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Abstract

Nonhuman primates (NHPs) are important to study the pathophysiology of neu-
rodegenerative disease and evaluate therapies targeting the central nervous system
(CNS). Understanding the age-associated incidence of natural CNS pathology in a
given NHP species is critical to assess the safety of potential treatments for neu-
rodegenerative disorders like Alzheimer’s disease (AD). We describe background
and age-related neuropathology in the St. Kitts African green monkey (AGM), a rec-
ognized translational model for neurodegenerative research, additionally defining
the age progression of AD-associated neuropathology in this species. Seventy-one
AGM brains were examined, representing age groups of 3-6 years (n = 20), 7-9 years
(n = 20), 10-15 years (n = 20), and >15 years (n = 11). A subset of brains (n = 31)
was assessed immunohistochemically for AD-related pathology, including expres-
sions of AB, tau, and GFAP. Age-related microscopic findings included hemosiderosis,
spheroid formation, neuronal lipofuscinosis and neuromelanosis, white matter and
neuropil vacuolation, astrocytosis, and focal microgliosis. Non-age-related findings
included perivascular ceroid-laden macrophages, meningeal melanosis, and vascular
mineralization. Immunohistochemistry revealed 4G8-immunopositive AB plaques
and vascular deposits in the prefrontal, frontal, cingulate, and temporal cortices of
nine animals over 15 years of age, with associated increase in GFAP expression. In
12 animals, 11 over the age of 10 years, phosphorylated tau CP13-immunoreactive
neurons, neuropil, and oligodendrocyte-like cells were seen in the prefrontal, frontal,
cingulate, orbital, temporal, and entorhinal cortices as well as the hippocampus; no
neurofibrillary tangles were observed. AD-related pathology showed an age-related
development in cognitive-associated areas in the AGM, highlighting the value of the
AGM as a natural model for these neurodegenerative diseases.
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1 | INTRODUCTION

In biomedical research, knowledge of naturally occurring background
histopathology is necessary for the selection and characterization of
animal models and for the proper evaluation of drug safety studies. In
particular, understanding naturally occurring age-related neuropathol-
ogy in nonhuman primates (NHPs) is essential for the evaluation of
the safety and efficacy of potential therapeutics for neurodegenera-
tive disorders, like Alzheimer’s disease (AD), a disorder characterized
by the accumulation of amyloid-g (AB) plaques, neurofibrillary tangles
(NFTs), and cognitive decline (Sanabria-Castro et al., 2017). Previous
studies have described background neuropathology such as vacuola-
tion, spheroid formation, lipofuscin and neuromelanin accumulation,
blood vessel wall mineralization, and inflammatory changes in NHPs
including rhesus and cynomolgus macaques and squirrel monkeys
(Cork & Walker, 1993; Heuer et al., 2017; Hof et al., 2002; Sas-
seville et al., 2012), as well as other animal models. However, little is
known about the background neuropathology of African green mon-
keys (AGMs), a species used as model for neurodegenerative disorders
including AD.

Animal model research has been critical to the current understand-
ing of AD pathophysiology. NHP models have played an essential
role in the identification of potentially effective therapeutics for this
neurodegenerative disorder. While many induced animal models of
AD-associated neuropathology exist, naturally derived AD-associated
pathology has best been described in NHP species including, but not
limited to, great apes, baboons, rhesus and cynomolgus macaques,
marmosets, squirrel monkeys, and the Saint Kitts AGM (Chlorocebus
sabaeus) (Edler et al., 2017; Gearing et al., 1994; Heuer et al., 2017;
Kimura et al., 2001; Ndung'u et al., 2012; Oikawa et al., 2010; Perez
et al,, 2013; Schultz et al., 2000). These superior animal models war-
rant further evaluations to determine the natural reproducibility of
AD-associated neuropathology coupled with an understanding of the
background neuropathology expected with age. Notably, AGM is a
medium-sized Old World monkey with a captive life span over 30 years
and is an invasive species in St. Kitts, where it is believed a popula-
tion greater than 30,000 monkeys exist in the wild (Jasinska et al.,
2012; Lemere et al., 2004; IUCN Red List of Threatened Species, 2022)
making them of “Least Concern” conservation status. The isolated
biogeography of St. Kitts has prevented exposure to common NHP
pathogens including immunodeficiency-causing retroviruses (simian
immunodeficiency virus, simian retrovirus, and simian T-cell leukemia
virus), or any other known pathogenic viruses from their continen-
tal origin in Africa (e.g., simian hemorrhagic fever virus). Additionally,
they are not carriers of the fatal Macacine herpesvirus 1 (Herpes B
virus), a significant occupational health threat for investigators work-
ing with macaque species in biomedical research (Jasinska et al., 2012;
Lemere et al., 2004). These qualities have made the AGM a valuable
resource for medical and neurological research, including as a critical
animal model for Parkinson’s research (Collier et al., 2016; Elsworth
et al., 2000; Horvath et al., 2003; Hurley et al., 2011; Lawrence et al.,
1991; Tayloretal., 1991).

There is limited work published exploring the AD neuropathology
in the AGMs during aging. Three prior AD research studies, which
included just a few animals, demonstrated AgB pathology in aged AGMs
and verified the homozygous ApoE4 allele status of this species (Fain-
man et al., 2007; Kalinin et al., 2013; Lemere et al., 2004). More recent
studies examined transcriptional, pathological, and cognitive changes
in aged AGMs. Three of these examined animals ranging from 15 to
32 years of age. Cramer et al. (2018) identified 6E10-immunoreactive
(ir) AB plaques in the cingulate sulcus, lateral fissure, entorhinal cortex
(EC), and frontal cortex (FC) of ageing individuals. Kumar et al. (2018)
also screened for phosphorylated and nonphosphorylated AS using
pSer8Ab and npAb antibodies, respectively, detecting mild immunore-
activity for both antibodies in the FC of three middle-aged AGMs
(11-15 years) and in the FC, temporal cortex (TC), and hippocampus,
with pSer8Ab immunoreactivity in meningeal and parenchymal blood
vessels, in eight aged AGMs (16-32 years). Latimer et al. (2018) also
evaluated the aged AGM, identifying immunoreactivity for A3 (6E10
antibody) and paired helical filaments (PHF; AT8 antibody) and find-
ing higher AB plaques and PHF burden predictive for smaller brain
volumes in certain cortical regions. Hyperphosphorylated tau has addi-
tionally been identified in the hippocampus and EC of two aged AGMs
(<20 years old) using both Gallyas silver staining and AT8 antibody
(Cramer et al., 2018). These tau findings support earlier descriptions
of mild phospho-tau immunoreactivity without NFT formation in two
aged AGMs (Lemere et al., 2004).

To our knowledge, background neuropathology in clinically normal
AGMs has not been well-documented. To close this knowledge gap,
here we describe age-related and non-age-related histopathological
findings in 71 AGM brains, and further evaluate in a large group the
age relationship of AD-associated pathology that naturally develops
in the AGM. The present study represents the largest evaluation of
AGMs for AD pathology to date (n = 31) performed across a wide age
range (3-25 years) to investigate the time progression of these lesions
in addition to a broader study of background neuropathology. These
findings will provide the basis for interpreting future drug efficacy
studies for AD or any drug studies where neuropathology assessment
isrequired.

2 | MATERIALS AND METHODS

2.1 | Specimens and sampling

Brains from 71 AGMs were obtained from two St. Kitts biomedical
research facilities. All monkeys were housed and maintained in com-
pliance with “The Guide for the Care and Use of Laboratory Animals”
and the U.S. Public Health Service’s “Policy on Humane Care and Use
of Laboratory Animals.” Experiments were performed in accordance
with approved institutional animal care and use committee protocols.
In accordance with the 3R principles for animal research, brains were
obtained from monkeys enrolled in experimental studies for which

there was no expectation or evidence of an impact on the central
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nervous system (CNS). Monkeys were euthanized with an overdose
of pentobarbital (n = 67), except four aged monkeys that died of
natural causes: one from acute gastrointestinal dilatation, and three
from Pasteurella multocida-associated pleuritis and peritonitis. Animals
underwent physical and neurologic examinations prior to study enroll-
ment or prior to euthanasia, and no overt signs of neurologic disease
were observed in any animal prior to euthanasia.

In this study, all monkeys, except for one, were wild caught. Wild-
caught animal ages were estimated upon intake and again prior to
necropsy by experienced veterinary staff using internally evaluated
criteria including, but not limited to, dentition, skin elasticity, muscu-
loskeletal changes, and genital and/or breast development (National
Research Council., 1981). Seven of the aged animals had a verifiable age
of over 19 years based on the year of facility intake, with age estimates
ranging from 20 to 25 years; one captive-bred monkey had a known age
of 25 years. These old monkeys demonstrated signs of aging that have
been described in other NHP species: musculoskeletal changes includ-
ing muscle wasting, joint stiffness, and kyphosis; coat roughening and
hair loss; wrinkling and loose facial skin; tooth loss and wearing; and
changes in voice timbre (National Research Council., 1981). To assess
the age-related histopathologic changes, monkeys were divided into
four groups (group 1: 3-6 years, n = 20, 10 M/10 F; group 2: 7-9 years,
n = 20, 19 M/1 F; group 3: 10-15 years, n = 20, 16 M/4 F; group 4:
>15years,n=11,2 M/9F).

Brains were collected immediately following euthanasia or within
8 h of death. All brains were fixed in 4% paraformaldehyde for 1-
2 weeks at room temperature (RT) or 4°C, and were subsequently
transferred to phosphate-buffered saline with 0.05% azide for storage
at 4°C. All brains were collected over a period of 3 years. Fixed tissue
trimmed at the level of the FC, basal ganglia, thalamus and hippocam-
pus, pons, medulla oblongata at the level of the obex, and cerebellum
was routinely processed and embedded in paraffin, cut into 4-um coro-
nal sections, mounted on glass slides, and stained with hematoxylin and
eosin (H&E). When appropriate, special stains were performed includ-
ing Von Koss for mineralization, Perl’s Prussian blue for iron products
including hemosiderin, Fontana Masson for melanin and neuromelanin,

and carbol fuchsin long acid-fast stain for lipofuscin and ceroid.

2.2 | Histopathologic survey

Each H&E-stained section of the brain was systematically examined
for pathological changes. During examination, the animal ID was con-
cealed to reduce reviewer bias. For each tissue section, white matter
(WM) vacuoles were counted in five representative high-power fields
using a 10x objective, and arbitrarily graded as follows: grade 1,
less than five vacuoles per field; grade 2, five to 15 vacuoles per
field; grade 3, greater than 15 vacuoles per field. Similarly, neuropil
vacuoles were counted using a 10x objective, and for the purpose
of quantification, arbitrarily graded as follows: grade 1, less than
five vacuoles observed per tissue section; grade 2, five to 10 vac-
uoles observed per tissue section; grade 3, more than 10 vacuoles

observed per tissue section. Neuronal lipofuscin deposits were arbi-

trarily graded as follows: grade 1, less than 25% of neurons observed
to contain lipofuscin per anatomical region; grade 2, 25-50% of neu-
rons observed to contain lipofuscin per region; grade 3, more than 50%
of neurons observed to contain lipofuscin per region (Jahns, Callanan,
McElroy, et al., 2006). The presence and anatomical distribution of
spheroids, hemosiderin, perivascular ceroid, intramural vascular min-
eralization, astrocytosis and gliosis, perivascular cuffing, melanin, and
neuromelanin and any other microscopic findings were documented.
Additionally, the presence of roughly round, pale eosinophilic aggre-
gates, interpreted as AS plaques, in cerebral cortex neuropil was also

documented (Serrano-Pozo et al., 2011).

2.3 | Immunohistochemistry

For immunohistochemical evaluation, 31 monkeys were grouped into
four age-based groups (group 1: 3-6 years, n = 5, 2 M/3 F; group 2:
7-9 years,n=5,5M/0F; group 3: 10-15 years,n = 10, 6 M/4 F; group
4:>15vyears,n=11,2M/9F).

A representative tissue section of the FC containing the prefrontal
cortex (PFC), anterior cingulate cortex (CC), and orbital cortex (OC)
and a second section of the temporal lobe (MTL) containing TC, pos-
terior hippocampal formation, and EC were selected from each animal.
Tissues were stained on an intelliPATH automated stainer from Biocare
(Biocare Medical, Concord, CA, USA). All tissue sections were deparaf-
finized in xylene and hydrated in a series of degraded concentrations
of ethanol (100%, 95%, 70%, and 50%). Tris-buffered saline (TBS) with
Tween was used to rinse all tissues three times between each step
described. Initial antigen retrieval was performed with incubation in
boiling Diva Decloaker (Biocare) at 110°C for 15 min, then tissue
was placed in Peroxidazed 1 to block endogenous peroxidase activ-
ity (5 min) at RT and Background Punisher blocking solution (10 min;
RT). Tissues were then incubated in GA5 anti-GFAP mouse monoclonal
antibody (1:2500, 1 h) (catalog #3670S, Cell Signaling Technology®,
Danvers, MA, USA) or 4G8 anti-3-Amyloid, 17-24 antibody (1:5000;
1 h) (catalog #800701, Biolegend®, San Diego, CA, USA) at RT. Subse-
quently, tissues were incubated with Mouse on Farma HRP Polymer
secondary antibody (30 min; RT) and Betazoid DAB (5 min; RT).
Final steps included staining with Mayer’s Hematoxylin counterstain
(5 min; RT) for anatomical guidance, and all tissues were dehydrated,
cleared in xylenes, and cover slipped. All slides were scanned using
the Hamamatsu Nanozoomer slide scanner (Hamamatsu Photonics
K.K., Hamamatsu City, Japan). Microscopic evaluation of digitized
images of the scanned immunostained tissue slides was performed
using Nanozoomer viewing software (NDPview2 Plus, Hamamatsu
Photonics K.K., Hamamatsu City, Japan). The presence of discrete
extracellular A3 accumulations in positive-stained regions was inter-
preted as AB plaques and quantified with their anatomical distribution
documented. The presence and anatomic location of intramural vascu-
lar AB-immunoreactivity, as well as poorly defined extracellular areas
of AB-immunoreactivity, were also documented. Three AB plaques per
section were randomly selected and their diameter measured. All sec-

tions with AB plaques and intramural vascular accumulations were
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compared to the adjacent GFAP-stained slides to identify possible
increases of GFAP-immunoreactivity around AS plaques or intramural
vascular accumulations.

Single immunostaining was performed using antibodies directed
against the phosphorylated tau (p-tau) at serine 202 (CP13; gift from
Peter Davies) and serine 202/threonine 205 (AT8, Invitrogen, Carls-
bad, CA, USA). All sections were deparaffinized in xylene, hydrated
in a series of degraded concentrations of ethanol (100%, 95%, 70%,
and 50%), and pretreated with heated citric acid in a microwave (pH
6; 10 min). After several washes in TBS, sections were incubated in
sodium metaperiodate (0.01 M) solution (20 min) to inactivate endoge-
nous peroxidase activity, rinsed three times in TBS, and placed in
blocking solution containing 0.25% Triton X-100/3% goat serum (GS)
(1 h; RT) and then incubated with primary antibodies at 1:100 in a solu-
tion of TBS 0.25% Triton X-100/1% GS overnight at RT or two nights
at 4°C. After several 1% GS TBS washes, tissue was incubated with
a goat anti-mouse biotinylated secondary antibody (1:200; 1 h) (Vec-
tor Labs, Burlingame, CA, USA) as appropriate, incubated in Vectastain
ABC kit (1 h) (Vector Labs), and developed in acetate-imidazole buffer
containing 0.05% 3,3’-diaminobenzidine tetra hydrochloride (Ther-
mofisher Scientific, Waltham, MA, USA) and 0.005% H,O,, resulting
in a brown reaction product. Select sections were counterstained with
Mayer’s hematoxylin for anatomical guidance. All slides were dehy-
drated, cleared in xylenes, and cover slipped using DPX (Electron
Microscopy Sciences, Hatfield, PA, USA). To control for batch-to-batch
variation in immunostaining procedures, sections from each case were
processed at the same time for each antibody. FC paraffin-embedded
tissue from an 82-year-old female with neuropathologically confirmed
AD (Braak NFT stage VI) was used as tau positive control. Primary
antibody omission resulted in absence of immunostaining for each anti-
body. Reacted sections were photographed using a Nikon Eclipse 80i,
and contrast and brightness were adjusted using Adobe Photoshop
(Adobe, San Jose, CA, USA). Due to the limited positive immunostain-
ing observed for both antibodies, the tau immunohistochemistry (IHC)
was evaluated qualitatively, with the presence and anatomic location

of positive immunostaining documented.

24 | Statistical analysis

Each histopathologic finding was evaluated by chi-square analysis,
comparing by group the number of individuals in which the finding
was identified to determine if the finding was “age related.” Findings
were described as “age related” if there was a statistically significant
increase in the number of monkeys demonstrating the finding, com-
pared between groups. Kruskal-Wallis test was used to evaluate the
guantitative presence of WM vacuoles, neuropil vacuoles, and lipo-
fuscin deposits, applying the grading schemes previously described to
determine if findings were “age progressive.” Findings were described
as “age progressive” if the intensity of the finding increased across age
groups. Immunohistochemical results were evaluated by chi-square
analysis, comparing the presence of AS plaques, intramural vascular A

accumulations, and p-tau between groups to determine if findings were

“age related,” while one-way ANOVA with Tukey’s HSD test for mul-
tiple comparisons was applied to compare the average number of AS
plaques observed per group to determine if they were “age progres-
sive.” The statistical level of significance was set at a = .05 for all tests
(GraphPad Prism 9; GraphPad Software, San Diego, CA, USA).

3 | RESULTS

3.1 | Age-related histopathology

Histopathology results are summarized in Table 1 and Figure 4a.
Perivascular and neuropil hemosiderin deposits and hemosiderin-
laden macrophages were observed in 15 out of 71 brains, primarily in
the diencephalon, including the thalamus, hypothalamus, and globus
pallidus (Figure 1a). Specifically, we observed hemosiderosis in one
group 2 animal, five group 3 animals, and nine group 4 animals.
The number of monkeys displaying hemosiderosis increased signifi-
cantly with age (p < .0001). It was often observed in conjunction with
lipofuscin, intramural vascular mineralization, gliosis, and spheroids.

Swollen, roughly round, eosinophilic neuronal cell processes (20-
60 um) interpreted as spheroids were a common finding (Figure 1b).
Spheroids were detected in 32 out of 71 brains including in monkeys
as young as 3 years old; specifically, we observed spheroids in five
group 1 animals, seven group 2 animals, nine group 3 animals, and all
animals in group 4. Spheroids were significantly age related, as they
were more likely to be found in older monkeys than young (p = .0006).
Spheroids were observed in small clusters, frequently with a bilaterally
symmetric distribution, most commonly within the gracile and cuneate
nuclei, thalamus, and hypothalamus. In animals under 15 years old, over
70% of spheroids were confined to nuclei of the medulla oblongata,
while in animals over 15 years old, spheroids were common in both
the diencephalon (75%) and the medulla oblongata (25%). Spheroids in
the diencephalon of older animals were frequently co-localized within
areas of hemosiderosis and lipofuscinosis.

Neuronal lipofuscinosis was observed in 57 out of 71 brains
(Figure 1c), while extracellular lipofuscin deposits were rare. Specifi-
cally, we observed lipofuscin in 15 group 1 animals, 11 group 2 animals,
and all group 3 and group 4 animals. With H&E staining, lipofuscin
appeared as golden-yellow, finely granular deposits within the soma,
staining positive for carbol fuchsin long acid-fast stain (Figure 1c, inset).
Lipofuscin was widely distributed throughout neurons of the cere-
brum, brain stem, and cerebellar Purkinje cells. Lipofuscinosis was
both age related and age progressive, with older monkeys (>10 years)
more likely to display neuronal lipofuscin that increased in quantity
and distribution with age progression. Specifically, a Kruskal-Wallis
test showed that there was a significant difference of mean lipofuscin
scores (H = 30.33, p < .0001); post hoc Dunn’s multiple comparisons
test found that the oldest group was significantly higher than two
youngest groups (3-6 years old group, p = .0001; 7-9 years old group,
p < .0001), and that group 3 score was significantly higher than group
2 (p = .0066). Group 1 was not significantly different from group 2
(p >.9999) and group 3 (p = .541), and group 3 was not significantly



WILEY-L>

RESEARCH IN

SYSTEMS NEUROSCIENCE

COREY ET AL.

s
s
=
=
£
]
]
=
=
]
2
=

(%00T) TT

(%St) §

(%81) T

(%9€) ¥

(%00T) TT

(%00T) TT

(%00T) TT

(%001) TT

(%00T) TT

(%28) 6
(Tt=u)p

(%00T)0Z (%00T)0Z (%00T) 0T
(%0L) T (%S9)ET  (%08) 9T
(%02) ¥ (%S) T (%0) 0
(%ST) € (%0) 0 (%0) 0
(%S9) €T (%ST) € (%0¢€) 9
(%00T)0Z (%00T)0Z (%00T)0C
(%00T)0Z (%00T)0Z (%00T) 0T
(%001)0C  (%SS)TT  (%S/)ST
(%St) 6 (%S¢€) £ (%S2) S
(%S2) S (%S) T (%0) 0
(oz=u)e (0oz=u)z (oz=u)tT

dno.g J4ad pajodayje sjewiuy

uleaqa.Jo4

sa8uluap

snpijjed snqo|3 ‘snwejey

JejnaseAlsad
fa|nsded |euta)xa pue [euajul ‘ejelpel eu0.IoD)

eJSiu enuejsgns
‘eaJe |ejusw3a] |eajuaA ‘snwejeyodAHq

win||2¢2.432 ‘wnJagaJia)

e||npaw Je||2ga4ad ‘(Xaqo ‘suod) eje3uo|qo
e||jnpaw ‘wnsoj|ed sndiod ‘}oe3 o13do
‘9Insded [euJalxa pue |euiajul ‘ejelpe. euoio)
wa)sAs oiquu|
‘AeJ3 [eyonpanbeliad ‘uoijew.oy Jejndiad ‘iND
D4 ‘snajanu AJeAl|o ‘snajonu aujjuod ‘snwejey |
snwejey3
‘snwejeylodAy ‘snajonu a3eaund ‘snajonu a|12e.o)

snpijjed snqo|3 ‘snwejeyjodAy ‘snwejey

$91IS dlW0jeue0.NaU Pajdajje Ajluowwo)

1sej-pioe 3uo|
ulyosny joq.aed

uosse|a| euejuo4

eSSOY| UOA

dv49

uosse|a| euejuo

V/N

V/N

1sej-p1oe 3uo|
ulyosny joq.ed

VN
anig

ueissnud s,|1ad

ulejs |eradg

(sa8eydo.oew)
Je|n|[a2e.u|
(so3A20ue|oW)
Je|n|@deJu|
(s11®
[el[ayropus)
Je|n|@2e.u|
(s@1A20.358)
Je|nj|so
(sa1poq uoanau
21319ulwedop)
Je|n|@2e.u|

Je|n||aoe.3x3

Je|n[|ade.3x3

(sa1poq uounau)
Je|njjaoeJu|
(suoxe)
Je|nj|aoe.ju|
(sa8eydouoew)
Je|n||ade.ul
“e|n|adeax3
Je|n|[aoe13xe
J10 Je|nj[a2eju|

‘'sAayjuow uaa.3 T/ Jo sule.q ayj ul s3uipuly [ed13ojoyredolsiy ulejy

Jejnueusd Ajpul) ‘Mo||9A-usp|oD

jJuawid Jejnueds ‘umoug

aul||e3sAud 0} Jejnuedd oljiydoseg

wse|dojAd oljiydoulsos
9)ed Asse|3 us||oMs ‘19]aNuU J113u922]

Juawid yoe|q-umolg

saoeds Jea|d pajeaul|ap-||om ‘punoy

sa0eds J1e3|d pajeaul|ap-||om ‘punoy

Juawdid moj|pA-AelD

sassewl
21j1ydouisoa snousgowoy ‘pIoAC-puUNoy

Jusw31d uMOo.gq-MO||9A paseq-uod|

(F'3H) uondusaq

p1o4ad
Je|NdseAllad

uluen
uoljeziesauiw

Je|N2SeA

S1S0jAd0.3SE
2A10BY

ujue|awoInaN
uol3e|oN2eA

|idoJnaN

uol3e|oN2eA
J1937eW YA

usnjodi
sploJayds
ulISpISOWaH
Suipuy

J180joyjedolsiH

T31avl



RESEARCH IN
S

COREY ET AL.

THE JOURNAL

FIGURE 1

(a) Brain: thalamus; ~24-year-old AGM (No. 117). Perivascular hemosiderin deposits (arrows)—H&E, 40x; inset: Perl’s Prussian

blue (PPB) stain confirming the presence of iron in perivascular deposits, 40x. (b) Brain: thalamus; ~25-year-old AGM (No. 113). Spheroids
(arrows)—H&E, 40x. (c) Brain: thalamus; ~25-year-old AGM (111). Intraneuronal lipofuscin (arrows)—H&E, 60x; inset: carbol fuchsin long
acid-fast stain for ceroid and lipofuscin. (d) Brain: substantia nigra; ~25-year-old AGM (111). Intraneuronal neuromelanin (arrows)—H&E, 60x;

inset: Fontana Masson stain confirming presence of neuromelanin.

different from group 4 (p = .2155) (Figure 4b). Neuromelanin was
observed in 33 out of 71 animals in regions containing dopaminergic
neurons, including the hypothalamus, ventral tegmental area, and sub-
stantia nigra (Figure 1d). This finding was also significantly age related
(b <.0001); specifically, we observed neuromelanin in six group 1 ani-
mals, three group 2 animals, 13 group 3 animals, and all animals in
group 4.

Round, well-delineated clear spaces, interpreted as WM vacuola-
tion, were observed in multiple brain regions in all monkeys (71/71).
WM vacuoles varied in size (5-40 um) and frequency and were seen
in the cerebrum, brainstem, and cerebellum (Figure 2a,b). The preva-
lence of WM vacuolation was not age related as it was seen in all
monkeys independent of age. However, the number of vacuoles was
age progressive, as the intensity of vacuolation per anatomical region
increased significantly with increasing age. Kruskal-Wallis test showed
that there was a significant difference of mean WM vacuolation scores
(H = 25.65, p < .0001); post hoc Dunn’s multiple comparisons test
found that group 4 was significantly higher than group 1 (p = .0001),
group 2 (p < .0001), and group 3 (p = .0404). Group 1 was not sig-
nificantly different from group 2 (p > .9999) and group 3 (p = .3719),

and group 2 was not significantly different from group 3 (p = .1309)
(Figure 4b). Some WM areas, including the optic tract and corpus
callosum, were consistently more vacuolated than surrounding WM
regions, and vacuoles were observed in the optic tract of all brains.

Neuropil vacuolation was also observed in all monkeys (71/71). As
within the WM, vacuoles varied in size and frequency (10-30 um),
and were found throughout the cerebrum, brainstem, and cerebellum.
Comparable to WM vacuolation, neuropil vacuolation was age pro-
gressive, as the intensity of neuropil vacuolation per section increased
significantly as age increased. Specifically, Kruskal-Wallis test showed
that there was a significant difference of mean neuropil vacuolation
scores (H = 24.38, p < .0001); post hoc Dunn’s multiple comparisons
test found that group 4 score was significantly higher than group 1
(p =.0001) and group 2 (p < .0001). Group 1 was not significantly dif-
ferent from group 2 (p > .9999) and group 3 (p = .1813), group 2 was
not significantly different than group 3 (p = .1309), and group 3 was
not significantly different from group 4 (p =.2155) (Figure 4b).

Eight of the monkeys displayed gliosis within WM and neuropil of
the prefrontal and frontal cortices and globus pallidus. Three aged ani-

mals demonstrated glial nodules that were characterized by pallor and
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FIGURE 2 (a)Brain: internal capsule; 10- to 12-year-old AGM (No. 105). Minimal white matter vacuolation, equivalent to grade of

1 (arrows)—H&E, 20x. (b) Brain: internal capsule; ~25-year-old AGM (No. 113). Increased white matter vacuolation, equivalent to grade of

3 (arrows); additional smaller vacuoles are observed in the background—H&E, 20x. (c) Brain: prefrontal cortex white matter; ~25-year-old AGM
(No. 111). Generalized gliosis (arrows) surrounding a focal area of perivascular gliosis with gitter cells containing yellow-brown finely granular
intracytoplasmic debris (arrowhead and inset)—H&E, 20x. (d) Brain: frontal cortex, corona radiata; ~26-year-old AGM (No. 118). Perivascular
gemistocytic astrocytosis—H&E, 40x. (€) Brain: frontal cortex; ~25-year-old AGM (No. 111). Round homogenous pale eosinophilic accumulations
interpreted as AB plaques (arrows)—H&E, 40x. (f) Brain: dorsal frontal cortex, white matter; ~25-year-old AGM (No. 111). Focal region of

liguefactive necrosis, hemorrhage, and gliosis—H&E, 10x.

spongiform change. Clusters of gitter cells containing yellow-brown
finely granular intracytoplasmic pigment were seen within foci of glio-
sis, often located around small blood vessels (Figure 2c). Reactive
astrocytes, characterized by eccentric nuclei and swollen glassy pale-
eosinophilic cytoplasm, were diffusely scattered within forebrain WM

tracts and rarely around blood vessels; this latter finding was recorded
as perivascular gemistocytic astrocytosis (Figure 2d). Although some
of this glial activity was immunopositive with GFAP, some was not;
conversely, foci of GFAP immunopositivity did not always correspond
with foci of gliosis observed with H&E. Reactive astrocytosis was most
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(a) Brain: frontal cortex; 7- to 9-year-old AGM (No. 99). Ceroid-laden macrophages in perivascular space (arrows)—H&E,

40x; inset: carbol fuchsin long acid-fast stain for ceroid and lipofuscin. (b) Brain: hippocampus; ~25-year-old AGM (No. 111). Ceroid-laden
macrophages in perivascular space (arrows)—H&E, 20x; inset: carbol fuchsin long acid-fast stain for ceroid and lipofuscin. (c) Brain: meninges,
frontal cortex; 10- to 14-year-old AGM (No. 62). Meningeal melanosis (arrows)—H&E, 40x; inset: Fontana Masson stain, confirming the presence
of melanin. (d) Brain: thalamus; 10- to 14-year-old AGM (No. 65). Intramural vascular mineralization (arrows)—H&E, 20x; inset: Von Kossa stain

confirming the presence of intramural calcification.

obvious in the three aged monkeys that died from P. multocida
infections; however, similar astrocytosis was observed in four other
monkeys that were euthanized and had no recent history of illness.
Astrocytosis was only observed in monkeys over the age of 10 and
increased significantly in incidence in older monkeys supporting an
age-related characteristic (p = .0034). Mild lymphocytic perivascular
cuffing was observed in FC WM of two monkeys, both 10-15 years old;
in several aged monkeys, oligodendrocytes were observed clustering
around blood vessels.

3.2 | Non-age-related histopathology

Ceroid pigment-laden macrophages were a non-age-related finding
present in the perivascular space of all brains (71/71) (Figure 3a,b).
Ceroid appeared golden-yellow and finely granular on H&E, staining
positive with carbol fuchsin long acid-fast stain and negative with Perl’s
Prussian blue iron stain. While most deposits were small, occasional

vessels had significant burdens of ceroid-containing macrophages that

expanded the perivascular space. This pigment was associated with
venules, capillaries, and arterioles in WM and neuropil of the forebrain,
and rarely in the pons and medulla oblongata.

Melanosis was a common non-age-related finding, observed in 48
out of 71 animals (p = .2364) (Figure 3c); specifically, we observed
melaninin 16 group 1 animals, 13 group 2 animals, 14 group 3 animals,
and five group 4 animals. Melanin was predominantly found embed-
ded in meninges, with occasional presence in the perivascular space
of superficial blood vessels. Melanin appeared brown and granular
with H&E staining and positive for Fontana Masson. Melanin was not
observed during gross examination of the AGM meninges.

Vascular mineralization, primarily affecting arterioles and venules
up to approximately 100 um in diameter, was observed in the tha-
lamus and globus pallidus of seven out of 71 animals (Figure 3d).
With H&E staining, calcium deposits appeared deep purple and stained
positivewith Von Kossa. Mineral deposits ranged from small globular
accumulations in the tunica externa and tunica media to total perme-
ation of the vessel wall. Mineralized vessels were commonly found

in groups ranging from three to 50 vessels. While statistically the



COREY ET AL.

ARCH IN
SYSTEMS NEUROSCIENCE

WILEY-?

presence of mineral did not appear to be age related (p = .1171), no
mineral deposits were observed in the youngest group and all but one
affected monkey was estimated to be over the age of 10 years; specifi-
cally, vascular mineralization was observed in one group 2 animal, four
group 3 animals, and two group 4 animals.

A few incidental lesions were observed in the brain of older mon-
keys. On the dorsal surface of the left FC of a middle-aged monkey
(estimated 13-15 years), surrounded by an area of gliosis, there was a
cavitating pocket of liquefactive necrosis containing abundant gemis-
tocytes, spheroids, hemosiderin, and foci of calcification. The cause
for this focal region of pathology in this apparently clinically normal
monkey is undetermined; however, hypoxic, ischemic, or toxic injury
is suspected. In another aged monkey (estimated to be 25 years old),
a focal area of hemorrhage, gliosis, liquefactive necrosis, spongiform
change, and gitter cell accumulation was detected along WM tracts
of the dorsal FC, which may represent a recent, small ischemic event
(Figure 2f). Perivascular glial nodules containing clusters of gitter
cells filled with yellow-brown finely granular intracytoplasmic pig-
ment were observed in the lateral geniculate nucleus (LGN) of an
aged (estimated 25 years old) monkey with phthisis bulbi of the right
eye. The LGN, located at the junction between the thalamus and the
optic nerve, acts as a relay center coordinating visual signaling from
the retina to the thalamus. It is likely that the observed glial activity
represents sequelae to the ocular damage. Reported findings in the
LGN of NHPs after optic nerve transection include metabolic changes,
astrocyte and microglial activation, and neuronal loss (Lam et al,
20009).

3.3 | AD-related pathology

On examination of H&E-stained slides from all 71 animals, roughly
round homogenous pale eosinophilic accumulations, measuring
20-80 um in diameter, interpreted as part of AB plaques, were
observed in the cortical neuropil of the frontal and temporal lobes
of 10 of these animals (Figure 2e). Nine of the monkeys were in
group 4, only one was in group 3, and none was in groups 1 and 2
(Table 2). These plaques were confirmed by IHC to be 4G8-ir AB
plaques. By IHC, AB plaques were roughly round and had an average
diameter of 70 um, with a diameter range of approximately 20-185 um
(Figure 5a,b). Some plaques were very dense and contained a central
core of immunostaining, while others were less defined, more spread
out, and granular. The observation of plaques was clearly age related,
as nine of the 10 monkeys with plaques were >15 years old in group
4. The younger monkey with Ag plaques belonged to group 3; none
of the tested monkeys below the age of 10 showed detectable AB
plaques (Table 2). AB plaques were quantified and were found to be age
related, as a one-way ANOVA revealed that there was a statistically
significant difference in the number of A3 plaques observed between
at least two groups (4.164 (3,27) = 5.050, p = .0066). Tukey’s HSD test
for multiple comparisons found that the mean number of AS plaques
was significantly different between the oldest group when compared

to each of the younger groups (groups 1 and 4 [p = .0330, 95%

THE JOURNAL OF COMPARATIVE NEUROLOGY

confidence interval, Cl: —211.4, —6.978], groups 2 and 4 [p = .0330,
95% Cl: —211.4, —6.978], groups 3 and 4 (p = .0276, 95% Cl: —173.6,
—7.987]). There was no statistically significant difference between
the mean number of plaques observed in the three younger groups
(groups 1 and 2 [p > .9999], groups 1 and 3 [p > .9617], groups 2 and
3 [p =.9617]) (Figure 9). Plagues were identified in all cortical layers
of the PFC and TC of all 10 affected monkeys. Additionally, plaques
were observed in all cortical layers of the FC of nine of these animals
and in the CC of seven of them. Ag plaques within the EC were found
in one female verifiably older than 19 years (estimated to be 25 years
old). Based on IHC of adjacent sections, increased GFAP expression
profiles were highly suggestive of co-localization with most Ag plaques
in all 10 monkeys (Figure 6). In addition to the clearly defined amyloid
plaques, scattered granular extracellular A3 was occasionally detected
within cortical neuropil (Figure 5a,c). Four additional monkeys, three in
group 3 and one in group 4, exhibited these scattered extracellular AS
deposits without detectable amyloid plaque formation.

Prominent intramural vascular AB-positive profiles were found in
nine out of 31 monkeys and increased significantly with age (Table 2).
All but one animal with detectable Ag plaques presented with A3
deposition within vascular walls; intramural vascular AS deposits were
not observed in any monkey lacking AB plaques. Eight of the nine
affected monkeys were in group 4; the outlier, from group 3, was the
same animal with demonstrable AS plaques. In these monkeys, the
tunica media and tunica adventitia of parenchymal blood vessels in the
affected cortex were often completely infiltrated by AB (Figure 5c).
While blood vessels were primarily observed along the cortical surface,
AB deposits were also found within the immediate perivascular neu-
ropil in the all layers of the PFC, occasionally in the FC and TC, and
rarely at the gray/white matter interface and subcortical WM tracts
(Figure 5d). The neuropil immediately adjacent to Ap-affected blood
vessels occasionally had positive expression profiles for both 4G8 and
GFAP.

When evaluating for evidence of tau pathology, bright-field exam-
ination revealed the presence of abnormal p-tau, a precursor to NFT
formation, by CP13 (but not AT8) positive profiles in the FC and MTL of
AGMs. These regions were specifically selected for evaluation because
in the pathogenesis of AD, NFTs are first observed within neurons of
the EC and hippocampus, and later extend to the amygdala and deep
cerebrocortical layers of the temporal, frontal, and parietal lobes, a
spatiotemporal progression that strongly correlates with the progres-
sion and severity of clinical signs in AD patients (Sanabria-Castro et al.,
2017). However, no AGM brain evaluated presented frank NFTs at
any age. CP13-ir appeared in the neuropil, fibers, and cells as a gran-
ular immunostain in young, middle-aged, and old AGMs. Interestingly,
single, pairs, or groups (nest) of small CP13-ir cells resembling oligo-
dendrocytes were found mainly in the WM of the FC and MTL in some
of the monkeys. In general, most of the AGMs displaying p-tau in the
MTL had some degree of CP13 immunostain in the FC and group 1 had
the lowest number of animals showing p-tau-positive profiles (Table 2).

Specifically in the FC, CP13-ir profiles were found in one group 1
animal, five group 3 animals, and four group 4 animals. In the youngest

AGM, CP13-positive cells and neuropil were observed in OC and CC
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were commonly seen in the cingulate layers |l and 1l in these monkeys,
the PC and OC exhibited strong CP13-ir oligodendrocyte-like cells in

In the MTL, CP13 immunoreactivity was detected in two group 1
animals, five group 3 animals, and six group 4 animals. The youngest
monkeys exhibited CP13 immunoreactivity in the neuropil and cells of
EC layers | and I, subicular and hippocampal cornu ammonis (CA) 1
field cells as well as in bundles of fibers in the hippocampal CA3 field
(Figure 8a-c). Four of the five middle-aged monkeys exhibited some
degree of staining either in the dentate gyrus granule cells, hilus, the
CAGS fiber bundle, hippocampal CA1 neurons, subicular cells, or the EC
(Figure 8d-j). In addition, CP13-ir oligodendrocyte-like cells were seen
in the subiculum and EC WM in one monkey (Figure 8h). The fifth mon-
key displayed only a pale CP13 stain in the CA3 fiber bundle. Among
the six p-tau-positive monkeys in the oldest AGM group (Figure 8k-v),
one exhibited the greatest extent of CP13-ir profiles in the hippocam-
pal CA fields, dentate gyrus granule cell layer, hilus, subiculum, and EC
(Figure 8k-p). Three monkeys exhibited CP13-ir neuropil, cells, and
fibers in the EC, subiculum, and CA3 field (Figure 8g-v), while only
two displayed pale CP13-ir tract stains in the hippocampal CA3field. In
addition, CP13-ir oligodendrocyte-like cells were also observed in the

subiculum and EC in some of these monkeys (Figure 8r,s).

Histopathological changes were observed in all 71 brains examined;
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FIGURE 4 Histopathology findings in the brains of 71 green
monkeys. (a) Percent of animals per group that demonstrated a given
finding, reported by group; p values were calculated using Chi-square:
*p < .05. (b) Mean group scores for white matter vacuolation, neuronal
lipofuscin, and neuropil vacuolation; p values were calculated using
Kruskal-Wallis test with post hoc Dunn’s multiple comparison test:

*p <.05.

layers I-IIl (Figure 7a,b), while in middle-aged and old AGMs CP13
profiles were also found in the PFC (Figure 7c-h). In four of five middle-
aged AGMs, CP13-ir neurons and fibers were observed in layers II, Ill,
and V of the CC (Figure 7c), and CP13 immunostaining in the neu-
ropil of the OC, FC, and CC layers was consistently reduced from the
supragranular to the infragranular layers (Figure 7c,d,f,g). In addition,
one of the monkeys exhibited numerous CP13-ir oligodendrocyte-like
cells between the white and gray matter transition areas in the OC,
CC, and PC. By contrast, the fifth monkey displayed mainly CP13
stain in the neuropil, but not in cells, of PC, CC, and OC layers |
and Il. In the old AGMs FC, CP13-ir profiles displayed stronger and
more extended distribution compared to the youngest and middle-
aged monkeys (Figure 7a-e). Among the four aged monkeys containing
p-tau, one exhibited the greatest amount of CP13-ir in the neuropil,
neurons, and fibers of the PFC, CC, and OC (Figure 7f-h). The other
three aged AGMs displayed lighter staining in the neuropil of the CC
and PC compared to the OC. While pale CP13-ir neurons and fibers

however, none of these AGMs showed neurological signs at the time
of death. Therefore, the histologic findings in this study are thought to
represent age- and non-age-related background pathology within the
brain of AGMs without clinical evidence of neurological disease. Here,
we found that hemosiderin deposition, spheroids, neuronal lipofus-
cinosis, neuromelanosis, WM and neuropil vacuolation, glial nodules,
and reactive astrocytosis were age-dependent histopathological find-
ings, while perivascular ceroid deposition, meningeal melanosis, and
vascular mineralization were non-age-related findings. Occasionally
observed were neuropathologic findings, interpreted as incidental,
included lymphocytic perivascular cuffing, irregular oligodendrocyte
formations, and focal liquefactive necrosis. The fact that the non-age-
related changes were consistently observed in AGM brains across all
ages suggests that such changes are not a manifestation of an under-
lying condition or disease process. Our findings were often consistent
with background neuropathological findings reported in studies exam-
ining other NHP species as well as humans, horses, cattle, pigs, sheep,
dogs, cats, and rodents (summarized with references in Table 3). More-
over, A-plaque pathology was observed as early as 10-15 years of age
in animals and exhibited an age-related accumulation and progression
in AGM brain. The present study, using a combination of morpho-
logic and molecular diagnostic techniques, provides a comprehensive
assessment of background and AD-like pathology within the brain of
the largest group of AGMs investigated to date. Our findings support
the aged AGM as a natural model of AS pathology and cerebral amy-
loid angiopathy (CAA), validating previous reports of age-progressive
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FIGURE 5

(a) Brain: temporal cortex; >18-year-old AGM (No. 109). Extracellular A plaques (arrows); granular Ag deposits (arrowheads).

(b) Brain: entorhinal cortex; ~25-year-old AGM (No. 111). Extracellular AS plaque (arrowhead); intraneuronal Ag immunoreactivity (arrows).
(c) Brain: temporal cortex; ~24-year-old AGM (No. 117). Intramural vascular AB deposits (arrows); extracellular A deposits (arrowheads). (d)
Brain: prefrontal cortex; ~25-year-old AGM (No. 111). Meningeal blood vessel A3 deposits (arrows).

cerebrocortical A-ir amyloid plaques and vascular deposits associated
with increased GFAP immunostaining, in addition to abnormal p-tau
within the MTL and FC.

Perivascular and neuropil hemosiderin deposits were age-related
changes in AGMs. These deposits showed an iron-based yellow-
brown pigment derived from the breakdown of hemoglobin within
areas of hemorrhage and frequently associated with lipofuscinosis,
intramural vascular mineralization, gliosis, and spheroids. Perivascu-
lar hemosiderin deposits have also been reported in aged rhesus
macaques and humans, and as an incidental finding in other animal
species (Bronson & Schoene, 1980; Jahns, Callanan, McElroy, et al.,
2006; Jellinger & Jirasek, 1971; Mandara et al.,, 2001; Sasseville et al.,
2012; Sharpe, 2004). In aged humans, hemosiderin-laden macrophages

in the perivascular space are indicative of prior microbleeds (Grinberg
& Thal, 2010). The increased prevalence of hemosiderin deposits in
aged AGMs may indicate an increased incidence of cerebral micro-
hemorrhages, or alternatively may be evidence of a compromised
blood-brain barrier in these aged NHPs with an extracranial source
of hemosiderin. Hemosiderin-laden macrophages have been observed
in several other organs in the AGM including, but not limited to, the
lungs and kidneys (unpublished data; P. Bolfa, 2019, Ross Univer-
sity School of Veterinary Medicine). Many NHPs used in biomedical
research, including our AGMs, commonly undergo femoral venipunc-
ture for blood collection resulting in small regional hematomas, which
could serve as a source of circulating hemosiderin in these animals as
well (Wolf & White, 2012).
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FIGURE 7 Frontal cortex images showing CP13-ir profiles in the cingulate (CC), orbital (OC), and prefrontal (PC) cortex in a young (A, B; No.
46), middle-aged (C-E; No. 115, 106), and old (F-H; No. 111) AGM. Insets in panels (a-d) and (e-h) show high-magnification images of
CP13-positive cells indicated by arrows. Note that oldest AGM exhibited more CP13-ir profiles in the FC compared to the youngest and
middle-aged monkeys. Tissue in panels (a) and (b) was counterstained with Mayer’s hematoxylin. Scale bar: (h) 50 um and applies to (a, b, e-g);
(c,d) 25 um; insets = 20 um.



RESEARCH IN

COREY ET AL. SYSTEMS NEUROSCIENCE 15
WILEY-Z

THE JOURNAL OF COMPARATIVE NEUROLOGY

>

e i - WENLTE

i )

-

"
i
4

e
(@

o
2

. 'o‘n
FIGURE 8 Images showing CP13-ir profiles in hippocampal CA1 and CA3 fields, dentate gyrus (DG) granule cell layer and hilus (Hi), subiculum
(SUB), and entorhinal (ENT) gray (layers Il and V-VI) and white matter (WM) in young (A-C; No. 46), middle-aged (D-J ; No. 106, 115), and old
(K-V;No. 111, 113) AGMs. Insets in panels (r) and (s) show high-power images of CP13-ir oligodendrocytes-like cells in the subiculum and
entorhinal cortex WM, respectively, in a monkey older than 15 years. Note many more CP13-ir profiles in the entorhinal cortex of the oldest
(N-P and T-V) compared to young and middle-aged AGMs (c, f, i, and j) and the presence of CP13-ir oligodendrocytes-like cells in groups or nests in
the entorhinal cortex WM (s). Bundles of CP13-ir fibers in hippocampal CA3 field were more notorious in the oldest and middle-aged (g, |, q)
compared to the youngest (a) AGM. Tissues in panels (a-f) were counterstained with Mayer’s hematoxylin. Scale bar: (f) 25 um and applies to (a-c,
e, g); (d) 25 um; (j) 10 um and applies to (h, i); (m) 20 um and applies to (k, 1); (s) 50 um and applies to (q-s); (t) 100 um and applies to (n); (v) 50 um and
applies to (o, p, u); inset in (s) = 10 um and applies to inset in (r).
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FIGURE 9 Meannumber of total plaques, reported by age group;
p values were calculated using one-way ANOVA with Tukey’s HSD test
for multiple comparisons: *p < .05.

The finding of age-related spheroids, or axonal swellings, is consis-
tent with what has been reported in a wide range of species (Beech,
1984; Borras et al., 1999; Brannon et al., 1967; Gavier-Widen et al.,
2001; Hooper, 1999; Jahns, Callanan, McElroy, et al., 2006; Jahns,
Callanan, Sammin, et al., 2006; Jellinger & Jirasek, 1971; Newberne
et al., 1960; Suzuki et al., 1979). The anatomical distribution of these
spheroids in AGMs, including their preponderance within the gracile
nucleus, globus pallidus, thalamus, and substantia nigra, was similar to
the clinically normal aged rhesus and squirrel monkeys findings (Bron-
son & Schoene, 1980; Cork & Walker, 1993; Sasseville et al., 2012). The
etiology of spheroids is multifactorial, though they are frequently con-
nected with neuronal degeneration in cases of neuroaxonal dystrophy,
trauma, hypoxia, lysosomal storage disorders, and vitamin deficiencies
(Jahns, Callanan, McElroy, et al., 2006). These observations indicate
that certain brain regions are susceptible to neurodegeneration with
age in NHPs.

Our findings of age-related and age-progressive lipofuscin accumu-
lations in the AGM are consistent with patterns observed in humans,
other NHPs, and many other animal species (Borras et al., 1999; Cork
& Walker, 1993; Jahns, Callanan, McElroy, et al., 2006; Kikuchi, 1928;
Nanda & Getty, 1971; Sasseville et al., 2012; Suzuki et al., 1979). Lipo-
fuscin, a “wear and tear pigment” derived from lysosomal catabolism
of lipids, metals, and proteins, is a common finding with aging (Cork &
Walker, 1993). Lipofuscin has traditionally been considered an innocu-

ous consequence of the aging process; however, lipofuscin is known to

alter neuron cytoskeletal function and cellular metabolism, contribut-
ing to free radical formation and oxidative stress on the cell, and has
been associated with neuron loss and neuroinflammation. In recent
years, lipofuscin has been further investigated as having an active
role in neurodegenerative diseases including AD, Parkinson’s disease,
and macular degeneration. In AD, lipofuscin is found to co-localize
with amyloid plaques, and it is proposed that the release of lipofuscin
into extracellular neuropil following neuron death may contribute to
plaque formation and neurodegeneration (Moreno-Garciaet al., 2018).
In our study, high prevalence and intensity of neuronal lipofuscinosis
was correlated with extensive AB plaque formation; however, we did
not identify extracellular lipofuscin within or around these plaques,
perhaps suggesting the absence of associated neuronal death.

Neuromelanin, a dark catecholaminergic metabolite commonly
found within neurons of the human dopaminergic system, was
observed at higher frequencies within neurons of the hypothala-
mus, ventral tegmental area, and substantia nigra in older animals,
consistent with previous reports in NHPs and other nonprimate
species (Herrero et al., 1993; Marsden, 1961; Youssef et al., 2016).
In humans, neuromelanin concentration also increases with age, and
neuromelanin-containing neurons have been of particular interest in
Parkinson’s disease research. Neuromelanin levels in the substan-
tia nigra of Parkinson’s patients are significantly lower than that
in age-matched controls (Zecca et al.,, 2001). While the exact role
of neuromelanin in the pathogenesis of Parkinson’s disease remains
unknown, the accumulation of this pigment in dopaminergic cells, par-
ticularly in the substantia nigra, has been associated with deficits in
cellular function and neuronal cell death (Stepien et al., 2007).

WM vacuolation, and to a lesser extent neuropil vacuolation, was
observed in all 71 AGM brains; however, the intensity of the vacuo-
lation increased significantly with age. These changes may represent
vacuolar changes of neuronal cell processes within the neuropil and/or
vesiculation of myelin sheaths (Wohlsein et al., 2012). Vacuoles var-
ied in size and frequency, and were seen throughout the brain, with
increased vacuole density in the optic tract and corpus callosum. Age-
related vacuolation and myelin sheath pathology have been described
in the rhesus macaque, with similar distributions, including in the
primary visual cortex and optic tract, anterior commissure, corpus cal-
losum, inferior colliculus, cochlear and olivary nuclei, substantia nigra,
and the cerebellum (Hof et al., 2002; Sasseville et al., 2012). The
occasional perivascular cuffing, as well as the increased association
of oligodendrocytes with small blood vessels observed in some aged
AGM brains, is also a consistent finding described in the aged rhesus
macaque (Hof et al., 2002), and may be a response to, or the result of,
myelin sheath and neuropil alterations leading to the observed vacuo-
lation. Additionally, vacuolar degeneration in clinically normal animals
is reported in several other animal species (Gavier-Widen et al., 2001;
Jahns, Callanan, McElroy, et al., 2006; Jahns, Callanan, Sammin, et al.,
2006; Sharpe, 2004). These data suggest that vacuolation is an indica-
tor of myelin sheath/axonal alterations in aged animals that may lead to
neurodegeneration.

While differential diagnoses for vacuolar changes include degen-

erative diseases, myelin edema, spongiform myelinopathies, toxic
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disorders, metabolic derangements, and renal or hepatic disorders
(Jahns, Callanan, McElroy, et al., 2006; Wohlsein et al., 2012), vacuo-
lation can also be an artifact created during tissue preparation and
processing for microscopic assessment. This is particularly common in
frozen or suboptimally fixed tissue, autolyzed tissue containing sapro-
phytic gas-producing bacteria, or tissue that has undergone prolonged
exposure to 70% alcohol (Jahns, Callanan, McElroy, et al., 2006; Wohl-
sein et al., 2012). In our study, the possibility of artifactual vacuolation
of the WM or neuropil was unlikely, as in most monkeys (67/71), the
brain was collected immediately after euthanasia, decreasing the risk
of tissue postmortem autolysis, and postfixed in adequate volumes of
4% paraformaldehyde for at least 1 week. The four brains with delayed
collection were interpreted with caution, although the vacuolation
observed was similar in distribution and frequency to that present
in the brains of euthanized animals from the same group. None of
the brains in this study were frozen or exposed to 70% alcohol. We
propose that, like earlier discussed reports in the aged rhesus macaque
(Hof et al., 2002; Sasseville et al., 2012), some vacuolation may be the
result of degenerative changes in myelin sheaths, representing a back-
ground finding that becomes more prominent and significant as AGMs
age. However, the high level of vacuolation consistently observed in
the corpus callosum and the optic tract of most monkeys, which was
not age related or accompanied by cognitive or visual deficits, likely
represents an increased susceptibility to artifactual vacuolation in
these particular regions of the brain.

The etiology for the gliosis and reactive astrocytosis observed in the
aged monkeys is not clear, as gliosis is a nonspecific finding described in
inflammatory, infectious, neoplastic, and neurodegenerative diseases
(Youssef et al., 2016). Gliosis and/or reactive astrocytosis of unspeci-
fied origin has been reported in aged humans, NHPs, and other animal
species (Borras et al., 1999; Capucchio et al., 2010; Chamanza et al.,
2010; Gavier-Widen et al., 2001; Norden & Godbout, 2013; Sasseville
et al, 2012; Vite & Head, 2014; Wohlsein et al., 2012; Youssef et al.,
2016). In the present study, reactive astrocytosis was always asso-
ciated with increased levels of WM vacuolation. While this may be
incidental, it could also reflect another underlying pathological process,
such as age-related neurodegeneration. Within the CNS, neuroglial
cells, especially astrocytes, react promptly (Peters et al., 1976). It
seems possible that the astrogliosis seen occasionally in our study was
in response to either neural tissue damage associated to P. multocida
infection, as sequela to nonspecific sepsis leading to neuroinflamma-
tion and ischemia, or in response to subtle age-related background
degeneration of myelin sheaths and/or neuronal cell processes.

Perivascular ceroid, a yellow pigment similar to lipofuscin that is
found in macrophages, was observed in all monkey brains. Perivas-
cular ceroid-laden macrophages have been described in the brain of
aged humans (Neltner et al., 2015). Abnormal inclusions and debris
have been described in perivascular neuroglial cells and pericytes of
aged rhesus macaques, which were not specifically characterized but
may represent hemosiderin or ceroid deposition (Hof et al., 2002).
Perivascular macrophages containing ceroid accumulate in the WM
of aged dogs, suggesting that the ceroid originates from degenerat-
ing myelin lipids (Chambers et al., 2012; Youssef et al., 2016). Our

results are not consistent with this possible explanation, as ceroid-
laden macrophages were observed in all monkeys, including those with
minimal WM vacuolation.

Meningeal and perivascular melanosis was a non-age-related find-
ing that has also been described in humans, NHPs, and other animal
species (Chamanza et al., 2010; Fankhauser, 1968; Goldgeier et al.,
1984; Gudjohnsen et al.,2015; Wohlsein et al.,2012). Melanocytic cells
are a normal finding within the subarachnoid space of the CNS, and
their presence, albeit interpreted as of no pathological significance, can
pose a theoretical risk for the development of meningeal melanocytic
neoplasms (Goldgeier et al., 1984).

Intramural vascular mineralization is generally considered an inci-
dental finding, although the pathogenesis and clinical impact of these
dystrophic vascular deposits remain widely undetermined. Often not
associated with abnormal clinical or histopathological findings, neu-
rological signs and focal ischemia have occasionally been reported in
association with severe vascular mineralization and stenosis (Martinez
et al., 2012; Youssef et al., 2016). Vascular mineralization has been
described in humans, aged rhesus macaques, and many other animal
species (Fankhauser, 1968; Gavier-Widen et al., 2001; Jahns, Callanan,
McElroy, et al., 2006; Jeffrey, 1992; Lowe et al., 1997; Mandara et al.,
2001; Wadsworth et al., 1995; Yanai et al., 1987, 1994; Youssef et al.,
2016). While we did not find a statistically significant age relationship
for vascular mineralization (p =.1171), we only observed this pathol-
ogy in seven out of 71 animals, so we hypothesize that in a larger group,
statistical results may be different.

Our study evaluated the largest group of AGMs for AD-related
pathology to date. The age-related accumulation and progression of
A plaques suggest that in this species, scattered extracellular A can
be detected in neuropil between 10 and 15 years of age, and that dis-
crete A plaques are primarily detected after the age of 15 years. This
age range of initial detection of extracellular A8 is consistent with pre-
vious findings by Kalinin and colleagues (2013), in which low numbers
of small AB(6E10)-ir plaques with diffusely stained morphology were
detected in four out of five younger AGMs (10.8 + 0.4 years) (Kalinin
et al., 2013). Kumar et al. (2018) also report similar findings with small
levels of AB detected in three out of six monkeys 11-15 years of age,
and more prominent AS in eight out of nine monkeys 15-32 years of
age (Kumar et al., 2018). Our observations support the concept that
initial diffuse extracellular accumulations in young AGMs precede A3
plaque formation in older animals, which increase in expression profile,
size, and quantity with age. Additionally, three of the four middle-aged
monkeys with scattered extracellular A also demonstrated mild levels
of CP13-ir for p-tau, further supporting the notion that these middle-
aged monkeys displayed early AD-like pathology that progresses with
age.

In our study, AB-ir plaques were observed, using 4G8 antibody, in
the PFC, FC, CC, and TC, which is consistent with previous AGM find-
ings (Cramer et al., 2018; Kalinin et al., 2013; Kumar et al.,, 2018;
Latimer et al., 2018; Lemere et al., 2004). In humans, AB pathology
in these isocortical lobes of the brain (neocortex) is generally consid-
ered the earliest stage of AD (Serrano-Pozo et al., 2011). In one aged

female AGM (estimated to be 25 years old), A3 plaques were also
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detectedinthe EC.In AD progression, the EC, along with the hippocam-
pus, is generally believed to develop plaques later than the neocortex
(Serrano-Pozo et al., 2011). This particular monkey (No. 111) displayed
the most abundant p-tau CP13-ir profiles in the MTL, suggesting this
individual had the most advanced AD-like pathology in the study.

AB plaques were roughly round and had an average diameter of
70 um, and many plaques were dense with a central core; others were
more diffuse with a granular appearance, a morphology corresponding
to early plaques in AD patients (Akiyama et al., 1999). Interestingly, the
previously described focal areas of eosinophilic pallor observed in the
neuropil of the cerebral cortex with H&E stain were exclusively seen
in the 10 monkeys with Ag-ir plaques. These pale foci within the neu-
ropil, although not observed with the same frequency, corresponded
topographically to 4G8-ir plaques. This previously unreported associa-
tion suggests that, in some instances, AS plaques in the brain of aging
AGMs may be detected using routine H&E staining as poorly defined
pale-stained foci, potentially caused by changes in stain uptake at the
regions where Af deposits become denser. These foci were smaller
(approximately 20-80 um in diameter) than many AB plaques identi-
fied by IHC, which may suggest they represent the dense core of the
plaques. To our knowledge, although cortical AS plaques have been rec-
ognized on H&E-stained sections of human brains (Serrano-Pozo et al.,
2011), this is a novel potentially diagnostic finding in NHPs.

Increased numbers of reactive astrocytes detected by GFAP
immunostaining were observed in immune-stained tissue adjacent to
AB plaques in all 10 monkeys, suggestive of plaque-associated inflam-
mation, and consistent with previous findings in humans and AGMs
(Cramer et al., 2018; Kalinin et al., 2013; Kamphuis et al., 2014;
Lemere et al, 2004). In AD, classic plaques have a core of AB4g
and AB42/43 polymers, activated microglial cells, and reactive astro-
cytes found more abundantly at the periphery of the plaque. Other
proteins and chemicals co-localize with these plaques, including neu-
rotransmitters, cytoskeletal and transmembrane proteins, acute phase
inflammatory proteins and immunoglobulins, growth factors, digestive
enzymes, G-protein cascade participants, and a range of phospholipid-
derived molecules (Armstrong, 2009; Zhu et al., 2004). Inflammation,
characterized by sustained activation of immunocytes and cytokine
dysregulation exacerbating AB and tau pathology, is thought to
play a significant role in the pathogenesis of AD (Kinney et al.,
2018).

Intramural vascular Ag-ir profiles increased significantly with age
and were detected in both parenchymal and surface blood vessels,
most frequently in the PFC but also in the FC and TC and, rarely,
within cortical WM tracts. In addition, AB-containing blood vessels
were likely co-localized with GFAP expression, which would indicate an
associated inflammatory response. These findings are consistent with
previously reported vascular amyloid deposition in the AGM (Kumar
et al., 2018; Lemere et al., 2004). In AD, vascular AB deposition, often
termed “cerebral amyloid angiopathy,” occurs throughout gray matter
and leptomeninges. CAA is detected in 10-40% of aged human brains
and in over 80% of the brains of AD patients. Local inflammation and
vasculitis are also associated with vascular amyloid deposition. Amy-

loid deposits trigger a variety of molecular events within the brain,

which may lead to the release of inflammatory mediators, oxidative
stress, changes in permeability of the BBB, and ultimately to neuronal
cell death. Mild CAA does not usually interfere with cerebrovascular
function, as endothelial cells are not affected. However, as amyloid
accumulation overwhelms vessel walls, spontaneous vascular rupture
can occur, resulting in microhemorrhages and occasional larger “lobar”
hemorrhages, which can be fatal. Small perivascular leakage and hem-
orrhages are frequently observed around vessels affected by CAA.
Amyloid deposits can also lead to obstruction of the vessel lumen,
resulting in regional ischemia and infarction. Neurological deficits,
changes in consciousness, cognitive change, dementia, and death have
all been associated with severe CAA (Biffi & Greenberg, 2011).

Our study is the first to use 4G8 antibody to detect amyloid plaques
in the AGM. Previously published studies have primarily worked with
6E10 antibody, and to a lesser extent antibodies against AB4o and
AB4y, aswell as pSer8AS for phosphorylated A and npAg against non-
phosphorylated A3 (Cramer et al., 2018; Kalinin et al., 2013; Kumar
et al., 2018; Latimer et al., 2018; Lemere et al., 2004). Our findings
are mostly consistent with previous literature, which suggests 4G8 is
a good alternative antibody for amyloid detection in the aged AGM
brain. Many of these antibodies have some level of cross-reactivity
with other proteins; specifically, 4G8 cross-reacts with P3 and with
conformational epitope of aggregated fibrils including a-synuclein
(Hunter & Brayne, 2017). These four antibodies targeting amino acid
residues present in Af consistently stain extracellular A3 deposits.
Finally, 4G8 and 6E10 both cross-react with APP; therefore, these anti-
bodies cannot accurately evaluate intracellular AB levels (Aho et al.,
2010).

Tau phosphorylation was more prominent in middle-aged and older
animals than in the youngest group. In the aged AGMs, CP13-ir pro-
files appeared to have stronger immunoreactivity and more extended
distribution compared to the youngest and middle-aged monkeys in
most of the anatomical regions examined. Tau phosphorylation is an
early event in NFT formation, as hyperphosphorylation impairs the
microtubule binding function of tau, resulting in the destabilization
of microtubules within neurons. Eventually, tau detaches from the
microtubules, aggregates and assembles into NFTs that impair axonal
transport, and ultimately results in neuronal degeneration (Sanabria-
Castro et al., 2017). CP13 antibody detects p-tau at Ser202 at an early
nonfibrillary pretangle state, and at the later stage in which neurons
contained NFTs (Andorfer et al., 2003). Here, we have observed sol-
uble phosphorylated granular tau within neurons, oligodendrocytes,
and processes, but not NFTs, indicative of an early tau pathology in
AGMs. Our findings are consistent with previous findings in the AGM
and other NHPs that have identified p-tau at a pretangle state, without
evidence of true NFTs (Cramer et al., 2018; Edler et al., 2017; Gearing
etal.,, 1994; Heuer et al., 2012; Latimer et al., 2018; Lemere et al., 2004;
Oikawa et al., 2010; Perez et al., 2013, 2016; Schultz et al., 2000). As
AGMs do have a potential life span of over 30 years, it is possible that
our monkeys were not old enough to detect the NFT formation. Inter-
estingly, in vitro studies have demonstrated that tau phosphorylation
at Ser202 site is key for promoting tau fibrils (Despres et al., 2017; Xia
et al., 2020), additionally supporting the use of the AGM as a naturally
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occurring model of early tau pathology. Recently, we have demon-
strated that the intrathecal injection of oligomeric A (ABO) in young
AGMs led to increases of tau phosphorylation in the MTL using the AT8
antibody, supporting the value of this translational model of AD (Wake-
man et al., 2022). The discrepancy between Wakeman's work and
our findings showing the absence of tau-phosphorylated AT8-positive
profiles in AGMs is most likely due to differential aspects of tissue pro-
cessing (e.g., immersion vs. perfusion-fixed, long postmortem intervals,
paraffin embedded tissue vs. frozen cut) that is known to affect the
antigenicity of specific phospho-tau epitopes (Garver et al., 1994; Oh
et al., 2010; Riederer et al., 1993). It is possible that during fixation or
long postmortem intervals, the proteolysis or dephosphorylation of the
tau phosphoepitopes recognized by AT8 occurs prior to full fixation of
the tissue. This could explain the presence of tau phosphoepitope at
Ser202 site detected by CP13 (pSer202), but not at Thr205 site, as AT8
failed to expose the dual tau phosphoepitope at Ser202 and Thr205
sites in our AGMs, suggesting that AT8 phosphoepitope is more sus-
ceptible to be destroyed during tissue processing than CP13 in AGMs
brains (Garver et al., 1994; Oh et al., 2010; Riederer et al., 1993). Fur-
ther studies are needed to understand the impact of fixation on early
tau phosphorylation in AGMs.

We also detected CP13 immunostaining in oligodendrocyte-like
cells near neurons within gray matter in the FC and MTL as well as
within WM. This finding has previously been reported in cynomol-
gus macaques, baboons, and gorillas (Oikawa et al., 2010; Perez et al.,
2013, 2016; Schultz et al., 2000). In humans with tauopathies and AD,
tau aggregation within astrocytes and oligodendrocytes is not uncom-
mon; however, the significance and role of both neuroinflammation and
glial tau accumulations in the pathogenesis of AD are currently under
review. WM damage has also been shown to emerge prior to amyloid
and plaque pathology in AD patients (Xiao, 2016), and microglial den-
sity and astrocytic activation within WM are increased compared to
age-matched controls (Liu et al., 2016). The aged AGM, therefore, may
serve as a model to further investigate these changes, due to the abun-
dance of age-related WM and glial changes observed by histopathology
in our AGM brains along with the detection of tau phosphorylation
within glial cells. To our knowledge, p-tau in glial cells in the AGM has
not previously been reported.

Five of our aged animals demonstrated a wide spectrum of AD-like
pathology, including AS plaques with likely co-localized inflammation,
CAA, and p-tau. Overall, these findings suggest that these aged ani-
mals can serve as an important model for the evaluation of potential
AD therapeutics. Recently, an induced AGM model of AD has been
developed using intrathecal injection of ABOs (Wakeman et al., 2022).
Our description of naturally occurring background neuropathology
in the untreated AGM brain (n = 71) will enhance interpretation of
observed neuropathology findings in this novel ABO-induced animal
model, and application of the model, including guiding age criteria for
study recruitment and powering sufficiently to account for the natural
incidence of pathology. Additionally, candidate therapeutics showing
promise in the induced model have the potential to undergo follow-up
testingin the scarce and valuable naturally occurring AGM model of AD
and CAA.

All monkeys included in the study were under veterinary supervi-
sion and did not exhibit overt clinical signs of neurologic disease prior
to death. All but four brains were collected from euthanized animals
enrolled across a wide spectrum of experiments that were deemed
unlikely to impact the brain; many of the selected animals had been
enlisted in ophthalmology studies. It is possible that the reported optic
tract vacuolation could have been influenced by these studies; how-
ever, more than 10 different ophthalmic experiments with varying
interventions and test articles were represented in these monkeys,
and it is highly unlikely that they would all result in the same micro-
scopic change to the optic tract. Furthermore, this finding was also
observed in monkeys with no history of ophthalmic intervention and
has previously been reported in the clinically normal rhesus monkey
(Hof et al., 2002). Most of the aged monkeys in this study were mem-
bers of the SKBRF AGM breeding colony and had minimal prior study
history, outside of noninvasive studies characterizing the aged AGM.
Specimens were collected opportunistically over 3 years; therefore,
brains were subjected to slightly different tissue processing protocols.
However, our histological findings were consistent across different
studies, which suggests that such changes are present in the AGM brain
regardless of clinical history, study enrollment, or slight variations in
histological tissue processing protocols.

Most monkeys on this study were wild caught, and as a result their
ages were estimates. Although age estimates were performed using
an internal protocol thought to be reasonably accurate, this limitation
may have introduced some variability to the data. The large group size,
however, helped to mitigate the impact of variability among individual
monkeys. One aged monkey was colony born and had a known age of
25 years; seven other aged monkeys had been in the colony for years
and had a minimum verifiable age. Of note, this study represents one of
the only evaluations of wild-caught AGMs for AD-like pathology, and
our results, both in observed pathology and age of onset, are compa-
rable to those obtained from purpose-bred populations. An additional
study limitation was that, because of random specimen availability, the
ratio of males to females within each group was not well-balanced, with
an overall ratio of M:F of 47:24. AD pathology is known to be more
common in females, with two out of three late-onset cases affecting
women (Alzheimer’s Association, 2020). Although it has not been pre-
viously reported, it is possible that this gender association exists in the
AGM as well, in which case a higher representation of males in younger
groups and higher representation of females in the oldest group could

have somehow influenced our results.

5 | CONCLUSION

The evaluation of a large group of AGM brains in this study high-
lighted numerous background histopathologic findings that can now be
classified as age related or non-age related, similar to those found in
humans and other animal species. Recognizing these findings and their
anatomical distribution and frequency will benefit neuropathologists,
and those working with AGMs in the biomedical and pharmaceutical

research setting, with the microscopic assessment of the brain in this
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species. The evaluation of the largest reported group to date of wild-
caught AGMs for the presence of AD-related pathology confirmed
previous findings in purpose-bred populations of age-related cerebro-
cortical AB plague formation and vascular AB deposition associated
with concomitant focally increased GFAP immunostaining. We demon-
strated that distinct Ag plaques are not seen in AGMs under the age of
10 years and are rarely detected in animals under the age of 15 years,
although scattered extracellular A immunoreactivity can be found in
animals over the age of 10 years. We also demonstrate tau phospho-
rylation primarily in middle-aged and aged AGMs in neurons, neuropil,
and glial cells of the neocortex and limbic system. These findings doc-
ument important differences between the aged AGM brain and the
brain of human patients diagnosed with AD, but also identify similari-
ties that support the relevance of the AGM as a model for AD research
and advance our knowledge of background neuropathology associated

with normal aging in this NHP species.
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