau) deposition in the cerebral cortex.
Tau-immunoreactive cells were primarily found in the cingulate cortex (Hartig et al., 2000).

5 HOMINIDS

5.1 Structural changes and altered cell morphology in the aging brain

Great apes—Data on neuron density varies in great apes. In a small sample of
chimpanzees (n = 6, 13-45 years), total neuron numbers in the hippocampal subfields CAl
and CAZ3 did not change with age (Perl et al., 2000). However, a larger study of chimpanzees
(n =20, 37-62 years) found moderate age-associated decline in neuron density (~12—-19%)
in the CA1 and CAS3 (Edler et al., 2020), but did not assess total neuron numbers as reported
in another study (n = 6, 29-43 years) (Rogers Flattery et al., 2020). The decrease in neuron
density with aging in chimpanzees might reflect loss of neuropil space due to atrophy of
dendrites and synapses, which would be consistent with what has been observed in humans
and other NHP. This possibility remains to be fully examined.

Humans—Age-related atrophy of the prefrontal cortex, hippocampus and entorhinal cortex
in the human brain was initially thought to be due to loss of neurons (Anderson et al.,

1983; Brody, 1955; Mani et al., 1986). However, quantification using unbiased stereological
tools in the frontal cortex showed that total neuronal counts are preserved in subjects aged
65-105 years (n = 23) (Fabricius et al., 2013; Freeman et al., 2008). Reports of lower counts
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of large neurons in the mid-frontal cortex and area 9 of old subjects (>70 years old, n =
3-25) compared to young (1649 years old, n = 3-12) (Soreq et al., 2017; Terry et al.,
1987) require confirmation using rigorous stereological techniques and larger sample sizes.
Similar to observations in the frontal cortex, most studies agree that neurons are generally
preserved in aging human subjects (56-105 years old, n = 105) in the entorhinal cortex

and most hippocampal subfields (Freeman et al., 2008; Gomez-Isla et al., 1996; Kobayashi
et al., 2018; Simic et al., 1997; West, 1993; West et al., 1994; West & Gundersen, 1990).
However, a few studies comparing subjects including a younger age range (13-101 years of
age) have reported age-related loss of neurons in CA1 and hilar fields of the hippocampus
and subiculum (Simic et al., 1997; West, 1993; West et al., 1994; West & Gundersen, 1990).
Although some groups showed a decline in hippocampal neurogenesis with age (0-100
years, n =31) (Knoth et al., 2010; Mathews et al., 2017), a stereological estimate using a
combination of cell markers showed that hippocampal neurogenesis is maintained in aging
(14-79 years, n = 28) (Boldrini et al., 2018). The density of inhibitory neurons in area 9,
entorhinal cortex, and hippocampus are also generally maintained in aging (26-93 years of
age, n=11) (Bu et al., 2003).

Another contributor to altered brain volumes in aging could be changes in neuron
morphology at the level of axons, dendritic trees or dendritic spines. Total length of
myelinated fibers is shorter in 62—-90 year old subjects (n = 5) compared to younger
subjects (8-57 year old, n = 5), with a preferential loss of thinner axonal fibers (Tang et

al., 1997). Lower density of cholinergic axonal fibers has been reported in the entorhinal
cortex of old subjects (69-91 year old, n = 3) compared to young (22-43 years old, n =

3) (Geula & Mesulam, 1989). Morphometric analyses of dendrites in old (>50 years, n =
16) versus young (<50 years, n = 10) subjects revealed slightly lower basal dendritic length
and complexity in layer 111 pyramidal neurons of prefrontal area 10 (Jacobs et al., 1997).

In areas 9 and 46, basal dendritic length of layer V, but not layer Illc, pyramidal neurons
was inversely correlated with age (49-90 years, n = 8) (de Brabander et al., 1998). In the
hippocampus, dendritic length and complexity was preserved in pyramidal neurons of the
CA1, CA2-3 and layer Il1 of the subiculum in normal aging (43-95 years, n = 10-12)
(Flood, 1991; Flood et al., 1987; Hanks & Flood, 1991). In granule cells of the DG, apical
dendritic length increased from middle-age (43-60 years, n = 7) to old age (6879 years,

n = 5) and then decreased after the 8! decade of life (n = 5) (Flood et al., 1985). Length
and complexity of apical dendrites on pyramidal neurons in layer Il of the parahippocampal
gyrus was greater in old subjects (68-92 years, n = 5) compared to middle-aged subjects
(44-55 years, n = 5) (Buell & Coleman, 1979). In cognitively intact subjects from 14-106
years of age, spine density was found to decline with age on basal dendrites of pyramidal
neurons in layer Il and 111 of area 46, and in layer I11 of area 10 (Boros et al., 2019; Jacobs
etal., 1997). In summary, aging affects dendrites and spines in the frontal cortex more than
those in the hippocampus.

Altered spine density with aging points towards changes occurring at the synapse.
Quantification from EM studies showed reduced synaptic density with aging (26-90 years, n
= 24) in the frontal cortex and DG (Bertoni-Freddari et al., 1992; Gibson, 1983). However,
after controlling for postmortem interval and neurological diagnosis, no significant change
in synaptic density was found in layer 111 of the middle frontal gyrus or in area 9 with aging
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(15-89 years, n = 53) (Cragg, 1975; Huttenlocher, 1979; Scheff et al., 2001). Spinophilin,

a postsynaptic marker mainly located in dendritic spines, is shown to decrease in area 9

and hippocampus CA1 in relation to cognitive decline in old individuals (74-97 years, n

= 18) (Akram et al., 2008). Other groups have used synaptophysin levels as an estimate

of presynaptic terminals. Whereas synaptophysin decreased in the frontal cortex with aging
(16-98 years, n = 25) (Masliah et al., 1993), it was unchanged in the hippocampus, although
there is an age-related decline in the parahippocampal gyrus of subjects over 68 years of age
(n = 6) (Eastwood et al., 2006).

Specific neurotransmitter systems at the pre- or postsynaptic terminals may also be affected
in aging. Activity of choline acetyltransferase, a presynaptic marker for cholinergic neurons,
decreased with age in the hippocampus and entorhinal cortex, but was unchanged in the
frontal cortex (32-96 years) (Court et al., 1993). Lower binding of dopamine agonists to

D1 receptors in area 9 (de Keyser et al., 1990), or ligands to D1 (lyo & Yamasaki, 1993;
Suhara et al., 1991) and D2/3 receptors in the frontal cortex and hippocampus (Inoue et

al., 2001; Kaasinen et al., 2000; Seaman et al., 2019) has been reported with aging (19-83
years, n = 183). Dopamine synthesis in the dIPFC declines with aging (20-67 years, n =

21) (Ota et al., 2006), whereas levels of the dopamine catabolic enzyme monoamine oxidase
B in the PFC (21-75 years, n = 22) and hippocampus (14-93 years, n = 27) increase

with aging (Galva et al., 1995; Saura et al., 1997). In area 9, lower antagonist binding to
NMDAR was observed with age (11-100 years, n = 34) (Piggott et al., 1992). However,

in the hippocampus, lower binding activity to AMPAR (32-96 years, n = 43) (Court et

al., 1993), but not NMDA or kainate receptors (Johnson et al., 1996) was seen with aging
(20-95 years, n = 30). Serotonin 5-HT receptor binding activity in the frontal cortex was
reduced with aging (19-85 years, n = 86), with both 5HT1 and 5HT2A reduced in the PFC
and hippocampus (Allen et al., 1983; lyo & Yamasaki, 1993; J. Marcusson et al., 1984;

J. O. Marcusson et al., 1984; Wang et al., 1995; Wong et al., 1984). However, one group
has reported increase of 5SHT2 receptor binding in the PFC and hippocampus past 50 years,
though the overall pattern of age-dependent decrease was similar to the other studies (17-81
years, n = 12) (Gross-Isseroff et al., 1990).

5.2 Neuropathological changes in the aging brain

Great apes—In addition to age-related neurological changes, AD-like pathologies have
been identified in the great ape brain. Notably, great apes exhibit high sequence homology
for amyloid precursor protein (APP) and as all NHP assessed to date, chimpanzees have

a fixed Apolipoprotein allele e4 (ApoE4) profile (Mclntosh et al., 2012). Yet studies of
AD lesions in the great ape brain are few and typically include only a handful of animals.
Extracellular diffuse plaques and vascular amyloid have been detected (Fig. 4) in the brains
of old orangutans, gorillas, and chimpanzees (Edler et al., 2017; Gearing et al., 1994;
Gearing et al., 1996, 1997; Kimura et al., 2001; Perez et al., 2013; Perez et al., 2016;
Rosen et al., 2008). Two previous studies identified diffuse AR plaques and occasional
amyloid-positive blood vessels in the neocortex of orangutans (n = 5, 10-46 years) (Gearing
etal., 1997; Selkoe et al., 1987). Unlike humans, however, plaques in orangutans primarily
consisted of AB4o and were not associated with gliosis. Diffuse plaques characterized in
gorillas (n = 20, 13-55 years) contained APP, oligomeric Ap, AB4g, and AP4o, and were
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weakly positive for thioflavin S and negative for Congo Red (Kimura et al., 2001; Perez et
al., 2013; Perez et al., 2016). Vascular AB was noted in meningeal arteries, arterioles, and
capillaries, and as perivascular accumulations in the neocortex of western lowland gorillas,
mountain gorillas, and chimpanzees (Edler et al., 2017; Perez et al., 2013; Perez et al.,
2016; Rogers Flattery et al., 2020). Differing from plaques, Ap vessels in these apes had
robust thioflavin S fluorescence, indicating a fibrillar nature. Moreover, aging was associated
with greater APP and A levels in gorillas and chimpanzees, and CAA was present in

both species, unlike orangutans (Edler et al., 2017; Perez et al., 2013; Perez et al., 2016).
The regional distribution of plaques in chimpanzees aligned with staging patterns typically
observed in AD, with the greatest deposition occurring in the neocortex, and Ap4, appeared
to be the primary peptide length in plaques and vessels in the chimpanzee brain (Edler et al.,
2017). In contrast to humans, great apes appear to lack dystrophic neurites associated with
neuritic plaques (Edler et al., 2017; Gearing et al., 1996; Perez et al., 2016).

Distinct from AP pathologies, tauopathy is rarely observed in great apes (Fig. 4). Tau-
positive pretangle neurons and glia have been identified in gorillas and chimpanzees (Edler
etal., 2017; Perez et al., 2013; Perez et al., 2016; Rogers Flattery et al., 2020). Classic

NFT have been detected in old chimpanzees (37-62 years) (Rosen et al., 2008) but were
absent in lowland gorillas, mountain gorillas, and orangutans (Edler et al., 2017; Mufson

et al., 2013; Perez et al., 2016; Selkoe et al., 1987). This species variation may be

due, in part, to sequence differences in the microtubule-associated protein tau gene, as
homology at the nucleotide level is 99.5% in chimpanzees, 96.8% in gorillas, and 96.4% in
orangutans (NCBI BLAST Nucleotide, 1988). In addition, neuritic clusters containing tau-
immunopositive dystrophic neurites, were identified only in old chimpanzees and gorillas
(Edler et al., 2017; Mufson et al., 2013; Perez et al., 2013; Perez et al., 2016; Rogers
Flattery et al., 2020; Rosen et al., 2008; Selkoe et al., 1987). Tau lesions have been noted

in proximity to Ap deposition in gorillas and chimpanzees, and moderate and severe CAA
was associated with increased tauopathy in old chimpanzees (Edler et al., 2017; Perez et al.,
2013; Perez et al., 2016). Significant neocortical and hippocampal neuron loss occurs in the
human AD brain, and only a single investigation has examined the association of AD lesions
with neuron loss in great apes. A study of 20 chimpanzees, ages 37 to 62 years, found

a trend of non-significant moderate change in neuron density (~20-24%) correlated with
moderate/severe CAA, but not plaque or tau lesions, in the middle temporal gyrus (Edler et
al., 2020). Therefore, based on current evidence, apes appear to lack the severe neuronal loss
typically observed in AD.

Cerebrovascular dysfunction and neuroinflammation are common characteristics in human
aging, but their study in great apes remains scarce (Kettenmann et al., 2011; Sofroniew

& Vinters, 2010; Sonntag et al., 2007). Two case reports documented thickening

and calcification of small arteries in the striatum of an old gorilla brain and severe
arteriolosclerosis and edema in a 54-year-old female orangutan brain with a history of
hemiparesis (Lowenstine et al., 2016; Marquez et al., 2008). A few studies have analyzed
glial responses to aging in apes. Gliosis was seen throughout the neocortex of a 40-year-
old albino gorilla (Lowenstine et al., 2016; Marquez et al., 2008). Conversely, microglia,
astrocyte, and total glia densities in the neocortex and hippocampus of chimpanzees did not
vary with age, although morphologic changes indicative of activation were noted (Edler et
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al., 2020; Edler et al., 2018; Munger et al., 2019). A couple of analyses have examined

the neuroinflammatory response to AD pathologies in chimpanzees. Tau lesions and Ap
plaques and vessels were correlated with greater glial activation in the neocortex and
hippocampus of old chimpanzees (Edler et al., 2020; Edler et al., 2018; Munger et al.,

2019). Greater volumes of ARy, plaque and vessel deposition were associated with higher
microglial densities and morphologic changes in the hippocampus of old chimpanzees
(Edler et al., 2017). Additionally, astrocyte density increased with A plaque deposition in
the hippocampus and with tau neuritic clusters in layer | of the PFC (Munger et al., 2019).
Astrocyte soma volume was increased with tau neuritic cluster density in CA1. In contrast to
AD, microglial activation was not correlated with tau lesions.

Humans—AD neuropathological features, including diffuse and compact plaques
containing AP peptides, vascular AR deposits as well as neurites and NFTs containing
hyperphosphorylated tau occur in the brains of old, non-demented humans (ages > 65).

AP plaques are present in the frontal cortex, area 9, entorhinal cortex, CAl, CA2-3,

hilus, and subiculum of non-demented older subjects (Bouras et al., 1994; Bussiére et al.,
2002; Bussiere, Giannakopoulos, et al., 2003; Davis et al., 1999; Giannakopoulos, Hof,
Giannakopoulos, et al., 1994; Giannakopoulos et al., 1995; Giannakopoulos et al., 1996;
Giannakopoulos, Hof, et al., 1997; Giannakopoulos et al., 1993; Tanprasertsuk et al., 2019;
Tsartsalis et al., 2018). CAA is also observed in cognitively normal older subjects, with Ap-
laden vessels present in the frontal cortex and hippocampus, among other areas (Arvanitakis
etal., 2011; Kdvari et al., 2013; Thal et al., 2003; Vinters & Gilbert, 1983). Low levels of
post-translationally modified A, specifically the isoaspartate and pyroglutamylated forms,
have been observed in plaques and vascular deposits in aging (Mandler et al., 2014; Moro et
al., 2018; Tekirian et al., 1998).

Neurites and NFT consisting of hyperphosphorylated tau appear early and are widely
observed in layers Il and V of the entorhinal cortex, but are variable in the CA1, CA2-3,
hilus, and subiculum of non-demented older subjects (Arriagada et al., 1992; Bouras et
al., 1994; Bouras et al., 1993; Davis et al., 1999; Giannakopoulos, Hof, Giannakopoulos,
et al., 1994; Giannakopoulos et al., 1995; Giannakopoulos et al., 1996; Giannakopoulos,
Hof, et al., 1997; Giannakopoulos, Hof, Mottier, et al., 1994; Giannakopoulos et al., 1993;
Neuropathology Group of the Medical Research Council Cognitive Function and Ageing
Study (MRC CFAS) 2001; Price et al., 1991; Price & Morris, 1999; Tanprasertsuk et al.,
2019; Tsartsalis et al., 2018). NFTs are rarely seen in the superior frontal cortex or in
area 9 (Bouras et al., 1994; Bussiere, Giannakopoulos, et al., 2003; Bussiéere, Gold, et al.,
2003; Giannakopoulos et al., 1995; Giannakopoulos, Hof, et al., 1997; Giannakopoulos,
Hof, Mottier, et al., 1994; Giannakopoulos et al., 1993).

Although neurons in the frontal cortex and hippocampus are relatively spared, aging may
affect glial cells in these brain regions, either in their total counts or in their phenotypes

as revealed by morphological or biochemical changes. The number of astrocytes and
microglia in the neocortex (Pelvig et al., 2008), astrocyte counts in layers | and 11 of the
entorhinal cortex (Kobayashi et al., 2018) and astrocyte density in the white matter of the
entorhinal cortex and hippocampus (Gefen et al., 2019) were unchanged in healthy aging.
Increased prevalence of rod-shaped microglia has been reported in the hippocampus of old
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non-demented subjects compared to young controls (Bachstetter et al., 2017). Age-related
increase of dystrophic microglia (Streit et al., 2004) showing accumulation of ferritin,

an iron-storage protein, is observed in the frontal cortex (Lopes et al., 2008) as well as

in the entorhinal cortex and hippocampus (DiPatre & Gelman, 1997). Increased ferritin

in astrocytes of the hippocampus has also been reported in aging (Connor et al., 1990).
These findings on altered microglial and astrocytic phenotypes need replication with more
rigorous quantification. Fewer oligodendrocytes have been reported in the frontal lobe with
increasing age (Pelvig et al., 2008) and in area 9 of a small sample of older subjects
compared to young controls (Soreq et al., 2017).

6 DISCUSSION

6.1 Structural changes and altered cell morphology in the aging brain

In most of the NHP species reviewed showing a loss of grey matter, it was initially thought
to result from neuron loss during aging. Evidence suggests, however, that atrophy in the
aging brain is generally attributed to the decreased arborization of dendritic trees and loss
of dendritic spines (Duan et al., 2002; Duan et al., 2003; Page et al., 2002). In human
studies it has been shown that total neuronal counts within the neocortex and hippocampus
seem to be preserved with age (Fabricius et al., 2013; Simi¢ et al., 1997). Relatedly, in
chimpanzees there is a moderate age-associated reduction in density of neurons in the CAl
and CA3 of the hippocampus, which could be related to deterioration of dendrites and spines
in the neuropil (Edler et al., 2020). Cognitively intact human subjects show lower basal
dendritic length and complexity. In addition, spine density declines with increasing age on
basal dendrites of pyramidal neurons in layer 11 and 111 of area 46 and in layer 1l of area

10 (Akram et al., 2008; Boros et al., 2019; Jacobs et al., 1997). Dendritic spine loss and
irregularities in dendritic arborization and spine distribution, number or morphology and
synapses in pyramidal neurons in dIPFC area 46 (Fig.2), which has an important role in
cognition during aging (Luebke et al., 2010), have been described in macaques (Duan et al.,
2003; Dumitriu et al., 2010; Motley et al., 2018; Page et al., 2002) and patas monkeys (Page
et al., 2002) among cercopithecids. Preliminary evidence from old marmoset monkeys also
shows differences between cognitive impaired and non-impaired animals in dendritic spine
vulnerability during aging in dIPFC layer I11 of area 8b/9.

As a consequence of spine loss, especially in dIPFC, there is a marked excitatory synapse
loss during aging and synapses undergo remodeling which has been reported to widely
affect neurons receiving excitatory inputs (Luebke & Amatrudo, 2012; Luebke & Rosene,
2003). A decrease in postsynaptic density components like excitatory neurotransmitter
receptors has been reported in macaques and patas monkeys during aging in PFC and
hippocampus (Bai et al., 2004; Hara, Punsoni, et al., 2012; Hof, Duan, et al., 2002; Wenk
etal., 1991). This is in agreement with human studies where lower antagonist binding to
NMDAR was observed with age in PFC area 9, as well as lower binding activity to GIuR

in the hippocampus (Court et al., 1993; Piggott et al., 1992). Overall, synapse loss causes
important changes in the excitation-inhibition balance in the cortex, which is associated with
age-related cognitive decline as demonstrated in electrophysiological studies in macaque and
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marmoset monkeys (Atapour & Rosa, 2017; Luebke & Amatrudo, 2012; Peters & Kemper,
2012).

In addition, among the factors involved in spine dynamics and synaptic plasticity changes
during aging, it is worth mentioning the importance of the fluctuation of sex hormones as it
has been pointed out in several studies in macaques (Hao et al., 2007; Tang et al., 2004). In
particular, the involvement of estrogen receptors in synaptic remodeling during senescence
may, in part, explain the detrimental effects on cognition (Hao et al., 2006; Hara et al.,
2011). These findings also emphasize the need to study sex differences, which is largely
overlooked in NHP studies.

Several studies in humans show damage of tissue structure in frontal white matter (Salat

et al., 2005). This is often manifested in the shortening of myelinated fibers with loss of
thinner axonal fibers (Salat et al., 2005; Tang et al., 1997). The vast majority of NHP reports
on white matter changes come from marmosets and macaques. In the former, a decrease in
myelin thickness and density in the corpus callosum has been associated with the cognitive
performance in old animals (Phillips et al., 2019). In macaques, the loss of myelinated fibers
and abnormalities in myelin in dIPFC area 46 (Fig.3) have their direct consequence in the
age-related disconnection of dIPFC from other cortical regions (Bowley et al., 2010; Peters,
2009).

6.2 Neuropathological changes in the aging brain

Most old NHP species present different degrees of amyloidosis in areas important for
cognition, like the neocortex and hippocampus (Table 1). Extracellular plaques and

vascular amyloid deposits have been detected in the brains of old orangutans, gorillas, and
chimpanzees (Edler et al., 2017; Gearing et al., 1997; Kimura et al., 2001; Perez et al., 2013;
Rosen et al., 2016) and also in cercopithecids like macaques (Geula et al., 2002; Kodama
etal., 2010; Oikawa et al., 2010; Podlisny et al., 1991; Rosen et al., 2016; Uchihara et al.,
2016), baboons (Ndung’u et al., 2012; Schultz, Hubbard, et al., 2000), and vervets (Kumar et
al., 2018; Latimer et al., 2019). In ceboids, amyloidosis is described for marmosets (Geula et
al., 2002; Rodriguez-Callejas et al., 2016), squirrel monkeys (Elfenbein et al., 2007; Walker
et al., 1990), and cotton-top tamarins (Lemere et al., 2008). In lemurs, amyloid deposition
has been reported in grey mouse lemurs (Bons et al., 1994; Kraska et al., 2011). In the
majority of cases, AP4p was detected in the form of diffuse and sometimes compact plaques,
and AB4o was found mainly when CAA was present, in proximity to blood vessels as diffuse
aggregates.

There is a growing interest in research with NHP models, particularly for elucidation of

the earliest phase of AD pathogenesis in comparison with humans. A study conducted in
macaques suggested that the Ap dimer, absent in macaques, plays an important role in

AD pathogenesis (Zhang et al., 2019). In macaques, the injection of AR oligomers led to
dendritic spine loss in the PFC and increased neuroinflammation, but without detection of
amyloid plaques or tau pathology at 6 days post-injection (Beckman et al., 2019). However,
at 11-12 days after injection of fibrillar Ap in macaques, amyloid plaques and tau NFTs
were detectable in old macaques (Geula et al., 1998). In marmosets, the intracerebral
injection of brain homogenates induced amyloidosis, similar to the natural occurring
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deposition of AB in aging, with large vessel angiopathy and some plaques throughout the
cortex (Geula et al., 1998; Maclean et al., 2000; Philippens et al., 2017; Ridley et al.,

2006). These studies need to be interpreted with caution, as the time following injection was
variable and the age at which some of the pathologies were seen post-injection coincide with
their appearance during normal aging.

Although phosphorylated tau in NFT is rarely observed in NHP models, neurites and
neuritic plaques do occur, with variability among species in the same suborder that

might be a consequence of sequence differences in the tau gene. Also, the lack of
uniformity reported for different phosphorylated forms of the tau protein detected may
reflect the lack of consistency in tissue processing and specificity of the antibodies used

in the immunoassays. Moreover, tau isoform expression pattern and phosphorylation sites
associated with AD pathology in humans may change with age and differ across species of
NHP (Table 1). In non-demented older human subjects (Braak et al., 2006), NFT consist

of hyperphosphorylated tau and were widely observed in entorhinal cortex, although it

is variable in hippocampus and rarely seen in the superior frontal cortex or in area 9
(Tanprasertsuk et al., 2019; Tsartsalis et al., 2018). In NHP, the location of tau deposition
varies, and generally occurs exclusively in the oldest animals across species. Generally, the
distribution of tau pathology is not correlated to amyloid deposits, with the exception of
gorillas and chimpanzees, where tau is observed in proximity to Ap plaques (Edler et al.,
2017; Perez et al., 2013; Perez et al., 2016). Moreover, in contrast to humans, great apes
appear to lack dystrophic neurites associated with plaques. In old chimpanzees, baboons,
rhesus macaques, and vervet monkeys, classic NFT have been detected (see Fig. 4), however
they were absent in lowland gorillas, mountain gorillas, and orangutans (Edler et al., 2017;
Perez et al., 2013; Perez et al., 2016; Rosen et al., 2008). In addition, neuritic clusters were
identified in old chimpanzees and gorillas (Edler et al., 2017; Perez et al., 2013; Perez et al.,
2016; Rosen et al., 2008). In other species, grey mouse lemurs showed hyperphosphorylated
tau accumulation in neurons and neurites in the neocortex and hippocampus (Bons et al.,
1994; Kraska et al., 2011). Among ceboids, marmosets showed hyperphosphorylated tau
deposits in hippocampal CA3, entorhinal, temporal and parietal cortex (Rodriguez-Callejas
et al., 2016), squirrel monkeys showed rare neuritic tau in the neocortex and no tau was
detected in cotton-top tamarins (Lemere et al., 2008; Rosen et al., 2016). In the group of
cercopithecids, baboons showed abnormal phosphorylated tau deposition in hippocampus
and entorhinal cortex (Hartig et al., 2000; Schultz, Dehghani, et al., 2000), and in macaques,
vervets and guenons, neuritic or cytoplasmic tau was sparsely scattered in the cerebral cortex
(Cramer et al., 2018; Hartig et al., 2000; Latimer et al., 2019; Shah et al., 2010). Old
macaques also showed NFT in the entorhinal cortex (Datta et al., 2021; Paspalas et al.,
2018). In long-tailed macaques, hyperphosphorylated tau aggregates were more prevalent

in oligodendrocytes than in neurons, reminiscent of the pathology seen in progressive
supranuclear palsy and corticobasal degeneration (Kiatipattanasakul et al., 2000; Oikawa

et al., 2010; Uchihara et al., 2016).

A neuroinflammatory response associated to AD-like pathologies has been described in
many primate models in the form of abnormal changes in glia and microglia (Table 1).
Generally, in the NHP species reviewed, except in cases where data is scarce, like in
baboons, patas monkeys, guenons and squirrel monkeys, astrocytosis was widely described
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in the area adjacent to compact amyloid deposits. Along with changes in astrocyte volume
and/or density in great apes, macaque and marmoset also demonstrate higher microglial
densities and morphologic changes (Darusman et al., 2014; Edler et al., 2018; Munger et
al., 2019; Nakamura et al., 1996; Rodriguez-Callejas et al., 2019; Rodriguez-Callejas et al.,
2016; Shobin et al., 2017). Age-related changes have been described in microglial cells,
where a shortening of their processes and a hypertrophic soma are related to the increase of
their phagocytic activity. Preliminary results in old marmosets revealed comparable changes
in microglia associated with impaired behavioral performance (Rothwell et al, this issue).
Interestingly, in old marmosets, the state of microglia activation has also been related to the
ferritin content in the microglial cell that parallels the observed in human studies (Lopes

et al., 2008; Rodriguez-Callejas et al., 2019). The number of ferritin-containing microglia
decrease in old individuals, suggesting that ferritin confers protection to oxidative stress
damage of microglia during aging.

Finally, the differences between AP and tau pathology or neuroinflammatory changes in the
neocortex and hippocampus of aging NHP and those seen in AD may only partly explain
the absence of neurodegenerative disease such as AD, Parkinson’s disease or frontotemporal
dementia in NHP. Other age-related changes, such as TDP-43 inclusions or accumulation

of a-synuclein in Lewy bodies, are also relevant to neurodegeneration in these age-related
diseases.

7 CONCLUSION AND FUTURE DIRECTIONS

Primates share many aspects of brain biology and life history in common due to
evolutionary ancestry. However, different species of primates display a wide variation in
brain size, neuroanatomical structure, development, and lifespan. As an example, with
respect to lifespan, the estimates we provide in Table 1 are of maximum lifespan and have
been revised to reflect recent reports of extreme aging in some NHP (Finch & Sapolsky,
1999; Hakeem et al., 1996; Stonebarger et al., 2020). Consequently, there are important
differences among primate taxa in aging and neurodegeneration. Overall, the use of NHP
as models in aging and neurodegeneration research provide a unique and highly valuable
source with direct translation to humans.

One important example is the beneficial effect that hormone replacement therapy (HRT)
regimen has upon cognition, as shown in morphometric analyses in female macaques (Hao
et al., 2003; Hara et al., 2018). The expression of estrogen receptors shows high sensitivity
to aging. Estrogen therapy enhanced cognition and induced spinogenesis in neuronal circuits
in macaques. In a similar manner, HRT benefits on cognitive aging in this species were
associated with structural plasticity and seem, in part, to contribute to the maintenance of
complex presynaptic organizations in the PFC (Hao et al., 2007; Hao et al., 2006; Hara et
al., 2018; Hara et al., 2011; Hara, Park, et al., 2012; Y. Hara et al., 2016). Interestingly,
androgens may also affect the male brain in primates (Leranth et al., 2004) but little data are
available on this subject. Overall, such findings emphasize the critical need to incorporate
both sexes in NHP aging research, especially in light of sex differences characterizing
cognitive aging trajectories and AD in humans (McCarrey et al., 2016; Mielke, 2020).
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Regarding the investigation of the AD-like neuropathology, the apparent resistance of most
primates to overt NFT pathology and AD-like neurodegeneration could offer insight into
the predisposition of humans to develop AD. Moreover, the presence of Ap pathology and
CAA in most aging NHP and tau pathology in some NHP offers opportunity for testing
anti-Ap therapies or p-tau reducing therapies for their effects on cognition. Ap proteins
are the targets of immunotherapy treatments and vaccinations for AD. In old vervets,
subcutaneous injections of AB4g and AB4, was administered for antibody generation in
blood and CSF. The immunized animals showed a decrease in amyloid plaques along with
a decrease in gliosis and neuritic dystrophy (Lemere et al., 2004). Similarly, recombinant
adeno-associated virus (rAAV) vector expressing AP1_43 was used to vaccinate African
green monkeys. Vaccinated animals showed fewer plagues measured as total area and AB-
positive neurons compared to the control group (H. Hara et al., 2016). Anti-Ap therapies,
both immunization-based and antibody-based, have also been tested in rhesus macaques
and the latter were found to reduce Ap aggregation (Boado et al., 2007; Evans et al.,

2014; Gandy, DeMattos, Lemere, Heppner, Leverone, Aguzzi, Ershler, Dai, Fraser, Hyslop,
et al., 2004; Gandy, DeMattos, Lemere, Heppner, Leverone, Aguzzi, Ershler, Dai, Fraser,
St George Hyslop, et al., 2004; Lambracht-Washington et al., 2017). Other AP reduction
therapies tested in macaques include y-secretase inhibition (Cook et al., 2010). Among
therapies targeting tau, pharmaceutical modulation of calcium-mediated regulators of tau
phosphorylation in old macaques improved cognition (Datta et al., 2021).

Moreover, recent efforts have been directed towards the development of new therapeutics
modulating neuroinflammatory responses in the aging brain. Extracellular vesicles (EVs)
from mesenchymal stem cells (MSCs) are lipid-bound, nanoscale vesicles that mediate
cell-to-cell inflammatory and trophic signaling. Old rhesus macaques treated with MSC-
EVs after cortical injury showed a recovery in motor function, possibly mediated by an
increase in density of ramified, homeostatic microglia, along with reduced pro-inflammatory
microglial markers (Go et al., 2020). This modulation of neuroinflammatory pathways
affects neural plasticity by reducing injury-related physiological and morphologic changes
in perilesional layer Il pyramidal neurons. These neurons showed a greater apical dendritic
branching complexity and spine density (Medalla et al., 2020).

New lines of investigation in NHP, that parallel human studies, include the study of
age-related changes in DNA methylation levels. DNA methylation is an epigenetic mark
involving the additional of methyl chemical groups to the DNA base cytosine. It functions as
a gene regulatory mechanism that is essential for normal development and the maintenance
of cell identity. In humans, altered DNA methylation profiles have been associated with
cognitive decline and neuropathology, including AD in both peripheral blood and brain
tissue (Levine et al., 2015; Marioni et al., 2015; McCartney et al., 2018; Wei et al.,

2020). Similar studies in chimpanzees show an accelerated rate of epigenetic aging in

blood compared with humans, potentially reflecting their accelerated life pacing and shorter
lifespans (Guevara et al., 2020). Intriguingly, humans appear to show faster epigenetic
aging in the PFC compared to other tissues, which may reflect greater age-related change

in this brain structure (Marioni et al., 2015) despite overall slower organismal aging in
humans compared with chimpanzees (Guevara et al., /n press). Loci showing age-related
change in methylation in both species, human and chimpanzees, include genes implicated
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in neuroinflammation and AD, like somatostatin (SS7) (Saito et al., 2005). Whereas genes
found to show significant differential methylation between humans and other primates in the
brain include dipeptidyl peptidase 10 (DPP10) in the PFC, which plays a role in synaptic
transmission via potassium channel function and shows increased expression at Alzheimer’s
disease-related pathologies, and ankyrin repeat and sterile alpha motif domain containing
1B (ANKS1B) in the cerebellum, which is a postsynaptic scaffold that binds APP (Chen
etal., 2014; Guevara et al., 2021; Mendizabal et al., 2016). These differences may reflect
human-specific aspects of pathways involved in brain aging (Guevara et al., 2021).

Despite all of the ongoing research in NHP, there is still a paucity of approaches including
both postmortem neuropathologic analyses and antemortem cognitive data. The lack of
these structure-function investigations is attributable to ethical reasons, slower breeding
rates, high care costs, requirement of large spaces with enriched environments and in

some cases the restricted numbers of certain species available. Emerging models like the
marmoset have been proposed as complementary to larger primate models, due to their ease
of handling, quick reproduction, availability of neuroanatomy atlases, and brain organization
comparable to larger NHP and humans. Thus, marmosets may offer a suitable bridge
between NHP and rodents for neuroscience and aging research (Miller, 2017; Tardif et al.,
2011). In addition, the National Chimpanzee Brain Resource (www.chimpanzeebrain.org)
is an integrated biobanking resource that curates MRI data, postmortem brain tissue,

health records, rearing histories, pedigrees, and performance on cognitive and behavioral
tasks. Further investigation incorporating suitable NHP models and advanced therapeutic
interventions would be pivotal to understand the clinical manifestation of AD and address
the progressive decline in cognition seen during normal aging and in AD.
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Figure 1. Amyloid burden in the marmoset brain.
Confocal image stacks showing amyloid  (red) and 4”,6-diamidino-2-phenylindole (DAPI,

blue) a nuclear marker. Different degrees of amyloid deposits are observed in 7-9 year

old marmosets in dorsolateral prefrontal cortex (dIPFC, area 8b/9, layer I11). Both amyloid
deposited in diffuse plaques and vascular deposits are detected in behaviorally characterized
marmaosets, suggesting different neurodegenerative trajectories between individuals. Scale
bars = 100 pm.
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Figure 2. Dendritic spine density and morphology in rhesus macaques.
(A) Confocal image stacks from young (8 years old) (left) vs old (24 years old) (right)

macaques show the spine loss associated with aging in dorsolateral prefrontal cortex
(dIPFC). Scale bar =5 um. (Luebke et al., 2010). (B) Confocal image stacks of distal apical,
mid-apical and basal dendritic branches (b/w inverted) showing the fewer dendritic spines
and lower proportion of thin spines in visual cortex (V1) when compared to dorsolateral
prefrontal cortex (dIPFC) neurons. Scale bar =5 pum. (Amatrudo et al., 2012)
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Figure 3. White matter atrophy in rhesus macaques.
Electron micrographs showing myelinated nerve fibers in area 46. (A) In a young macaque

(10 years of age) myelin sheaths around axons are compact, whereas (B) in an old individual
(27 years of age) many of the myelin sheaths (labelled with a D in the picture) have begun
to degenerate and show dense inclusions within their lamellae. Other sheaths (labelled with
an asterisk in the picture) are empty because the axon has degenerated. Scale bar = 1 um.
(Luebke et al., 2010)
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Figure 4. Alzheimer’s disease pathology in great apes.
Photomicrographs of immunohistochemical staining in a 33-year-old female chimpanzee

brain. Amyloid-p deposition occurs in plaques (A) and vessels (B), and tau deposition is
present in pretangles (C), NFT (D), and neuritic clusters of dystrophic neurites (E), which
appears unique to chimpanzees and gorillas. (F) Frontal cortex dual stained for choline
acetyltransferase (fine fibers; arrows) and APP/AB amyloid plaques in a 55-year-old female
Western lowland gorilla. Scale bars = 25 pm.
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