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Alzheimer’s disease (AD) is a devastating neurodegenerative disorder and a major medical problem. Here, we have investigated the
impact of amyloid-� (A�) oligomers, AD-related neurotoxins, in the brains of rats and adult nonhuman primates (cynomolgus ma-
caques). Soluble A� oligomers are known to accumulate in the brains of AD patients and correlate with disease-associated cognitive
dysfunction. When injected into the lateral ventricle of rats and macaques, A� oligomers diffused into the brain and accumulated in
several regions associated with memory and cognitive functions. Cardinal features of AD pathology, including synapse loss, tau hyper-
phosphorylation, astrocyte and microglial activation, were observed in regions of the macaque brain where A� oligomers were abun-
dantly detected. Most importantly, oligomer injections induced AD-type neurofibrillary tangle formation in the macaque brain. These
outcomes were specifically associated with A� oligomers, as fibrillar amyloid deposits were not detected in oligomer-injected brains.
Human and macaque brains share significant similarities in terms of overall architecture and functional networks. Thus, generation of a
macaque model of AD that links A� oligomers to tau and synaptic pathology has the potential to greatly advance our understanding of
mechanisms centrally implicated in AD pathogenesis. Furthermore, development of disease-modifying therapeutics for AD has been
hampered by the difficulty in translating therapies that work in rodents to humans. This new approach may be a highly relevant
nonhuman primate model for testing therapeutic interventions for AD.
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Introduction
Alzheimer’s disease (AD) is histopathologically characterized by
the presence of extracellular fibrillar amyloid-� (A�) deposited

in plaques and intraneuronal neurofibrillary tangles (NFTs) con-
sisting of aggregated hyperphosphorylated tau (phospho-tau)
(Querfurth and LaFerla, 2010). Knowledge on mechanisms of
AD pathogenesis and on preclinical evaluation of treatments di-
rected at A� or phospho-tau have come from pathology, genetics,
and various transgenic rodent AD models (Braak and Braak,
1991; LaFerla and Oddo, 2005; Goedert and Spillantini, 2006;
Yoshiyama et al., 2007). Due to the complexity of the neuropa-
thology spectrum of AD, such transgenic models are very useful
for studying some, but not all, disease aspects. In particular, NFTs
are generally not present in transgenic models expressing mutant
forms of human A� precursor protein (APP) and/or presenilins.
A significant advance in the field came from development of
transgenic rodent models that presents tau pathology (Oddo et
al., 2003a,b; McGowan, et al., 2006; Chabrier et al., 2012; Cohen
et al., 2013). Most of these models harbor not only mutations in
APP and/or presenillin1 but also a mutation in tau. The latter is
associated with other tauopathies, such as frontotemporal de-
mentia (Spillantini et al., 1998; Götz and Ittner, 2008), but is not
part of AD pathology. In addition, the most frequently used
transgenic AD mouse models carry mutations that are associated
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with early onset familial forms of human
AD, which only account for �5% of cases.
The vast majority of AD cases are sporadic
with poorly understood etiology.

The pathogenic trigger of AD has been
proposed to comprise soluble A� oligom-
ers (A�Os). A��s, synaptotoxins that
accumulate in AD brains, have been im-
plicated in key aspects of AD (DaRocha-
Souto et al., 2011; Ferreira and Klein,
2011; Selkoe, 2011; Chabrier et al., 2012;
Finch and Austad, 2012). In cell-based
systems and animal models, A��s are as-
sociated with AD hallmarks, including
phospho-tau, oxidative stress, and syn-
apse loss (De Felice et al., 2007, 2008; Jin et
al., 2011). Of clinical relevance, individuals
who died without signs of cognitive and in-
tellectual deterioration presented abundant
brain amyloid deposits, whereas conversely,
individuals lacking deposits exhibited vary-
ing degrees of cognitive deterioration (Ne-
gash et al., 2011).

Given the proposed roles of soluble A�
in AD and the limitations of currently
available animal models (Mucke and Sel-
koe, 2012), we here investigated whether
intracerebroventricular (i.c.v.) injections
of A��s in the brains of adult cynomol-
gus macaques might induce AD-like
pathology. Macaques are old-world non-
human primates typically used as models
of human sensory, cognitive, and motor
processing due to considerable similarity
of higher brain structures (Orban et al.,
2004; Sereno and Tootell, 2005; Kaas,
2013; Van Essen, 2013). We first devel-
oped the experimental approach in rats
before moving to the complexity of the
macaque system. Results demonstrate
that A��s rapidly diffused and were de-
tected in neurons in a regionally specific
manner in rats and macaques. Whereas
A��s were abundantly detected in the
neocortex, hippocampus, striatum, and
amygdala, regions such as the brainstem
and cerebellum presented markedly fewer
A��-positive neurons. In the macaque brain, A��s induce astro-
cyte and microglial activation, synapse loss, phospho-tau and NFTs
formation, in regions associated with cognitive functions and oper-
ant behavior. Collectively, the results provide evidence on the impact
of A��s in the primate brain and establish a novel macaque model
that presents central AD neuropathological correlates.

Materials and Methods
A�Os. A��s were prepared from synthetic A�1–42 peptide (American
Peptide) as described previously (Lambert et al., 1998). The peptide was
first solubilized in hexafluoroisopropanol, and the solvent was evapo-
rated to produce dried films, which were subsequently dissolved in sterile
anhydrous dimethylsulfoxide (DMSO) to make a 5 mM solution. This
solution was diluted to 100 �M in ice-cold PBS and incubated for 16 h at
4°C. The preparation was centrifuged at 14,000 � g for 10 min at 4°C to
remove insoluble aggregates (protofibrils and fibrils), and the superna-

tants containing soluble A�Os were stored at 4°C. Protein concentration
was determined using the Bicinchoninic acid assay (BCA; Thermo Sci-
entific Pierce). Preparations were routinely characterized by HPLC size-
exclusion chromatography under nondenaturing conditions and by
SDS-PAGE/Western blot using anti-A� 6E10 (Covance) and anti-A�O
NU4 (Lambert et al., 2007) antibodies. Size exclusion chromatography
(SEC) analysis reveals that A� oligomers preparations comprise a mix-
ture of high-molecular-weight (molecular masses ranging from 80 to 150
kDa) and low-molecular-weight (average molecular mass, 10 kDa) oli-
gomers, and are virtually devoid of A� monomers. Lack of monomers in
A�O preparations detected SEC is consistent with the high tendency of
A�1–42 to self-aggregate in aqueous medium, and also with previously
reported SEC profiles of oligomers prepared using the same protocol we
used. A complete description of the biophysical/biochemical characteriza-
tion of the preparation of A�Os we used in the current work was described in
previous work from our group (Chromy et al., 2003; De Felice et al., 2007,
2008; Sebollela et al., 2012; Figueiredo et al., 2013). Oligomers were prepared
and immediately used in the procedures described below.

Figure 1. A�Os diffuse and accumulate in the frontal cortex of rats. A, Chronogram representing the protocol for intracerebro-
ventricular injections of A�Os in rats (n � 15, vehicle; n � 13 A�Os). B, Dot blot of homogenates from the frontal cortex of rats
receiving intracerebroventricular injections of vehicle or A�Os (duplicate results from representative rats are shown). (C) Repre-
sentative image of the frontal cortex of an A�O-injected rat demonstrates abundant NU4-immunoreative cells (n � 13). Scale bar,
250 �m. D, E, High-magnification images show that A�Os bind to cells with neuronal morphology, whereas no NU4 staining was
observed in vehicle-injected rat brains (n � 13). Scale bar, 25 �m. F, Micrograph of the frontal cortex from a rat that received A�O
injections show colocalization between cells stained for NeuN (green) and A�Os (red, NU4 antibody). Scale bar, 5 �m. G, confocal
micrograph of the frontal cortex from a rat that received A�O injections show a GFAP-positive cell (green) also presenting NU4
labeling (red). Scale bar, 5 �m. H, I, Representative micrographs of thioflavin-S staining in the hippocampus of a rat injected with
A�Os (H ), and in the hippocampus of the APP/PS1 mouse. Scale bar, 500 �m; inset, 50 �m; I ). Scale bar (in H ), 100 �m. J, NU4
labeling in the frontal cortex of the APPSwe,PS1�E9 transgenic mouse reveals abundant amyloid plaques (red). Cell nuclei
revealed by DAPI staining. Scale bar, 500 �m.
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Intracerebroventricular injection of A�Os. Rats. Twenty-eight male
Wistar rats (Rattus norvegicus) aged 3 months (body weights: 300 – 400 g)
were used. All procedures were approved by the Federal University of Rio
de Janeiro Animal Care Committee (protocol numbers IBqM 041 and
IBqM 019) and were in full compliance with the National Institute of
Health Guide for Care and Use of Laboratory Animals. Rats were anesthe-
tized with intramuscular valium (1.5 mg/kg), xylazine (5 mg/kg), ket-
amine (100 mg/kg), and atropine (0.2 mg/kg). Analgesia was maintained
by intramuscular ketamine ad libitum. Rats were placed in a stereotaxic
apparatus (Horsley-Clarke) and two craniotomies (diameter: 1.2 mm)
were performed before insertion of two cannulas (Plastics One) at fol-

lowing coordinates: Anterior cannula (breg-
ma: �0.92 mm; laterality: 1.5 mm; depth: 3.5
mm); posterior cannula (bregma: �4.00 mm;
laterality: 1.5 mm; depth: 3.5 mm; Paxinos and
Watson, 1997). After a recovery period of 7 d,
rats received intracerebroventricular injections
of 1 �g A�Os (n � 13) or vehicle (2% DMSO
in PBS; control group, n � 15) in the anterior
cannula. Injections were performed three
times a week for 5 weeks (Fig. 1A). Rats were
transcardially perfused with saline solution
0.9%, followed by 4% paraformaldehyde.
Brains were removed and coronal 40-�m-
thick sections were obtained.

Macaques. Seven females cynomolgus ma-
caques (Maccaca fascicularis, body weights:
4.7–7.0 kg) were used. Macaques were main-
tained at the Centre for Neuroscience at
Queen’s University (Kingston, Canada) under
the close supervision of a lab animal technician
and the Institute veterinarian. All procedures
were approved by the Queen’s University Ani-
mal Care Committee and were in full compli-
ance with the Canada Council on Animal Care
(Animal Care Protocol Original Munoz, 2011-
039-Or). All animals (3 sham animals, 4 A�O
animals) underwent a single surgical proce-
dure to anchor a dental acrylic explant to the
skull with Teflon or titanium screws. The ex-
plant included a chamber over a small midline
craniotomy to access the lateral ventricles. An-
esthesia was induced by ketamine (10 –15 mg/
kg, intramuscular) and diazepam (0.25– 0.5
mg/kg, intramuscular). Animals were given
glycopyrrolate (0.013 mg/kg) and were
intubated. During surgery, anesthesia was
maintained with isoflurane (1–3%), while
meloxicam (0.2 mg/kg) and cefazolin (22 mg/
kg) were also administered. Correct placement
of the chamber was assessed by MRI. Three
sham-operated macaques, 9- (n � 1) and 16-
years-old (n � 2), were used as controls and
underwent the full surgical procedure but did
not receive intracerebroventricular injection.
After a recovery period of 2– 4 weeks, four ma-
caques, 9- (n � 2) and 16-years-old (n � 2),
had a guide cannula inserted into the lateral
ventricle and held in place with a grid system in
the chamber (Crist et al., 1988). They then re-
ceived intracerebroventricular injections of
10 –100 �g of A�Os (�1 injection per day ev-
ery 3 d for up to 24 d; Fig. 2A). Even though the
experimental design involved injection of a
fixed amount of 100 �g of A�Os per injection
in all macaques, it is important to note that in
practice this amount was somewhat variable
among animals due to procedural limitations at
the moment of injection (including partial clog-
ging of the cannulas and liquid reflux through the

cannula following injection). Detailed information on the amount of A�Os
effectively injected is present in Figure 2B. Approximately 1 week after com-
pletion of the experimental protocol, macaques were sedated with intramus-
cular ketamine (10 mg/kg), followed by intravenous sodium pentobarbital
(25 mg/kg) and heparin. They were then perfused intracardially with PBS
followed by 4% paraformaldehyde in PBS. Brains were removed and coronal
40-�m-thick sections were obtained.

Immunohistochemistry. Immunohistochemistry was performed using
free-floating sections in PBS containing 1% Triton incubated with 0.1 M

citrate buffer, pH 6, at 60°C for 5 min. For detection of Tau phosphory-

Figure 2. A�Os diffuse and accumulate in the frontal cortex of macaques. A, B, Chronogram representing the administration
and amount of injections of A�Os in macaques (n � 3 sham; n � 4 A�Os). C, A�O binding (red) in the frontal cortex of a macaque
that received A�O injections. No A�O immunostaining was detected in the frontal cortex of the sham-operated macaques. Scale
bar, 25 �m. D, Micrographic reconstruction of a section through the frontal cortex from a macaque that received intracerebroven-
tricular injections of A�Os labeled with NU4 (red). Cell nuclei are labeled by DAPI. Neocortical layers I–VI and white matter (WM)
are indicated. Right, High-magnification image of layers III–V, demonstrating the presence of A�O-positive cells (NU4 antibody,
red; Lambert et al., 2007). Scale bar, 100 �m. E, Confocal micrograph of the frontal cortex from a macaque that received A�O
injections shows colocalization between a cell stained for GFAP (green) and A�Os (red, NU4 antibody). Scale bar, 10 �m. F,
Representative micrographs of the frontal cortex of macaques demonstrate the pattern of immunolabeling using and the anti-
oligomer antibody NU4 and the anti-A� antibodies 4G8 and 6E10.
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lated epitopes (tau-pSer 396, MC-1, AT100,
CP13, AT8, PHF-1, and Alz-50), sections were
treated with 70% formic acid for 7 min. For
AT8, CP13, MC-1 (data not shown), and
Alz-50 the following steps were the same for
immunofluorescence. Endogenous peroxidase
was inactivated by incubation of sections with
3% hydrogen peroxide in methanol for 2 h.
Sections were then blocked with 5% bovine se-
rum albumin (BSA) and 5% normal goat se-
rum in 1% Triton X-100 for 3 h at room
temperature. Primary antibodies were diluted
in blocking solution and incubated with sec-
tions at 4°C for 16 h, followed by incubation
with biotinylated secondary antibody for 2 h at
room temperature, and then processed using
the Vectastain Elite ABC reagent (Vector Lab-
oratories) according to the manufacturer’s in-
structions. The sections were washed in PBS
and developed using 3, 3	-diaminobenzidine
(DAB; Sigma-Aldrich) in chromogen solution,
and counterstained with Harris’s hematoxylin
(Merck). Slides were mounted with Entellan
(Merck) and imaged on a Zeiss Axio Observer
Z1 microscope. Omission of primary antibody
was routinely used to certify absence of non-
specific labeling (data not shown).

For immunofluorescence analysis, tissue au-
tofluorescence was quenched by incubation
with 0.06% potassium permanganate for 10
min at room temperature. Sections were
blocked in 5% BSA and 5% normal goat serum
in 1% Triton X-100 for 3 h at room tempera-
ture. Primary antibodies were diluted in block-
ing solution and sections were incubated at
4°C for 16 h, followed by incubation with
AlexaFluor 555, AlexaFluor 594, and Alex-
aFluor 488-conjugated secondary antibodies
(1:1500) for 2 h at room temperature. Nuclei
were stained with 4	,6-diamidino-2-phenyl-
indole (DAPI; Calbiochem) for 5 min. Slides
were mounted with Prolong Gold Antifade
with DAPI (Invitrogen) and imaged on a Zeiss
Axio Observer Z1 microscope equipped with
an Apotome module to minimize out-of-focus
light. Z-stack projections from the frontal cortex
of macaques (total area: 7 �m, for each image:
x � 0,06 �/pixel, y � 0,06 �/pixel, z � 0,28
�/pixel). For synaptic puncta analyses, cells were
observed with a Leica confocal microscope.

Antibodies. Antibodies used for immunohis-
tochemistry were Tau-pSer 396 (1:200; recog-
nizes phosphorylation of Tau at serine residue 396, Santa Cruz
Biotechnology, catalog #sc-101815 RRID:AB_1129987); AT100 (1:70;
recognizes phosphorylation of Tau at serine residue 212 and threonine
residue 214, Thermo Scientific Pierce Protein Research Products, catalog
#MN1060 RRID:AB_223652); AT8 (1:200;Thermo Scientific Pierce An-
tibodies Cat# MN1020 RRID:AB_223647). MC-1 (1:200, recognizes
early conformational changes in tangle formation), CP13 (1:200; recog-
nizes phosphorylation of Tau at serine residue 202); PHF- 1 (1:200; rec-
ognizes phosphorylation of Tau at serine residues 396 and 404), and
Alz-50 (1:200; conformational antibody) were generous gifted by Dr
Peter Davies (Albert Einstein College of Medicine, Bronx, NY). Synap-
tophysin (1:200, Sigma-Aldrich, catalog #S5768, RRID: AB_477523),
PSD-95 (1:200, Abcam, catalog #ab18258, RRID:AB 444362); 4G8 (1:
200, Covance, catalog #SIG-39220-200 RRID:AB_10174824), glial fibril-
lary acidic protein (GFAP, 1:500, Dako, catalog #Z0334 RRID:
AB_10013382), and IBA-1 (1:200, Abcam, catalog #ab5076, RRID:

AB_2224402). A�O-selective NU4 mouse monoclonal antibody was
gifted by Dr William Klein (Northwestern University, Evanston, IL).
For Western Blotting the antibodies used were Tau-pSer 396 (1:100;
Santa Cruz Biotechnology, catalog #sc-101815 RRID: AB_1129987). Total
tau (Tau-5, 1:100, Abcam, catalog #ab3931, RRID:AB_304171), 6E10 (1:
1000, Covance, catalog #SIG-39300-200 RRID:AB_10175290), and b-actin
(1:1000, Abcam, catalog #ab6276 RRID:AB_2223210). The secondary anti-
bodies for immunohistochemistry were AlexaFluor 488 (Life Technologies,
catalog #A11034 RRID:AB_10562715), AlexaFluor 594 (Invitrogen, catalog
#A21424 RRID:AB_141780), and AlexaFluor 555 (Invitrogen, catalog
#A21424 RRID:AB_141780). For Western blotting the antibodies were as
follows: goat anti-mouse IRDye800 (LI-COR Biosciences, catalog #827-
08364, RRID:AB_10793856) or goat anti-rabbit IRDye 800 IgG (LI-COR
Biosciences, catalog #827-08365, RRID:AB_10796098).

Cytoarchitecture of brains. The cytoarchitecture of macaques (Martin
and Bowden, 1996) and rat (Paxinos and Watson, 1997) brain slices was ana-

Figure 3. A�Os distribute into distinct brain areas and act as pathogenic ligands in macaques. A, Left, Lateral and sagittal view
of the brain of a macaque that received intracerebroventricular injections of A�Os. White dashed lines indicate the regions where
slices were obtained to analyze different regions (colored in yellow in coronal slices on the right). Scale bar, 1 cm. B, Representative
micrographs images of macaque brains regions immunostained for A�Os. A�Os were labeled using the NU4 anti-oligomer
antibody (red, Lambert et al., 2007) and cell nuclei were labeled with DAPI. Scale bar, 20 �m. C, Semiquantitative analysis of
A�O-positive cells in different brain regions (n � 3). Error bars are 
 SEM. Enth ctx, Enthorinal cortex; DG, dentate gyrus; Amy,
amygdala; Occip ctx, occiptal cortex; Thal, thalamus; Ret Nucl, reticular nucleus; Cereb Ctx, cerebellar cortex.
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lyzed by Nissl staining and coronal slice reconstructions were performed using
the Virtual Tissue 2D module from Neurolucida (MBF Bioscience; Fig. 3A).

Thioflavin S staining. For macaque’s brain sections, tissue autofluores-
cence was quenched by incubation with 0.06% potassium permanganate
for 10 min at room temperature. Macaque and rodent sections were
incubated in 1% thioflavin S (Sigma-Aldrich) for 35 min. Some sections
were stained with DAPI to visualize the cell nucleus. Slides were mounted
with Entellan and imaged on a Zeiss Axio Observer Z1 microscope.
APPSwe,PS1�E9 mice on a C57BL/6 background (APP/PS1, 13- to 16-
month-old) were obtained from The Jackson Laboratory and used as
positive controls for presence of A� deposits.

Image analysis. For A��s immunostaining in rats and macaques,
20 –30 images were acquired from each region of interest for each animal,
with the same acquisition parameters. The percentage of A�O reactivity
was assessed by manual quantification of DAPI and NU-4-positive cells
present in each region of interest. For neuropathology of macaque
brains, tau-pSer 396, AT100, GFAP, synaptophysin, and PSD95 immuno-
reactivity densities were determined using a multithreshold plug-in
within NIH ImageJ (Figueiredo et al., 2013). Immunostaining was per-
formed in parallel in slides from all animals and the same acquisition
parameters were used when slides were analyzed. Cells positive for CP13
and IBA-1 were manually counted according the immunoreactivity in
20 –30 images from each region-of-interest for each animal, acquired
with the same parameters. For synaptic puncta analyses, a total of 15–20
images per experimental condition were acquired. PSD-95 (red) and
synaptophysin (green) immunofluorescence was analyzed and quanti-
fied using the Puncta Analyzer plugin in NIH ImageJ as previously de-
scribed (Christopherson et al., 2005). Analyses were performed in
blinded fashion.

Electron microscopy of synapses. For synapses ultrastructural analysis,
tissue samples from the prefrontal cortex of macaque’s brains were
fixed (paraformaldehyde 4%) and postfixed by immersion in 1% os-
mium tetroxide in cacodylate buffer with 0.8% potassium ferrocya-
nide for 3 h at room temperature. The samples were washed three
times with 0.1 M phosphate buffer, pH7.4, and dehydrated with a
graded acetone series. Uranyl acetate (1%) was added to the 70%
ethanol (35 min immersion) to improve contrast in the electron mi-
croscope. The sections were then embedded in POLYBED 812 resin
(EMS) and polymerized for 48 h at 60°C. The ultrathin sections were
cut with a RMC ultramicrotome, collected on copper grids and
stained with uranyl acetate and lead citrate and observed in a JEOL
transmission EM (JEOL 1011). Images were taken at 30,000� magni-

fication. A total of fifty images were acquired per animal/experimen-
tal condition (n � 3 sham-operated macaques; n � 4 A�O-injected
macaques). Synaptic profiles were identified by the presence of the
postsynaptic density and presynaptic vesicles. Electron microscopy
analysis was performed in blinded fashion.

Electron microscopy analyses. Briefly, images were acquired randomly
using a JEOL transmission EM (JEOL 1011) with a digitalizing image
system (Gatan). Synapses were quantified in the neuropil (i.e., avoiding
the neuronal and glial somata and blood vessels). All synapses were
counted in each electron micrograph, which represented �7.4 �m 2 of
tissue (total �370 �m 2 per animal). Units presenting synaptic vesicles in
the presynaptic element and presynaptic and postsynaptic membrane
specializations visible with or without synaptic cleft evident were
counted. Synaptic profiles touching the edge micrographs were not
counted. The cross-sectional length of synaptic junctions was measured
using ImageJ analysis software (NIH).

Immunogold electron microscope. For postembedding immunogold
electron microscopy fixed tissue were washed in phosphate buffer, pH
7.4, dehydrated through a graded ethanol series, embedded in LRWhite
resin (Sigma-Aldrich) and polymerized at 50°C, for 24 h. Ultrathin sec-
tions were obtained on a RMC ultramicrotome and collected on nickel
grids. All sections were blocked with PBS enriched with 1% BSA and
0.5% powdered skim milk for 1 h, and incubated in the following tau
antibodies at the indicated dilutions: Alz-50 (1:100), MC1 (1:100), and
PHF-1 (1:100), 12 h at room temperature. After being rinsed for 20 min
in enriched PBS, the sections were incubated in the secondary antibody
goat anti-mouse IgG conjugated to 10 nm gold particles (1:100, BBI
Solutions, catalog #EM.GFAF10). Sections were rinsed three times for 10
min each in PBS, and three times for 10 min each in distilled water. As a
control for the specificity of immunolabeling, omission of the primary
antibody from incubation solutions completely abolished immunostain-
ing for the corresponding antigens (data not shown). The sections were
stained with uranyl acetate and lead citrate before examination with a
Jeol (JEM 101) transmission electron microscope. Images were taken at
30,000� magnification. Electron microscopy analysis was performed in
blinded fashion.

Western blotting. Western immunoblot analysis of the macaques brains
was performed as described previously (Nirmalan et al., 2009). Samples
from superior frontal gyrus of macaques were homogenized in RIPA
buffer containing protease and phosphatase inhibitor cocktails and
heated at 105°C for 20 min. Extracts were incubated on ice for 5 min,
centrifuged at 14,000 � g for 30 min and the supernatant was collected.

Table 1. Brain regions analyzed following intracerebroventricular injections of A�Os

Brain regions Specific nomenclature for analyzed regions

Macaque
Frontal cortex Superior frontal gyrus (SFG) layers 3, 4, and 5
Anterior parietal cortex Post central gyrus superior layers 3 and 4
Occipital cortex Inferior occipital gyrus
Entorhinal cortex Entorhinal area
Dentate gyrus of hippocampus Polymorphic layer of the dentate gyrus (PoDG) and granular layer of the dentate gyrus (GrDG)
Thalamus Caudal Part of ventral lateral nucleus and caudal part of the ventral posterolateral nucleus
Striatum Caudate and putamen
Amygdalar complex Cortical nucleus amygdaloidal and basal amygdaloid nucleus
Cerebellum Cerebellar cortex
Midbrain Central gray substance of midbrain (CGMB)
Reticular nucleus Pontine nucleus (Pn), pontine caudal reticular nucleus (PnC), and pedunculopontine tegmental nucleus (PPTg)

Rat
Frontal cortex Secondary motor cortex (M2) layers 3 and 4
Anterior parietal cortex Posterior portion of secondary somatosensory cortex (S1HL) layers 3 and 4
Occipital cortex Medial parietal association cortex (MPta) and mediolateral area of secondary visual cortex (v2MM) layers 3 and 4
Dentate gyrus of hippocampus Polymorphic layer of the dentate gyrus (PoDG) and granular layer of the dentate gyrus (GrDG)
Thalamus Posterior complex of the thalamus (Po), ventrolateral portion of laterodorsal thalamic nucleus (LDVL), mediorostral portion of thalamic nucleus (LPMR),

ventral lateral nucleus (VL)
Basal ganglia Caudate, putamen, and globus pallidus
Amygdalar complex Basolateral amygdaloidal nucleus
Cerebellum Cerebellar cortex
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Protein concentration was determined using
the enhanced BCA protein assay kit (Pierce).
Samples (40 �g total protein/lane) were re-
solved on a 4 –20% polyacrylamide gel with
Tris/glycine/SDS buffer run at 125 V for 80 min
at room temperature. For experiments with
anti-Tau antibodies, gel was electroblotted
onto Odyssey nitrocellulose membrane using
25 mMTris, 192 mM glycine, 20% (v/v) metha-
nol, 0.02% SDS, pH 8.3, at 350 mA for 2 h at
4°C. Membranes were blocked with Odyssey
blocking solution in Tris-buffered saline con-
taining Tween 20 (TBS-T; 0.1% Tween 20 in 20
mMTris-HCl, pH 7.5, 0.8% NaCl) for 1 h at
room temperature. Primary antibodies (tau-
pSer396, 1:100, Tau-5 and anti-�-actin, 1:5000)
were diluted in blocking solution/TBS and in-
cubated with the membranes for 2 h at room
temperature. After incubation with infrared la-
beled secondary antibodies goat anti-mouse
IRDye 800 or goat anti-rabbit IRDye 800 IgG
(H�L; 1:10,000 in blocking buffer, Invitrogen)
for 60 min, membranes were washed and
scanned in Odyssey Infrared System (Li-Cor
Bioscience).

Dot blot. Dot blot was performed as de-
scribed previously (Gong et al., 2003). Frontal
cortex from adult rat brain was homogenized
in 20 volumes of lysis buffer (PBS, pH 7.4, 0.32
M sucrose, 50 mMHepes, 25 mM MgCl2, 0.5 mM

DTT, 200 �g/ml PMSF, 2 �g/ml pepstatin A, 4
�g/ml leupeptin, 30 �g/ml benzamidine hy-
drochloride), and centrifuged at 1000 � g for
10 min. The pellet was resuspended in 10 vol-
umes of lysis buffer and centrifuged again. The
combined supernatants were centrifuged at
100,000 g for 1 h. The pellet was then homog-
enized in 10 volumes of PBS plus protease in-
hibitors and was centrifuged at 100,000 � g for
1 h. Protein concentration of the combined su-
pernatants was determined. An aliquot of pro-
tein (5 �g) was then concentrated to a volume
of 100 �l or less using a Centricon-10 concentrator. Samples (1 �g) were
spotted onto a nitrocellulose membrane. Blots were incubated overnight
in Tris-buffered saline containing 5% nonfat dry milk, washed with
TBST, and incubated with 3% hydrogen peroxide in 20% methanol for
30 min to quench endogenous peroxidase. Unbound material was
washed away with TBST and bound A� oligomers were labeled with
anti-aA�Os (1:250) followed by HRP-conjugated secondary antibody
incubation, visualized with Supersignal West Femtochemiluminescent
substrate and imaged on photographic film.

TUNEL assay. The TUNEL assay was performed using a Dead-End
TUNEL kit (Promega) according to the manufacturer’s protocol.
Briefly, the tissue was digested for 7 min in proteinase K (20 �g/ml,
Thermo Scientific). The reaction was terminated with PBS and the
tissue autofluorescence was quenched by incubation with 0.06% po-
tassium permanganate for 10 min at room temperature. Sections were
incubated in solution containing the nucleotide mix and the rTdT
enzyme for 1 h. Nuclei were stained with DAPI for 5 min. Treatment
with DNase I (10 U/ml) was performed for positive control. Slices
were mounted with Prolong Gold Antifade and imaged on a Zeiss
Axio Observer Z1 microscope. Five to 10 images were acquired for
each slice. Apoptotic cells were counted when double-stained for
TUNEL and DAPI.

Statistical analyses. Data are represented as averages 
 SEM. All statis-
tical analyses were performed with GraphPadPrism. The p values were
obtained by a two-tail Student’s t test comparing control and A�O-
injected groups. Analysis of synaptic numbers was performed with a

one-tail Student’s t test between groups. A p value of �0.05 was consid-
ered significant.

Results
A�Os diffuse and accumulate in neurons in the frontal cortex
of rats and macaques
Our approach consisted of injecting A�Os into the lateral
ventricle of adult cynomolgus brains many years before AD-
like features develop naturally in this species, as spontaneous
accumulation of A�-positive plaques in cynomolgus macaques
can only be detected in those older than 20 years (Podlisny et al.,
1991; Oikawa et al., 2010). A�Os were freshly prepared before
each intracerebroventricular injection and the preparations were
routinely characterized by size exclusion chromatography and
Western blots (data not shown), revealing a mixture of oligomers
ranging from dimers, trimers, and tetramers to larger oligomers
(Chromy et al., 2003; De Felice et al., 2007, 2008; Sebollela et al.,
2012; Figueiredo et al., 2013; see Materials and Methods for de-
tails). A�Os were initially injected in rats (Fig. 1A) and were
detected in the frontal cortex by dot blot analysis of cortical ho-
mogenates using the oligomer-selective NU4 antibody that does
not recognize monomers (Lambert et al., 2007; Fig. 1B). In fact,
A�Os diffused into the brain parenchyma and were abundantly
detected in the frontal cortex using NU4 (Lambert et al., 2007;

Figure 4. Distribution of A�Os in the brains of macaques and rats that received intracerebroventricular injections of A�Os. A,
Representative images of brains regions with A�O-positive neurons (red) in rats. Cell nuclei were labeled with DAPI. Scale bar, 20
�m. B, Semiquantitative comparative analysis of A�O-positive cells in distinct brain regions analyzed in rats and macaques.
Macaques, n � 3. Rats, n � 3 for anterior parietal cortex, frontal cortex, occipital cortex, and cerebellar cortex; n � 2 for basal
ganglia, dentate gyrus of the hippocampus (DG), amygdala, and thalamus. Bars represent averages 
 SEM. Student’s t test; *p �
0,05; **p � 0.01.
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n � 13; Fig. 1C–E). As expected, the frontal cortex of control rats
that received injections of vehicle did not present any oligomer
immunoreactivity (n � 13; Fig. 1E,F). A�Os accumulated fre-
quently in neurons, however, scattered glial cells were also
observed presenting NU4 labeling (Fig. 1F,G). Thioflavin-S-
positive fibrillar amyloid deposits were not detected in the brains
of rats that received intracerebroventricular oligomer injections
for 5 weeks (Fig. 1H), whereas such deposits were abundantly
detected by thioflavin-S (Fig. 1I) and by the NU4 antibody (Fig.
1J) in the APPSwe,PS1�E9a transgenic mouse model of AD.

We next injected A�Os into the lateral ventricle of four cyn-
omolgus macaques, whereas other three animals served as sham-
operated controls (Fig. 2A). The amount of A�Os successfully
injected in each macaque was estimated and is plotted in Figure
2B (see Materials and Methods for details). Similar to the results
obtained in rats, A�Os were found surrounding neuronal cell
bodies and proximal cellular processes in the macaque frontal
cortex and other cerebral regions (see below), whereas the con-
trols presented no labeling (Fig. 2C). Comparable to what we
observed in rats, A�Os distributed throughout neocortical layers
in macaques (Fig. 2D), accumulated in neurons. However, we
noted that scattered glial cells presented NU4 labeling (Fig. 2E).
As in rats, no fibrillar A� deposits were detected in the brains of

macaques that received intracerebroventricular A�O injections
for 3 weeks (data not shown). We next examined higher-
magnification images of the frontal cortex of A�O-injected ma-
caques immunolabeled with NU-4, as well as with the anti-A�
antibodies 6E10 and 4G8. As shown in Figure 2F, similar patterns
of labeling were observed using the anti-oligomer antibody
(NU4) and the anti-A� antibodies. The three antibodies revealed
the presence of surface and intracellular A� in cells, while no
extracellular aggregates were detected throughout the macaque
brains. However, only the anti-oligomer NU4 (an antibody that
does not recognize A� monomers), as shown in Figure 2F, al-
lowed us to clearly differentiate A�Os labeling in sham-operated
controls and A�O-injected macaques.

A�Os accumulate in distinct areas in the macaque and
rat brains
To determine whether there was any regional specificity in brain
accumulation of oligomers, we analyzed the distribution of A�O
immunoreactivity in 11 different areas in the macaque brain (Fig.
3A; Table 1, top). Results showed that A�Os distributed and
accumulated in specific brain areas. A�O-positive neurons were
abundantly detected in the entorhinal cortex, hippocampus
(dentate gyrus), striatum, and amygdala. The thalamus exhibited

Figure 5. A�Os trigger tau phosphorylation in the rat and macaque brains. A, Representative micrographs showing tau-pSer 396 immunofluorescence (green) and DAPI in the frontal cortex, dentate gyrus
of the hippocampus and amygdalar complex in a sham-operated macaque and in a macaque that received intracerebroventricular injections of A�Os. Scale bar, 25 �m. Graphs show quantification of
tau-pSer 396 optical densities using DAB immunostaining (see Material and Methods) of frontal cortex, dentate gyrus, and amygdalar complex. B, Representative micrographs of tau-pSer 396 (green) immuno-
fluorescence in the frontal cortex of rats that received intracerebroventricular injection of vehicle or A�Os (n � 4/group). Scale bar, 50 �m. C, Representative micrographs of the midbrain of a sham-operated
macaque and a macaque that received A�O injections showing tau-pSer 396 immunofluorescence. Scale bar, 50�m. Quantification of tau-pSer 396 densities using DAB immunostaining. Symbols represent the
average values for each macaque. All error bars are 
 SEM; **p � 0.01, Student’s t test. D, Western blot probed with anti-tau pSer 396 revealed enhanced tau phosphorylation (�64 kDa) in all A�O-injected
macaques compared with control macaque brains (green arrow); the presence of high molecular mass phospho-tau-reactive bands (�150 kDa) in brain extracts from the frontal cortex of A�O-injected
macaques(redarrow). Inaddition,twolowmolecularmassphosphorylatedtaufragments(�20kDa)wereobservedonly inbrainextracts fromA�O-injectedmacaques(purplearrow).Asimilar labeling profile
between control and A�O-injected macaques was observed when the same membrane was probed with the anti-Tau5 antibody.
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some labeling, and markedly fewer A�O-positive neurons were
found in the midbrain or cerebellum (Fig. 3B,C). Parallel analy-
sis in A�O-injected rats (Fig. 4A; Table 1, bottom) showed a
similar regional heterogeneity in oligomer distribution, although
there were some differences in the percentages of detected cells in
certain brain areas when compared with macaques (Fig. 4B). In-
terestingly, the pattern of A�O labeling across the neuraxis
in macaques was similar to that described for A� in AD patients
(Thal et al., 2008).

A�Os trigger tau phosphorylation and tangle formation in
macaque brains
A�Os have been shown to trigger abnormal tau phosphorylation
in cultured neurons (De Felice et al., 2008; Jin et al., 2011). We
next aimed to determine whether A�Os triggered AD-like tau
phosphorylation in the macaque brain. When injected intracere-
broventriculary, A�Os induced tau hyperphosphorylation at ser-
ine residue 396, an AD-specific epitope (Bramblett et al., 1993),
in the frontal cortex, dentate gyrus of hippocampus and
amygdala (Fig. 5A), all regions in which A�Os preferentially ac-
cumulated (Fig. 3). A similar increase in phospho-tau levels was
detected in the frontal cortex of rats that received A�O-injections
(Fig. 5B) In contrast, phospho-tau levels were not altered in
the midbrain (Fig. 5C), a region that did not accumulate A�Os
(Fig. 3).

We next performed phospho-tau immunoblots of brain ex-
tracts (Van Hoesen et al., 2000) from all A�O-injected and con-
trol macaques. In Figure 5D, Western blots clearly revealed
enhanced tau phosphorylation (�64 kDa) in the four A�O-
injected macaques when compared with sham-operated control
macaques (green arrow). We further noted the presence of high
molecular mass phospho-tau-reactive bands (�180 kDa) in
brain extracts from the frontal cortex of A�O-injected macaques
(Fig. 5D, red arrow). Such aggregates may correspond to tau
oligomers, recently reported to be present in Alzheimer’s disease

brain extracts (Patterson et al., 2011; Lasagna-Reeves et al., 2012;
Tai et al., 2012; Perez-Nievas et al., 2013). In addition, two low
molecular mass (�20 kDa) phosphorylated tau fragments were
observed only in brain extracts from A�O-injected macaques
(Fig. 5D, purple arrow). Truncated small tau fragments (10 and
12 kDa) have been early described to be present in neurofibrillary
tangles in the brains of Alzheimer’s patients (Wischik et al., 1988;
Novak et al., 1993; Novák, 1994; Zilka et al., 2006). Although a
toxic role of truncated tau fragments has been proposed, this
issued remains to be better elucidated. When the same mem-
brane was probed with the anti-Tau5 antibody (which recognizes
both phosphorylated and nonphosphorylated isoforms of tau),
we observed similar labeling profiles in brain extracts from con-
trols and A�O-injected macaques (Fig. 5D). This result indicates
that A�O injections affected phosphorylated tau levels in the
macaque brain.

We next aimed to evaluate abnormal tau phosphorylation in our
model using different tau antibodies. We initially investigated the
levels of paired helical filaments (PHFs) reactive to the AT100, which
recognizes tau phosphorylated at serine residue 212 and threonine
residue 214 (Martinez-Coria et al., 2010), in the frontal cortex, den-
tate gyrus and amygdala of macaques and increases in AT100 levels
in A�O-injected macaques were found in all three regions (Fig.
6A,B). Further tests using the CP13 antibody, which recognizes tau
phosphorylated at serine residue 202 (Espinoza et al., 2008), also
indicated that intracerebroventricular injections of A�Os led to a
significant increase in the number of CP13-positive neurons (Fig.
6C,D). Abundant CP13-positive neurons were further found in the
CA1, CA2, CA3, and subiculum (data not shown). AT100- and
CP13-positive neurons represent early stage markers of tau pathol-
ogy, respectively. In conclusion, tau was found to be altered and
phosphorylated at multiple residues as a result of the impact of A�Os
in the macaque brain.

We performed additional experiments using thioflavin-S
staining and specific antibodies to detect the presence of neu-

Figure 6. Detection of neurofibrillary tangles markers in the brains of A�O-injected macaques. A, Representative micrographs showing AT100 immunostaining (phospho-tau at
Ser212 and Thr214) in the frontal cortex, dentate gyrus and amygdalar complex from one sham-operated macaque and one A�O-injected macaque. Scale bar, 50 �m. B, Quantification
of AT100 optical densities using DAB immunostaining in the frontal cortex, dentate gyrus, and amygdalar complex. C, Representative micrographs showing CP13 immunofluorescence
in the frontal cortex, dentate gyrus, and amygdalar complex from one sham-operated macaque and one A�O-injected macaque. Scale bar, 50 �m. D, Quantification of CP13 positive cells
in the frontal cortex, dentate gyrus, and amygdala. Symbols represent the average values for each macaque (n � 3sham; n � 4 A�O). All error bars are 
 SEM; *p � 0.05, **p � 0.01,
Student	s t test. OD, Optical density.
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rofibrillary tangles. Numerous thioflavin-S-positive neurons
were found in the neocortex of macaques that received A�O
injections, while no staining was detected in the sham-
operated macaques (Fig. 7A). The pattern of thioflavin-S la-
beling throughout the macaque cortex resembled the pattern
of tangles described in AD (Van Hoesen et al., 2000; Murray et
al., 2011). Extensive analysis of the brains of rats receiving
intracerebroventricular injections of A�O failed to detect
thioflavin-S-positive tangles (n � 13, data not shown), even
though phospho-tau levels were increased in the brains of
those rats (Fig. 5B). In addition, Alz50- and PHF-1-positive
neurons were only observed in the frontal cortex of macaques
that received intracerebroventricular injections of A�Os (Fig.
7 B, C). Alz50 is a conformational antibody described to rec-
ognize paired helicoidal filament tau (Wolozin et al., 1986)
and PHF-1 is described to recognize tau phosphorylation at
serine residues 396 and 404 (Greenberg and Davies, 1990).
AT8-positive (Merrick et al., 1996) neurons were further ob-

served in the frontal cortex of macaques
that received intracerebroventricular
injections of A�Os (Fig. 7D).

Next, we aimed to determine whether
neurofibrillary tangles were present in the
brains of macaques that received intrace-
rebroventricular injections of A�Os, and
to investigate tangle pathology from an
ultrastructural perspective. Immunogold
electron microscopy was performed using
MC-1 reported to detect early conforma-
tional changes in tangle formation (Jicha
et al., 1997; Rissman et al., 2004), Alz50,
and PHF1 antibodies. Antibody-conjugated
gold particles were found in association
with tangle-like structures within neuro-
nal soma in the frontal cortex of A�O-
injected macaques (Fig. 7E–G), whereas
no tangle-like structures were observed in
control macaques (data not shown). This
is in accordance with previous studies re-
porting that neurofibrillary tangle pathol-
ogy is very difficult to detect in macaques
�30 years of age (Oikawa et al., 2010;
Finch and Austad, 2012; Heuer et al.,
2012). It is interesting to note that the ul-
trastructure of tangles we observed is sim-
ilar to tangle-like structures previously
shown in AD brains and in transgenic
mice (Rissman et al., 2004; Ramsden et al.,
2005; Oddo et al., 2007).

A�os induce astrocyte and
microglial activation
Reactive gliosis, including astrocyte and
microglial activation detected by in-
creased glial fibrillary acidic protein
(GFAP) and microglial levels, are other
important features of AD neuropathol-
ogy (Mattson, 2004; Serrano-Pozo et al.,
2011). We recently showed that A�Os
trigger astrocyte and microglial activation
in the brains of mice (Ledo et al., 2013)
and activation of a proinflammation
pathway was found to be linked to mem-

ory loss and impaired insulin signaling in AD (Bomfim et al.,
2012; Lourenco et al., 2013). Therefore, we next aimed to deter-
mine whether A�Os induce astrocyte and microglial activation in
our model. Sections from the frontal cortex, hippocampus and
amygdala of controls or A�O-injected macaques were immuno-
stained for the presence of astrocytes (using anti-GFAP antibody
and microglia (using anti-IBA-1 antibody). Compared with
sham-operated animals, A�O-injected macaques showed mark-
edly increased immunoreactivity for GFAP (Fig. 8) and IBA-1
(Fig. 9) in the analyzed areas. This suggests the presence of
astrocyte/microglial-mediated inflammatory processes triggered
by A�Os in macaques.

Injections of A�Os into the macaque brain do not lead
to apoptosis
We next investigated TUNEL in our model of A�O-injections, to
examine DNA fragmentation in cells undergoing apoptosis. In

Figure 7. A�Os induce neurofibrillary tangle formation in the brains of macaques. A, Thioflavin-S staining in the frontal
cortex of macaques indicates neurofibrillary tangles formation in neurons of the frontal cortex. Scale bar, 100 �m. Optical
zoom images of selected thioflavin S-positive neurons in A�O macaque (red dashed rectangles), no thioflavin-S staining
was detected in the sham-operated macaques. Scale bar, 5 �m. Representative immunofluorescence of Alz50 (B), PHF-1
(C), and AT8 (D) reveals the presence of tangles in the frontal cortex of an A�O-injected macaque. Immunogold electron
microscopy in the frontal cortex of a A�O-injected macaque using conformational antibodies MC-1 (E), Alz50 (F ), and
PHF-1 for phospho-tau Ser306 and Ser404 (G). Scale bar, 50 nm. The ultrastructure in high-magnification reveals straight
tau filaments that resemble neurofibrillary tangles described in transgenic mice (Ramsden et al., 2005; Oddo et al., 2007)
and AD brain (Thorpe et al., 2001; Rissman et al., 2004). Arrowheads point to MC-1, Alz-50, and PHF-1 labeling. Scale bar,
50 nm. Thio S, Thioflavin S.

Forny-Germano et al. • A�O-Induced Tau and Synapse Pathology in Macaques J. Neurosci., October 8, 2014 • 34(41):13629 –13643 • 13637



sections from sham-operated macaques
treated with DNase I as a positive control,
several TUNEL-positive cells were ob-
served (Fig. 10A). However, in both
sham-operated and A�O-injected ma-
caques, very few cells were detected to
present TUNEL in the frontal cortex (Fig.
10A,B) and amygdala (Fig. 10C). In the
hippocampus, no TUNEL staining was
detected in all seven macaques (data not
shown). Overall, our results indicate that
A�O-injected macaques do not present in-
crease in apoptosis when compared with
the sham-operated macaques, at least for
the duration they were followed in the
present study.

A�Os trigger synapse loss in macaques
Synapse loss is the best pathological cor-
relate of the degree of dementia in AD
(Masliah et al., 2001; Scheff et al., 2007).
To determine whether synapses were im-
pacted by A�Os in vivo, we examined lev-
els of the presynaptic and postsynaptic
markers synaptophysin and postsynaptic
density-95 (Cook et al., 2012), respec-
tively. Compared with the sham-operated
animals, macaques that received intracere-
broventricular injections of A�Os exhibited
dramatic reductions in levels of both synap-
tophysin (Fig. 11A) and PSD-95 (Fig. 11B)
in the frontal cortex, hippocampus and
amygdala, indicating that oligomers induce
damage to both presynaptic and postsynap-
tic proteins. We further analyzed synaptic
puncta number in immunohistology. Re-
sults indicate that A�O-injected macaques
exhibit decreased numbers of puncta corre-
sponding to presynaptic synaptophysin
(Fig. 11C) and postsynaptic PSD-95 (Fig.
11D) immunoreactivities in the frontal cor-
tex. We next performed electron micros-
copy analysis to assess synapse density
ultrastructurally. Synaptic profiles were
identified by the presence of the postsynap-
tic density and presynaptic vesicles. We
found that synapse number was decreased
by 15% in A�O-injected macaques, com-
pared with controls (Fig. 11E).

Discussion
Here, we demonstrate that intracerebro-
ventricular-injected A�Os diffuse into the
brain parenchyma and accumulate in
memory-related areas in the nonhuman
primate brain, causing tau and synaptic
pathology, as well as astrocyte and micro-
glial activation. By injecting A�Os into
the ventriculum of adult macaques, we
developed a nonhuman primate model
that accurately recapitulates central path-
ological facets of human AD. Human and
macaque brains share considerable simi-

Figure 8. Amyloid-� oligomers induce astrocyte activation in the brains of macaques. A, Representative micrographs
showing GFAP immunostaining in the frontal cortex, dentate gyrus and amygdalar complex of a sham-operated macaque
and an A�O-injected macaque. Scale bar, 50 �m. B, Quantification of GFAP optical densities by DAB immunostaining.
Symbols represent the average values for each macaque. All error bars are 
SEM; *p � 0.05, Student’s t test. OD, Optical
density.

Figure 9. A�Os induce microglial activation in the brains of macaques. A, Representative micrographs showing Iba-1
DAB immunostaining in the frontal cortex, dentate gyrus, and amygdalar complex of a sham-operated macaque and an
A�O-injected macaque. Scale bar, 50 �m. B, Quantification of Iba-1 positive cells. Symbols represent the average values
for each macaque. All error bars are 
SEM; *p � 0.0, Student’s t test. IBA-1, Ionized calcium-binding adapter molecule 1.
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larities in terms of overall architecture and functional networks.
Thus, generation of a nonhuman primate model to study the
effects of A�Os has the potential to greatly advance our under-
standing of mechanisms centrally implicated in AD pathogenesis
and for therapeutic development effective in primate brains. We
note that although A�O injections produce pathology similar to
AD, the pathology observed has been induced acutely, whereas
AD progresses over decades and, therefore, it is not identical to
the nonhuman primate model. Nonetheless, such a model of AD
may help bridge the gap between promising rodent research and
the human disease condition and such model may be useful for
testing therapeutic interventions for AD.

In AD brains, an imbalance between A� production and clear-
ance is thought to cause accumulation of A�Os. As A�Os con-
tinue to accumulate in AD brains, larger aggregates tend to form
and amyloid deposits start to build up. The spatiotemporal de-
position of A� in the AD brain has been described as a progressive
process (Thal et al., 2008). The neocortex is involved earlier than
allocortical regions (e.g., entorhinal region, and hippocampus),
which in turn show A� deposits before striatum and thalamus.
Specific brainstem regions are subsequently involved and finally
A� deposits are seen in the cerebellum (Thal et al., 2008; Grinberg
et al., 2009; Braak et al., 2011). In accordance with the sequential
involvement of brain regions in AD, we found that A�Os accu-
mulated in the macaque brain in a region-specific manner, gen-
erating an AD-like intermediary stage, with the neocortex,

hippocampus, striatum and thalamus be-
ing affected by A�Os (Fig. 3). The finding
that brain regions associated with cogni-
tive functions highly accumulate A�Os
provides a molecular basis for why early
AD is primarily a disease of memory.

Intriguingly, A�Os did not accumu-
late in periventricular regions near the in-
jection site in the primate brain. The exact
mechanism by which A�Os accumulate in
some brain regions, including regions lo-
cated at a considerable distance from the
ventricles, remains unknown. However, it
likely depends on the presence of locally
differentiated lipid membrane domains
that combine particular proteins (and
perhaps lipids) that act as A�O receptors.
For example, in hippocampal cultures,
A�Os bind only a neuronal subpopula-
tion, whereas in cerebellar cultures there
is virtually no binding (Gong et al., 2003).
In synaptosomes, A�Os bind to cortical
but not cerebellar preparations (Lacor et
al., 2007). Therefore, it is possible that
neurons in areas that preferentially accu-
mulate A�Os in macaque brains present
one or more surface proteins forming a
receptor complex required for specific oli-
gomer binding (Ferreira and Klein, 2011;
Selkoe, 2011). In the human disease, we
can speculate that A�Os would initially
accumulate in regions enriched with neu-
rons presenting such a specific oligomer
receptor complex, with progressive accu-
mulation of A�Os leading to formation of
A� deposits in those regions. As disease
progresses, oligomers diffuse and begin

accumulating in additional regions also containing (albeit it in
lower proportion) neurons with the appropriate receptor com-
plex. Eventually, at later disease stages, oligomers may reach re-
gions presenting low numbers of neurons expressing the receptor
complex, such as the cerebellum.

We detected the presence of surface and intracellular A�
in neurons, while no extracellular aggregates were detected
throughout the A�O-injected macaque brains. Although A� has
been classically described to deposit extracellularly, emerging ev-
idence from transgenic mice and human patients indicates that
this peptide can also accumulate intraneuronally and this may
contribute to disease progression (Gouras et al., 2000; LaFerla et
al., 2007) and onset of cognitive dysfunction. It is possible that
prolonged injections of A�� in macaques would give rise to the
formation of amyloid deposits. Nevertheless, the absence of am-
yloid deposits in our model was crucial to establish that A�Os,
independent of the presence of fibrils, trigger tau phosphoryla-
tion, tangle formation, and synapse loss in the primate brain.

As recently pointed out, development of an animal model of
AD that best approximates the human disease has been the goal of
several groups and is an important concern in the AD field (Sel-
koe, 2011; LaFerla and Green, 2012). Major insights into the
function of genes associated with AD and associated dementias
came from studies using genetically modified animals (LaFerla
and Green, 2012). In particular, however, there is an urgent need
to develop animal models of AD that better correlates with the

Figure 10. A�Os do not induce apoptosis in the brains of macaques. A, Representative images of TUNEL staining in the frontal
cortex of macaques; experimental conditions as indicated. DNase I was used as a positive control (see Materials and Methods). Scale
bar, 100 �m. Optical zoom images of selected regions are also presented. Scale bar, 50 �m. B, C, Quantification of TUNEL-positive
cells in the frontal cortex and amygdala in sham-operated macaques and A�O-injected macaques.
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much more frequent sporadic forms of
AD. In sporadic, late-onset AD, no gene
mutations have been identified and the
pathogenic trigger has not been explicitly
identified but is increasingly believed to
comprise soluble A�Os (Hardy and Sel-
koe, 2002; Shankar et al., 2007; De Felice
et al., 2008; Bomfim et al., 2012; Chabrier
et al., 2012). A few alternative approaches
have used nonhuman primates. Some
studies have relied upon naturally occur-
ring A� deposits in aged macaques
(Podlisny et al., 1991; Oikawa et al., 2010;
Toledano et al., 2014). However, due to
the long lifespan of primates, such studies
may take many years or decades to come
to fruition. Other groups have performed
intracerebral injections of fibrillar A�,
causing astroglial activation and neuronal
loss closely associated with A� deposits
(Geula et al., 1998; Leung et al., 2011). As
mentioned previously, it is important to
note that, except for the baboon (Goedert
and Spillantini, 2006), primates seem to
be resistant to the development of neuro-
fibrillary tangle pathology unless they are
older than 30 years of age (Schultz et al.,
2000). It is thus important that we were
able to reproduce key aspects of human
AD pathology by performing a few intra-
cerebroventricular injections of A�Os
(�100 nmol total A�) spaced over a 3
week period. We note that although we
have used 9- and 16-year-old macaques,
all the analyses performed throughout our
work revealed very similar results with an-
imals of different ages within each experimental group. Thus,
variable ages used in our work did not seem to have played any
noticeable role in the effects of A�Os. Oligomers rapidly induced
tau and synaptic pathology at specific brain areas, indicating that
this model promptly and efficiently produces specific pathologi-
cal hallmarks of AD. This underscores the relevance of studying
mechanisms germane to AD in macaques, as tangles are not
found in rats receiving intracerebroventricular injections of
A�Os or generally not present in transgenic rodent models of
AD, unless they also carry a specific mutation in tau (Oddo et al.,
2003b; Yoshiyama et al., 2007; Filipcik et al., 2012). Therefore, the
continued improvement and progress to generate novel animal
models are highly anticipated.

Development of successful strategies to prevent or treat AD
depends critically on detailed knowledge of clinically relevant
mechanisms recognized to be central to the disease process. Due
to the close similarities between the human and macaque brains
in terms of overall architecture and functional networks, the ma-
caque model of AD described here holds considerable potential
for allowing detailed molecular mapping of pathology onto func-
tional networks and its correlations with clinical outcomes in a
context that would be much more readily translated to the hu-
man disease than with currently available rodent models. In fact,
a significant impediment to the development of safe and effective
therapeutics for several diseases may lie in species differences
between humans and animal models used in preclinical studies.
Therapies that work in other animals (e.g., rodents) often do not

translate to specific human disease conditions. For example, sev-
eral candidate therapeutic agents have proven effective in rodent
models of stroke, but all of them have failed to achieve their
primary goal when brought forward to clinical trials (Philip et al.,
2009). Indeed, considerable attention in the stroke field is now
focused on studies of neuroprotective approaches in a novel ma-
caque model (also using cynomolgus macaques) developed to
more closely model the human disease (Fisher, 2009; Cook et al.,
2012; Dolgin, 2012).We recently showed that an intracerebro-
ventricular injection of A�Os induces cognitive impairment and
depressive-like behavior in mice (Figueiredo et al., 2013; Ledo et
al., 2013). It is important to note that our approach does not rely
on increased A�Os being the root cause of sporadic AD in hu-
mans. We do propose that the presence of A�Os is critical for the
disease cascade and, therefore, that understanding and then re-
versing the effect of intracerebroventricular injection of A�Os in
nonhuman primates is likely to lead to development of new AD
therapies. We further note that studies aimed at evaluating the
impact of A�Os on cognition in nonhuman primates will be
important to extend this from a model of AD pathology to a full
behavioral model of AD.

In conclusion, our findings indicate that A�Os diffuse into the
brain parenchyma and accumulate in several brain regions, in-
ducing astrocyte and microglial activation, synapse loss, abnor-
mal tau phosphorylation and neurofibrillary tangle formation in
some brain regions associated with cognitive functions and op-
erant behavior. Development of a macaque model of AD that

Figure 11. A�Os trigger synapse loss in macaques. A, Representative micrographs showing synaptophysin immuno-
staining in frontal cortex and (B) PSD-95 immunostaining in amygdala of the sham-operated macaque and a macaque
injected with A�Os. Scale bar, 50 �m. Graphs show quantification of synaptophysin and PSD-95 by optical densities from
DAB immunostaining. Representative micrographs of synaptophysin (SYP; C) and PSD-95 (D) immunofluorescence in the
frontal cortex of macaques. Graphs represent quantification of synaptophysin and PSD-95 puncta. Symbols represent the
average values for each macaque. E, Representative micrographs of electron microscopy. Red arrows indicate regions
identified as synapses (presence of postsynaptic density opposed to a presynaptic specialization). Graph represents quan-
tification of the total number of synapses. Graph represents mean 
 SEM (n � 3 sham; n � 4 A�O). All error bars are 

SEM; *p � 0.05, **p � 0.01, ***p � 0.001, Student’s t test.
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recapitulates key aspects of AD pathology by introducing AD-
specific neurotoxins may represent a major step forward toward
understanding mechanisms of AD pathogenesis and toward de-
veloping effective disease-modifying therapies.
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Toledano A, Álvarez MI, López-Rodriguez AB, Toledano-Díaz A, Fernández-
Verdecia CI (2014) Does Alzheimer’s disease exist in all primates? Alz-
heimer pathology in non-human primates and its pathophysiological
implications (II). Neurologia 29:42–55. CrossRef Medline

Van Essen DC (2013) Cartography and connectomes. Neuron 80:775–790.
CrossRef Medline

Van Hoesen GW, Parvizi J, Chu CC (2000) Orbitofrontal cortex pathology in
Alzheimer’s disease. Cereb Cortex 10:243–251. CrossRef Medline

Wischik CM, Novak M, Thøgersen HC, Edwards PC, Runswick MJ, Jakes
R, Walker JE, Milstein C, Roth M, Klug A (1988) Isolation of a frag-

ment of tau derived from the core of the paired helical filament of
Alzheimer disease. Proc Natl Acad Sci U S A 85:4506 – 4510. CrossRef
Medline

Wolozin BL, Pruchnicki A, Dickson DW, Davies P (1986) A neuronal anti-
gen in the brains of Alzheimer patients. Science 232:648 – 650. CrossRef
Medline

Yoshiyama Y, Higuchi M, Zhang B, Huang SM, Iwata N, Saido TC, Maeda J,
Suhara T, Trojanowski JQ, Lee VM (2007) Synapse loss and microglial
activation precede tangles in a P301S tauopathy mouse model. Neuron
53:337–351. CrossRef Medline

Zilka N, Filipcik P, Koson P, Fialova L, Skrabana R, Zilkova M, Rolkova G,
Kontsekova E, Novak M (2006) Truncated tau from sporadic Alzhei-
mer’s disease suffices to drive neurofibrillary degeneration in vivo. FEBS
Lett 580:3582–3588. CrossRef Medline

Forny-Germano et al. • A�O-Induced Tau and Synapse Pathology in Macaques J. Neurosci., October 8, 2014 • 34(41):13629 –13643 • 13643

https://doi.org/10.1177/002215540104900110
http://www.ncbi.nlm.nih.gov/pubmed/11118482
https://doi.org/10.1016/j.nrl.2011.05.004
http://www.ncbi.nlm.nih.gov/pubmed/21871692
https://doi.org/10.1016/j.neuron.2013.10.027
http://www.ncbi.nlm.nih.gov/pubmed/24183027
https://doi.org/10.1093/cercor/10.3.243
http://www.ncbi.nlm.nih.gov/pubmed/10731219
https://doi.org/10.1073/pnas.85.12.4506
http://www.ncbi.nlm.nih.gov/pubmed/3132715
https://doi.org/10.1126/science.3083509
http://www.ncbi.nlm.nih.gov/pubmed/3083509
https://doi.org/10.1016/j.neuron.2007.01.010
http://www.ncbi.nlm.nih.gov/pubmed/17270732
https://doi.org/10.1016/j.febslet.2006.05.029
http://www.ncbi.nlm.nih.gov/pubmed/16753151

	Alzheimer’s Disease-Like Pathology Induced by Amyloid- Oligomers in Nonhuman Primates
	Introduction
	Materials and Methods
	Results
	AOs accumulate in distinct areas in the macaque and rat brains
	Aos induce astrocyte and microglial activation
	Injections of AOs into the macaque brain do not lead to apoptosis
	AOs trigger synapse loss in macaques
	Discussion

	References

