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Abstract. Rhesus macaques develop amyloid-� (A�) plaques during old age, but it is unclear how extensively they express
other pathological hallmarks of dementia. Here we used immunohistochemistry to examine expression of phosphorylated tau
(pTau) protein and cytoplasmic inclusions of TAR DNA binding protein 43 kDa (TDP-43) within the amygdala of young and
old males, and also in old surgically-menopausal females that were maintained on regular or obesogenic diets. Only one animal,
a 23-year-old female, showed pTau expression and none showed TDP-43 inclusions. What genetic and/or environmental
factors protect macaques from expressing more severe human neuro-pathologies remains an interesting unresolved question.
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INTRODUCTION

Amyloid-� (A�) plaques and hyperphosphory-
lated tau (pTau) protein represent two pathological
hallmarks of Alzheimer’s disease (AD), a primary
cause of dementia in humans [1, 2]. Two other major
forms of dementia in the elderly, limbic-predominant
age-related TDP-43 proteinopathy (LATE-NC) and
frontotemporal lobar degeneration (FTLD), involve
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TAR DNA binding protein 43 kDa (TDP-43).
Normally, this protein plays an important role
in critical cell functions such as transcriptional
repression, pre-mRNA splicing, mRNA transport,
microRNA maturation and translational regula-
tion. However, TDP-43 becomes pathological when
abnormal amounts or forms of this protein accumu-
late as cytoplasmic inclusions in frontal and temporal
lobe neurons [3–7].

Slow progress in development of therapies for
these human dementias stems in part from a lack of
animal models that naturally develop similar patholo-
gies. One animal model with potential value is
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Table 1
Composition of Rhesus macaque treatment groups

Treatment Age (y)

EXPERIMENT 1 Young males (n = 6) 11.2 ± 1.05
Old males (n = 6) 24.8 ± 0.80∗∗∗

EXPERIMENT 2 Old OVX female (n = 7) 23.3 ± 0.60
Old OVX+E females (n = 5) 25.5 ± 1.20

EXPERIMENT 3 Old OVX+WSD females (n = 6) 21.5 ± 0.50
Old OVX+E+WSD females (n = 8) 20.8 ± 0.52

Values represent means (±SEMs) and the number of animals per group is indicated in
parentheses. OVX, ovariectomized; OVX+E, ovariectomized plus estradiol supplementa-
tion in the form of subcutaneous elastomer capsules containing crystalline estradiol that
produced circulating estradiol levels similar to those observed during the follicular phase of
the menstrual cycle; WSD, Western-style diet, which provided calories from 36% fat, 44%
carbohydrates (including 18.5% sugars), and 18% protein; for comparison, regular monkey
chow provided calories from 13% fat, 69% complex carbohydrates (including 6% sugars),
and 18% protein. ∗∗∗p < 0.001 (Student’s t-test).

the rhesus macaque (Macaca mulatta). This long-
lived primate shows similar brain organization and
development to that of humans, and like women,
adult female rhesus macaques menstruate and eventu-
ally undergo menopause [8–11]. Importantly, unlike
humans, rhesus macaques can be maintained under
tightly controlled environmental conditions, and tis-
sues can be obtained with essentially no postmortem
interval. Such features make the rhesus macaque a
desirable animal model in which to study genetic
and/or environmental factors that contribute to nor-
mal and pathological human aging.

Like humans, rhesus macaques show an age-
related increase in A� plaque density [12–16], which
becomes especially evident within their amygdala
after ∼20 years of age [17]. Furthermore, this A�
plaque density has been shown to be significantly
lower in old surgically menopausal (i.e., ovariec-
tomized) females if they receive estradiol hormone
replacement therapy (ERT) [17]; a finding that is con-
sistent with the idea that hormone replacement may
help to reduce A� in postmenopausal women [18].
In contrast, few rhesus macaque studies have focused
on pTau [19, 20] or TDP-43 [21], and although these
proteins have been detected during old age, they do
not appear to be clearly linked to neuronal pathol-
ogy or dementia. Therefore, the aim of the present
study was to examine the time course of neuronal
pTau and TDP-43 expression in the rhesus macaque,
using brain sections from the same rhesus macaques
that were recently used in our A� plaque study [17].
Our focus was on the amygdala, a brain area that is
involved in learning and memory, is highly suscepti-
ble to amyloidosis [14], and shows a high expression
of estrogen receptors [22–24]. We hypothesized that
the developmental time course of both pTau and

TDP-43 pathology could be advanced or delayed by
manipulation of diet and/or sex-steroid environment,
thereby helping to lay a foundation for novel thera-
peutic approaches to human dementia.

MATERIALS AND METHODS

Animals

The study was performed on paraformaldehyde-
fixed rhesus macaque brains, previously collected
from unrelated research projects that were approved
by the ONPRC Institutional Animal Care and Use
Committee. Details of the animal group composi-
tions are depicted in Table 1. Experiment 1: pTau and
TDP-43 expression across age. Experiment 2: effects
of ovariectomy (∼48 months) and ERT on pTau and
TDP-43 expression; experimental details previously
reported in [25]. Experiment 3: effects of ovariectomy
(∼30 months) and ERT on pTau and TDP-43 expres-
sion in females maintained on a high-fat, high-sugar,
Western-style diet (WSD); experimental details pre-
viously reported in [26, 27].

Immunohistochemistry (IHC)

IHC staining for pTau was performed on 30-
�m-thick coronal amygdala sections, using mouse
antibody AT8 (BioLegend, San Diego, CA, USA)
at 1 : 500 dilution, and a standard avidin-biotin-
peroxidase procedure (VECTASTAIN ABC kit;
Vector Laboratories, Burlingame, CA, USA) with
3,3′-diaminobenzadine tetrahydrochloride (Sigma-
Aldrich, St. Louis, MO, USA) as the chromogen.
As positive controls, amygdala sections from an AD
patient and from a very old macaque (a 29-year-
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old female Japanese macaque, Macaca fuscata) were
also stained for pTau. Immunohistochemical staining
for TDP-43 was similarly performed but used rab-
bit anti-TDP-43 primary antibody (cat# 10782-2-AP,
Proteintech, Rosemont, IL, USA) at 1 : 1200 dilution.
See Supplementary Material for IHC details.

Imaging and analysis

For each animal and each primary antibody, five
sections, spanning the entire amygdala at ∼900-�m
intervals, were selected for analysis. Digitized images
were examined by an investigator who was blind as to
animal treatment and identity, and positively-stained
cells that had a neuronal morphology were counted.

Tissue collection and protein extraction for
Western blot analysis

Human tissue was obtained from the Oregon
Brain Bank and also from the Banner Sun Health
Research Institute’s Brain & Body Donation Pro-
gram. Rhesus macaque tissue was obtained from
a 32-year-old female through the ONPRC Tissue
Distribution Program. The human control sample
came from an 82-year-old man with no demen-
tia and negative for frontotemporal lobe dementia
(FTLD) neuropathology. The human FTLD sample
came from an 86-year-old woman with a history of
dementia and confirmed FTLD neuropathology.

Protein extraction was performed using the sub-
cellular protein fractionation kit for tissues (Thermo
Fisher, Waltham, MA, USA), following the manu-
facturer’s protocol. In brief, 100-200 mg tissue was
homogenized using glass Dounce homogenizer in
1-2 ml ice cold CEB buffer. After passing the solu-
tion through a provided strainer and centrifuged at
500 g for 5 min, the supernatant was kept as a cyto-
plasmic fraction (C). The pellet was resuspended in
ice-cold MEB buffer and incubated on ice for 10 min.
After a 5-min centrifugation at 3000 g, the super-
natant was kept as a membrane fraction (M). The
pellet was resuspended in ice cold NEB buffer and
incubated on ice for 30 min with gentle mixing. After
a 5-min centrifugation at 5000 g, the supernatant was
kept as a soluble nuclear fraction (SN). The pellet
was resuspended in room temperature NEB, contain-
ing micrococcal nuclease and CaCl2, and incubated
at room temperature for 30 min. After a 5-min cen-
trifugation at 16000 g, the supernatant was kept as
a chromatin-bound nuclear fraction (CB). The final
pellet was resuspended in room temperature PEB

buffer and incubated at room temperature for 10 min.
After a 5-min centrifugation at 16000 g, the super-
natant was kept as a cytoskeletal fraction (Ck). All
buffers contained HALT Protease Inhibitor Cocktail
and HALT Phosphatase Inhibitor Cocktail (Thermo
Fisher). Each fraction was immediately flash frozen
and stored at −80◦C. Protein concentration in each
fraction was determined using the Micro BCA protein
Assay Kit (Thermo Fisher), following the manufac-
turer’s instructions.

Western blot (TDP-43)

Western blot analysis was used to validate the
widely-used clinical TDP-43 antibody for use in
rhesus macaques. Protein lysates (10 �g) were
subjected to SDS-PAGE on 12% Bis-Tris polyacry-
lamide gels (Thermo Fisher), electro-transferred on
nitrocellulose or polyvinylidene difluoride (PVDF)
membranes (Thermo Fisher), blocked for 1 h at
room temperature with a solution of 5% non-
fat dry milk in Tris Buffered Saline with Teen
20 (TBST) and probed overnight at 4◦C in the
presence of primary antibodies (Supplementary
Material) in TBST. Molecular weights were esti-
mated by running 7 ml Seeblue Plus2 pre-stained
protein ladder (LC5925, Thermo Fisher). For pro-
tein detection, the membranes were incubated in
horseradish peroxidase-conjugated secondary anti-
bodies (Thermo Fisher) diluted in TBST for 1 h
at room temperature and West Dura chemilu-
minescence (Thermo Fisher). Chemiluminescence
signal was detected and digitalized using a Flu-
orChem System (Bio-Techne, Minneapolis, MN,
USA).

RESULTS

Neuronal pTau staining was detected in the amyg-
dala of the AD patient (Fig. 1A), and in the very
old macaque (Fig. 1B), thus serving as a positive
antibody control. Importantly, out of all the rhe-
sus macaques examined in Experiments 1-3 (i.e., a
total of 38 brains), positive pTau immunostaining
was detected in the amygdala and adjacent entorhi-
nal cortex of only one animal, an ovariectomized
23-year-old female (Fig. 1C). However, it needs to
be emphasized that even in this individual very few
positively labeled neurons were detected (mean: 3
per section in the amygdala and 5 per section in
the entorhinal cortex), and based on cell morphology
there was no obvious staining of glial cells. Interest-
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ingly, this same 23-year-old female showed the most
extensive staining of extracellular A� plaques in the
amygdala (Fig. 1D), as previously reported [17].

Western blot analysis for TDP-43 confirmed a sin-
gle band predominantly present in the chromatin
bound (CB) and cytoskeletal (Ck) fractions. While
the TDP-43 signal in rhesus macaques resembled
that of the control human sample, it is worth noting
that the FTLD patient showed diminished TDP-43
associated with the CB fraction (Fig. 2A). TDP-43
immunohistochemical staining was detected in the
amygdala of the FTLD patient and served as an addi-
tional positive control (Fig. 2B). Although TDP-43
was evident in the nucleus and cytoplasm of some
cells (i.e., indicative of normal TDP-43 expression),
numerous C-shaped cytoplasmic inclusions that are
characteristic of advanced FTLD pathology were also
present. Positive TDP-43 staining was also clearly
detected in the rhesus macaque amygdala, both in the
nucleus and in the cytoplasm (Fig. 2C). In contrast
to the human FTLD patient; however, no cytoplas-
mic inclusions were detected in any of the animals,
regardless of their age, sex, diet, or hormonal status.

DISCUSSION

Rhesus macaques do not develop full-blown AD,
LATE-NC, or FTLD, but like humans they do show an
age-related increase in the expression of A� plaques
in cognitive brain areas [12–17]. They therefore have
value as translational animal models in which to
examine potential causes of these human demen-
tias. In the case of AD, expression of intraneuronal
pTau protein is considered to be a more advanced
biomarker of the pathology [1, 2], but its expression
in old rhesus macaques has not been widely studied
[28, 29] and does not appear to approach the level of
severity seen in AD [30]. Similarly, although there
appears to be some synergy in the expression of pTau
and TDP-43 in human dementia, up to now only one
study has examined the expression of TDP-43 protein
in the brains of rhesus macaques and it did not find
abnormalities resembling those seen in LATE-NC or
FTLD [21, 31].

In the present study we sought to examine
two environmental factors that may contribute to
these between-species differences. Specifically, we
hypothesized that maintenance of rhesus macaques
on a WSD, instead of their standard monkey chow
might advance the timing of pTau and TDP-43
pathology, especially if the animals also had reduced
circulating estrogen levels; i.e., because women have

a higher risk of developing AD than men [32, 33],
one of our goals was to more closely mimic a diet
and hormonal status that is typical of postmenopausal
women living in the West. We previously examined
A� plaque density of old rhesus macaques, focusing
on the amygdala—an estrogen receptor rich area of
the brain [23, 24, 34] that is particularly susceptible
to neurodegenerative diseases [35]. Importantly, A�
plaque density was found to be significantly greater
in old ovariectomized rhesus macaques when com-
pared to age-matched ovariectomized animals that
had undergone estradiol replacement therapy [17].
In the present study, however, we failed to disclose
any advancement of pTau or TDP-43 pathology in
the amygdala of these same previously-examined ani-
mals. Regardless of their age, sex, diet, or hormonal
status, there was no obvious advancement of neu-
ronal pTau expression in the amygdala. Relative to
the very old 29-year-old control, only one 23-year-
old ovariectomized, untreated animal showed pTau
expression, and only in a few neurons; but even these
did not show the same degree of pathology as those
observed in the amygdala of an AD patient control.
Interestingly, this one animal was the same one that
showed the most intense A� plaque density in our
previous study [17], an observation that is consistent
with the view that A� plaques play a causal role in
the eventual development of pTau pathology [1, 2,
36].

TDP-43 pathology typically involves accumula-
tion of hyper-phosphorylated and ubiquinated forms
of the molecule in the cytoplasm and its nuclear
depletion. Fragmentation of TDP-43 then leads to for-
mation of toxic and aggregate-prone fragments that
manifest as cytoplasmic inclusions [5, 31]. However,
in none of the rhesus macaques examined were such
inclusions detected, regardless of the animal’s sex,
age, or hormonal status.

Taken together, the present results confirm that
development of pTau in the rhesus macaque brain
occurs much later in life than development of A�
plaques, which already become evident at 20 years
of age [12–16], and that cytoplasmic TDP-43 inclu-
sions that are characteristic of LATE-NC and FTLD
do not occur naturally during the normal lifespan of
rhesus macaques. Moreover, neither of these patho-
logical markers appears to be advanced by attenuating
circulating estrogen levels or by maintenance of
the animals on a WSD, suggesting that neither of
these environmental factors is likely to be a pri-
mary cause. In retrospect, the lack of severe pTau
or TDP-43 pathology in the amygdala of old rhesus
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Fig. 1. Intraneuronal pTau expression in humans and nonhuman primates. A) Representative immuno-positive pTau staining in the amygdala
of a control AD patient, and B) a control very old (29 years) female Japanese macaque. C) Representative pTau neuronal staining in the sole
experimental rhesus macaque (a 23-year-old ovariectomized female), showing positive staining of a neuron in a pre-tangle state; none of the
other 37 animals showed any positive pTau staining in the amygdala. D) Extensive staining of extracellular A� plaques in the amygdala of
the same 23-year-old ovariectomized female. In summary, pTau pathology in the rhesus macaques was rare and did not approach the severity
of that observed in human AD. Scale bars = 50 �m for panels A-C, and 100 �m for panel D.

macaques is not altogether surprising. Although pre-
vious studies showed some cognitive benefit when the
ovariectomized females received estradiol hormone
replacement therapy [25, 37], the untreated control
animals did not show cognitive deficits approach-

ing the severity associated with human dementia;
also, the necropsies were performed several months
later after the in vivo studies had been completed.
Similarly, in the previous in vivo study involving
young and old males [38], there was no obvious
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Fig. 2. Intraneuronal TDP-43 expression in humans and nonhuman primates. A) Representative subcellular distribution of TDP43 in the
frontal lobe revealed by western blots analysis: Subcellular fractionation of human and monkey frontal lobe shows that TDP43 immunore-
activity is enriched in the nuclear and cytoskeletal fractions. Moreover, while TDP43 is found highly associated with the chromatin bound
fraction in the monkey and non-pathological human sample (Control), this association is reduced in a human subject with confirmed FTLD
neuropathology. Subcellular fractions are: cytoplasmic (C), membrane (M), soluble nuclear (SN), chromatin bound (CB) and cytoskeletal
(Ck). Enrichment of each fraction was confirmed by detecting proteins markers of subcellular compartments. C: Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH, MW = 38 KDa), M: Syntaxin (STX1A, MW = 33 KDa), SN: NK2 homeobox 1 (NKX2.1, MW = 42 KDa), CB:
Histone H3 (H3, MW = 18 KDa), Ck: Vimentin (Vim = 57KDa). B,C) Immuno-positive TDP-43 staining in the amygdala of a human subject
with confirmed FTLD neuropathology and in a representative rhesus macaque, respectively. In the former case, there is reduced staining
in cell nuclei compared to the cytoplasm, which shows numerous C-shaped TDP-43 inclusions. In contrast, >95% of the TDP-43 staining
in the rhesus macaque is present in both the nucleus and cytoplasm and there are no obvious TDP-43 cytoplasmic inclusions. In summary,
none of the rhesus macaques showed TDP-43 pathology approaching the severity of that observed in human FTLD. Scale bars = 50 �m for
panels B-C, and each inset depicts a 2.5x enlargement.

age-associated impairment of cognitive function.
Taken together, these results emphasize that rhesus
macaques do not develop dementia during their nor-
mal life span, nor do they express severe forms of the
brain pathology that characterizes AD, LATE-NC or

FTLD in humans. Additional studies would be neces-
sary to elucidate the exact reasons for why old rhesus
macaques do not develop dementia, despite their rela-
tively long lifespan. However, because macaques can
be maintained under tightly controlled environmental
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conditions, they could serve as valuable experimental
models in which to investigate factors that contribute
to development of the underlying pathologies (e.g.,
genetics, epigenetics, diet, hormonal environment,
environmental toxins, etc.) and in which to test poten-
tial therapeutic interventions [11, 39–41].
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