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Abstract

The misfolding and accumulation of the protein fragment Aβ is an early and essential event in the 

pathogenesis of Alzheimer's disease (AD). Despite close biological similarities among primates, 

humans appear to be uniquely susceptible to the profound neurodegeneration and dementia that 

characterize AD, even though nonhuman primates deposit copious Aβ in senile plaques and 

cerebral amyloid-β angiopathy as they grow old. Since the amino acid sequence of Aβ is identical 

in all primates studied to date, we asked whether differences in the properties of aggregated Aβ 

might underlie the vulnerability of humans and the resistance of other primates to AD. In a 

comparison of aged squirrel monkeys (Saimiri sciureus) and humans with AD, immunochemical 

and mass spectrometric analyses indicate that the populations of Aβ fragments are largely similar 

in the two species. In addition, Aβ-rich brain extracts from the brains of aged squirrel monkeys 
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and AD patients similarly seed the deposition of Aβ in a transgenic mouse model. However, the 

epitope exposure of aggregated Aβ differs in SDS-stable oligomeric Aβ from the two species. In 

addition, the high-affinity binding of 3H Pittsburgh Compound B (PiB) to Aβ is significantly 

diminished in tissue extracts from squirrel monkeys compared to AD patients. These findings 

support the hypothesis that differences in the pathobiology of aggregated Aβ among primates are 

linked to post-translational attributes of the misfolded protein, such as molecular conformation 

and/or the involvement of species-specific cofactors.
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1. Introduction

Genetic, pathologic, and biochemical evidence indicates that the aggregation of the β-

amyloid peptide (Aβ) is a key factor in the pathogenesis of AD (Bateman, et al., 

2012,Bilousova, et al., 2016,Hardy and Selkoe, 2002,Holtzman, et al., 2011,Nelson, et al., 

2012). Aβ is an amphiphilic peptide, most often 40 or 42 amino acids in length, that is 

cleaved from the Aβ-precursor protein (APP); in AD, Aβ self-assembles into oligomers, 

protofibrils, and amyloid fibrils in the brain parenchyma and vasculature (Bitan, et al., 

2005,Catalano, et al., 2006,Ferreira, et al., 2015,Hamley, 2012,Kuo, et al., 1996,Revesz, et 

al., 2003,Selkoe, 2011). The subsequent cascade of events includes the ectopic 

polymerization of tau in neurofibrillary tangles, loss of neurons and their connections, 

progressive cognitive decline, and death (Holtzman, et al., 2011,Querfurth and LaFerla, 

2010).

Both Aβ deposition and tauopathy are necessary for the full phenotypic expression of AD 

(Bakota and Brandt, 2016,Nisbet, et al., 2015,Selkoe, 2011), and the number of 

neurofibrillary tangles correlates strongly with the degree of dementia (Arriagada, et al., 

1992,Bierer, et al., 1995,Crystal, et al., 1988,Simic, et al., 2016). However, evidence from 

genetic, in vivo imaging and biochemical studies pinpoints the misfolding and aggregation 

of Aβ as the earliest critical event in the ontogeny of AD (Bateman, et al., 2012,Bilousova, et 

al., 2016,Holtzman, et al., 2011,Nelson, et al., 2012,Selkoe, 2011). Importantly, emerging 

analyses of Aβ and tau biomarkers indicate that the pathogenic cascade leading from Aβ 

accumulation to tauopathy and dementia begins in the brain more than a decade prior to the 

onset of clinical signs and symptoms (Bateman, et al., 2012,Buchhave, et al., 

2012,Holtzman, et al., 2011,Jack and Holtzman, 2013,Sperling, et al., 2013).

Despite compelling evidence for a principal role of Aβ aggregation in AD, the accumulation 

of cerebral Aβ deposits per se is not always associated with frank dementia or 

neurodegeneration. Transgenic rodent models overproducing human-sequence Aβ develop 

profuse senile plaques and cerebral amyloid-β angiopathy (CAA), but they do not have 

substantial, AD-like neuronal cell loss, neurofibrillary tangles, and/or profound memory 

impairment (Jucker, 2010,Morrissette, et al., 2009). Aged nonhuman primates naturally 

accumulate abundant multimeric, human-sequence Aβ in plaques and CAA (D'Angelo, et 
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al., 2013,Elfenbein, et al., 2007,Gearing, et al., 1996,Gearing, et al., 1997,Geula, et al., 

2002,Heuer, et al., 2012,Lemere, et al., 2004,Lemere, et al., 2008,Perez, et al., 2013,Selkoe, 

et al., 1987,Walker, et al., 1990), yet they appear to be resistant to other behavioral and 

pathologic features that define AD in humans (Finch and Austad, 2012,Finch and Austad, 

2015,Heuer, et al., 2012,Walker and Cork, 1999). Similarly, dogs generate human-sequence 

Aβ and manifest senile plaques and CAA in old age, but they also do not exhibit all features 

of AD (Fast, et al., 2013,Head, 2013).

The paradoxical existence of extensive cerebral Aβ-amyloidosis without overt 

neurodegeneration and dementia in animal models (and possibly humans) might be 

reconciled by differences in the post-translational characteristics of Aβ, such as species-

specific populations of Aβ isoforms or the formation of structurally and functionally distinct 

proteopathic ‘strains’ (Fritschi, et al., 2014,Hatami, et al., 2014,Heilbronner, et al., 

2013,Levine and Walker, 2010,Lu, et al., 2013,Mehta, et al., 2013,Meyer-Luehmann, et al., 

2006,Petkova, et al., 2005,Rosen, et al., 2010a,Rosen, et al., 2011,Stohr, et al., 2014,Watts, 

et al., 2014). To gain insight into the comparative pathobiology of Aβ in a species proximal 

to humans, we analyzed the properties of Aβ in the brains of humans with AD and aged 

squirrel monkeys (Saimiri sciureus), a New World primate that develops senile plaques and 

CAA with advancing age (Elfenbein, et al., 2007,Walker, et al., 1987,Walker, et al., 1990). 

We found that the populations of Aβ and its post-translationally variant isoforms are 

remarkably similar in humans and squirrel monkeys, and that Aβ-rich cortical extracts from 

aged squirrel monkeys effectively seed the deposition of Aβ in an APP-transgenic mouse 

model. However, a radioligand binding assay confirmed that high-affinity binding sites for 

the amyloid imaging agent Pittsburgh Compound B (PiB) are deficient in Aβ-rich brain 

extracts from aged monkeys compared to humans with AD (Rosen et al., 2011). Moreover, 

the epitope display of aggregated Aβ differs in SDS-stable oligomeric Aβ from the two 

species. In light of the absence of AD-like cognitive dysfunction in aged nonhuman primates 

(Heuer, et al., 2012,Walker and Cork, 1999), these findings indicate that differences in the 

post-translational characteristics of Aβ may govern the distinctive vulnerability of humans to 

Alzheimer's disease.

2. Methods

2.1. Subjects

Postmortem brain tissue was analyzed from 7 aged squirrel monkeys (Saimiri sciureus), 9 

humans with end-stage AD, and 3 aged, nondemented humans (Table 1). These cases were 

part of a previous histological analysis of the binding of PiB in primates (Rosen, et al., 

2011). The known maximum lifespan of squirrel monkeys is approximately 30 years (Chen, 

et al., 2013,Finch and Sapolsky, 1999,Herndon, et al., 1999,Herndon, et al., 1998). Squirrel 

monkey specimens were collected in accordance with federal and institutional guidelines for 

the humane care and use of experimental animals. Human tissues were obtained from the 

Emory University Alzheimer's Disease Research Center Brain Bank compliant with federal 

and institutional guidelines, and were coded to protect the anonymity of subjects.

The presenilin/APP (APP/PS1) transgenic mice used in the seeding experiment carried co-

segregating transgenes for APPSwe and PSEN1dE9, driven by the prion protein (PrP) 
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promoter (Borchelt, et al., 1997). The mice were obtained from Jax labs (B6C3-

Tg(APPswe,PSEN1dE9)85Dbo/J).

2.2. Tissue collection and preparation

For biochemical analyses, unfixed, fresh-frozen temporal (superior temporal gyrus) and 

occipital (pericalcarine) cortical tissue blocks were weighed and Dounce-homogenized in 5 

volumes of homogenization buffer (50mM Tris-HCl /150mM NaCl, pH 7.5, containing 

complete protease inhibitor [Santa Cruz Biochemicals, Santa Cruz, CA, USA]). 

Homogenates were centrifuged at 100,000×g for 60 minutes at 4°C in a TLA 100.4 rotor 

(Beckman Coulter, Fullerton, CA, USA), and the supernatant (“soluble extract” containing 

primarily oligomeric and/or monomeric Aβ) was aliquoted and stored at –80°C until use. 

The underlying buffer-insoluble pellet was probe-sonicated with a microtip sonicator (Sonic 

Dismembrator 100, Fisher Scientific, Waltham, MA, USA) at Level 4 for 30 seconds in 70% 

formic acid (Sigma-Aldrich), centrifuged at 16,110×g for 60 minutes at 4°C, and the 

supernatant (“insoluble extract”) aliquoted and stored at –80°C until use.

To prepare clarified tissue extracts for seeding injections, SDS-PAGE, and autoradiographic 

analysis (see below), unfixed, fresh-frozen temporal and occipital cortical tissue blocks were 

weighed and Dounce-homogenized in 4 volumes of sterile, ice-cold, 0.1M phosphate-

buffered-saline (PBS), pH 7.4. These 20% (w/v) homogenates were sonicated with the 

microtip sonicator at Level 4 for 3 × 5 seconds, vortexed, centrifuged for 5 minutes at 

3,000×g, and the clear supernatants (extracts) stored at –80°C until use (Kane, et al., 

2000,Meyer-Luehmann, et al., 2006,Rosen, et al., 2010b,Walker, et al., 2002).

For immunohistochemical analysis of fixed tissue, specimens were immersion-fixed for at 

least 7 days in PBS-buffered, de-polymerized 4% paraformaldehyde. Temporal and occipital 

blocks were transversely bisected so that both fixed-frozen and paraffin sections could be 

taken from the same general region. For the fixed-frozen sections, tissue blocks were 

cryoprotected in a graded series of 10%-30% sucrose, embedded in Tissue-Tek OCT 

mounting medium (Sakura, Torrance CA), frozen, and then sectioned at 50μm thickness on a 

cryostat at –20°C. Sections were stored in antifreeze (30% ethylene glycol in 30% sucrose/

PBS) at –20°C until use. The remaining blocks were paraffin-embedded, sectioned at 8μm 

thickness and mounted onto silanized slides.

2.3. Antibodies

The following antibodies were used for immunohistochemistry, immunoprecipitation, and/or 

immunoblotting: Monoclonal antibodies 6E10 and 4G8 generated to residue segments 1-16 

and 17-24 of the Aβ peptide, respectively (Covance Research Products, Denver, PA, USA); 

rabbit polyclonal antibodies R361 and R398 specific to C-terminal residues of Aβ40 and 

Aβ42, respectively (kindly provided by Dr. Pankaj Mehta, Institute for Basic Research on 

Developmental Disabilities, Staten Island, NY, USA); monoclonal antibody 8E1 to Aβ[pE3]-

x (IBL Japan, Gunma, Japan); monoclonal antibodies CP13 to phospho-tau 202, PHF1 to 

phospho-tau 396/404, or MC1 to a conformational epitope on aggregated tau (all courtesy of 

Dr. Peter Davies, Feinstein Institute for Medical Research, Manhasset, NY, USA); and 
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monoclonal antibody AT8 to phospho-tau 202/205 (Covance) (Rosen, et al., 2008,Rosen, et 

al., 2011).

2.4. Immunohistochemistry

To prepare slide-mounted paraffin sections for immunohistochemistry, sections were de-

paraffinized by heating in an oven for 30 minutes at 60°C followed by 1 minute incubations 

in xylene, 100% ethanol, 95% ethanol, 70% ethanol, and de-ionized water. Paraffin-

embedded and frozen (50 μm-thick floating) sections were washed in 0.1M PBS, pH 7.4, 

and endogenous peroxidases inactivated with 3% H2O2 in methanol. To inhibit nonspecific 

reagent binding, sections were incubated in a blocking solution consisting of 2% normal 

serum (horse serum for monoclonal antibodies and goat serum for polyclonal antibodies) 

and 0.2% Tween-20 (Sigma-Aldrich, St. Louis, MO) in PBS for one hour at room 

temperature. To enhance Aβ-immunodetection, sections were pretreated for 10 minutes with 

100% formic acid. They were next placed in blocking solution, then incubated in primary 

antibody (diluted in blocking solution) for one hour at room temperature and then overnight 

at 4°C. On the second day, Vectastain Elite kits (Vector Laboratories, Burlingame, CA, 

USA) were used for avidin-biotin complex (ABC)-based horseradish peroxidase 

immunodetection of antigen-antibody complexes. After rinsing, sections were placed for one 

hour at room temperature in biotinylated secondary antibody (1:200 in blocking solution). 

They were then rinsed, immersed for 30 minutes in avidin-biotin-peroxidase complex, 

developed with 3,3'-diaminobenzidine (DAB) (Vector Laboratories), and mounted onto glass 

slides. Tissue from pathologically verified human AD cases was used as positive control 

material for immunohistochemistry, and non-immune mouse IgG or rabbit serum was used 

in place of the primary antibodies as negative controls. Images were recorded with a Leica 

DMLB microscope (Leica, Wetzlar, Germany) and Spot Flex digital camera (Diagnostic 

Instruments, Sterling Heights, MI).

2.5. ELISA quantitation of Aβ levels

Soluble cortical Aβx-40 and Aβx-42 levels were quantified in TBS extracts using 96-well 

microplates coated with a C-terminal-specific capture antibody and an N-terminal-specific 

detection antibody, according to the manufacturer's instructions (The Genetics Company, 

Schlieren, Switzerland). After stopping the tetramethylbenzidine-peroxidase reaction with 

sulfuric acid, plates were read at 450 nm on a Biotek Synergy HT Multidetection plate 

reader (Biotek, Winooski, VT, USA). All samples were assayed in duplicate and the Aβ 

content expressed relative to the wet weight of tissue. Insoluble Aβ was quantified using the 

same methodology after formic acid extracts were neutralized and diluted, as previously 

described (Rosen, et al., 2011).

2.6. MALDI-TOF mass spectrometry

To compare the Aβ fragments present in AD cases and aged squirrel monkeys, Aβ peptides 

in soluble and insoluble extracts from the temporal and occipital cortices were analyzed by 

matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF 

MS) in 3-6 subjects from each of the 3 experimental groups (AD: temporal cortex, n=3; 

occipital cortex, n=6; nondemented humans (ND): temporal cortex, n=3; Squirrel monkeys: 

temporal cortex, n=3, occipital cortex, n=4).
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Total Aβ was immunoprecipitated from cortical extracts and analyzed by western blot and 

MALDI-TOF MS as previously described (Tomidokoro, et al., 2005). Briefly, 50μl of Dynal 

M-280 Dynabeads (Invitrogen, Carlsbad, CA) coated with sheep anti-mouse antibodies were 

incubated for 24 hours at 4°C with monoclonal antibodies 4G8 and 6E10, each at a 

concentration of 60μg/ml (3μg of each antibody/50μl beads) while rotating end-over-end. 

Nonspecific binding sites on antibody-coated beads were blocked with 0.1% bovine serum 

albumin (Sigma-Aldrich, St. Louis, MO). To minimize nonspecific binding to the beads, the 

extracts were first “cleared” by incubation with uncoated beads. Accordingly, 25μl of 

uncoated beads were added to 1.0ml of each soluble cortical extract or to each solution of 

100μl formic acid-treated extract that had been neutralized with 1.0M Tris to pH 7.4 and 

diluted up to 10ml with deionized water. Samples and beads were incubated, rotating end-

over-end, for one hour at room temperature. For each immunoprecipitation (IP) reaction, 

50μl of Aβ antibody-coated beads were added to the cleared extracts and incubated, rotating, 

for 3 hours at room temperature followed by 12 hours at 4°C. As a negative control, beads 

with no antibodies were incubated with cortical extracts from each group. Synthetic Aβ40 

incubated with antibody-coated beads served as a positive control. In all cases, beads were 

subsequently washed 3 times in ice-cold PBS and once in 50 mM ammonium bicarbonate 

(pH 7.3), followed by elution in 0.5% formic acid. The eluted material was dried down in a 

Savant Speed Vac concentrator (Thermo Fisher) and further reconstituted in 4μl of 0.1% 

formic acid in 20% acetonitrile. One fourth of the reconstituted sample (1μl) was combined 

with an equal volume of α-cyano-4-hydroxycinnamic acid matrix (Agilent Technologies) 

reconstituted in 0.1% trifluoroacetic acid and 100% acetonitrile at a concentration of 15 g/L 

and 1 μl of the resulting mixture analyzed in a Micromass Tof-Spec-2E MALDI-TOF mass 

spectrometer in linear mode and standard instrument settings. External mass calibration was 

performed using human adrenocorticotropic hormone peptide 18–39 (average mass = 

2465.68 Da) and insulin (average mass = 5733.49 Da) as standards. In all cases, MS spectra 

were processed and analyzed by FlexAnalysis and major peaks within the spectra identified 

with ExPASy's FindPept software (http://us.expasy.org/tools/findpept.html). Peaks that were 

detected in the negative control (mock immunoprecipitation with no antibodies) were not 

included in the final analysis.

2.7. Western blot analysis

To investigate differences in the pattern of Aβ aggregation between AD and aged squirrel 

monkey brain specimens, 60μg of total protein from cortical extracts – quantitated with 

bicinchoninic acid/cupric sulfate according to the manufacturer's instructions (Pierce BCA 

Protein Assay Kit, Thermo Scientific, Rockford, IL) – was incubated with 2x Tricine 

loading buffer in the presence of a reducing agent, boiled for 5 minutes and loaded onto a 

10-20% Tris-Tricine gel (Invitrogen). SeeBlue 2 molecular marker (Invitrogen) and 100ng 

synthetic, pre-aggregated Aβ42 (rPeptide, Bogart, GA) were run on each gel as a molecular 

weight marker and positive control, respectively. Protein was transferred to nitrocellulose 

membranes that were then boiled for 15 minutes in 0.1M PBS before blocking for 30 

minutes at room temperature in 2.5% milk in Tris-buffered saline with 0.05% Tween-20 

(TBS-T). After a 30 minute rinse in TBS-T, membranes were incubated for one hour at room 

temperature and then 12 hours at 4°C with either 6E10 (1:1000) or 4G8 (1:2500) primary 

anti-Aβ antibodies diluted in 2.5% milk/TBS-T. On day 2, the membranes were rinsed for 30 
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minutes in TBS-T, incubated for 90 minutes in anti-mouse IgG electrochemiluminescence 

(ECL) HRP-linked secondary antibody (diluted in 2.5% milk/TBS-T at 1:10,000; Amersham 

Biosciences, UK), then rinsed for 30 minutes in TBS-T, all shaking at room temperature. To 

visualize the HRP-conjugated secondary antibodies, the membranes were incubated in 

Pierce ECL Western Blotting Substrate (Thermo Scientific, Waltham, MA) for 10 minutes, 

exposed to Kodak BioMax MS film (Kodak, Rochester, NY) for 30 seconds to 5 minutes, 

and developed in a Kodak processor.

2.8. Autoradiographic (‘radiospotblot’) analysis of PiB binding

For quantitative analysis of high-affinity PiB binding sites, temporal cortical homogenates 

(20% w/v) were centrifuged at 3,000×g for five minutes and 2.5μl of the clarified 

supernatant pipetted in duplicate onto silanized Superfrost Plus microscope slides (Fisher 

Thermo Scientific, Waltham, MA), dried on a slide warmer at 37°C overnight, and stored in 

an airtight container at −80°C until use. The slides were brought to room temperature in air-

tight containers and then immersion-fixed in 10% ethanol/PBS for 20 minutes. They were 

incubated with 1.0nM 3H-PiB (SA=82 Ci/mmol, custom synthesis, GE Healthcare, UK) 

(Rosen, et al., 2011) in 5% ethanol/PBS for one hour at room temperature, rinsed 2 times 

with 10% ethanol/PBS and 2 times with deionized H2O, both on ice, and then air-dried 

before direct apposition to 3H-Hyperfilm (GE Amersham, UK). After a 4-week exposure, 

the film was developed with D19 developing solution (Kodak, New Haven, CT), and images 

were captured with a QICAM digital camera (QImaging, Surrey, BC, Canada). The intensity 

of 3H-induced darkening was quantified for each sample blot using Photoshop.

2.9. Seeding Aβ deposition in transgenic mice with primate brain extracts

To assess the ability of Aβ-laden brain extracts from squirrel monkeys to seed cerebral Aβ 

deposition in transgenic mice, eight 13-15-week old female APP/PS1 mice were 

anesthetized with isoflurane gas and readied for sterile stereotaxic surgery. 10% clarified 

cortical extract was prepared from two AD cases and two aged squirrel monkeys (two mice 

were injected with extract from each donor; see Table 1). 2.5μl of extract was injected 

unilaterally into the dorsal hippocampus at a rate of 0.5μl/min at the following coordinates: 

−2.2 A/P; +/−1.8 ML; −1.9 DV (Franklin and Paxinos, 2007). As an internal control, sterile 

PBS (2.5μl) was injected into the contralateral hippocampus. Post-operatively, the mice were 

treated with 0.05 mg/kg buprenorphine to minimize discomfort from the surgery. 22 weeks 

following surgery, the mice were euthanized by an overdose of isoflurane and transcardially 

perfused with de-polymerized 4% paraformaldehyde (4-8°C) in phosphate buffer.

2.10. Statistical analyses

Analysis of variance (ANOVA) or t-tests (both two-tailed tests) were used to assess group 

differences. For the radiospotblot results, an unpaired t-test was used to assess differences in 

the PiB-binding signal between AD and nonhuman primate tissue homogenates.
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3. Results

3.1. Squirrel monkeys develop extensive cerebral β-amyloidosis in old age

Within the context of normal inter-individual variation (Heuer, et al., 2012,Walker and Cork, 

1999), Aβ immunohistochemistry revealed species-typical patterns of Aβ deposition. A 

consistent characteristic of aged squirrel monkeys (and of nonhuman primates in general) is 

a relative abundance of cerebral amyloid-β angiopathy (CAA), particularly in capillaries 

(Heuer, et al., 2012), and this was the case in the 7 squirrel monkeys analyzed in this study. 

In contrast, CAA was relatively sparse in the 9 AD cases examined, and was mostly 

confined to larger vessels. In both species, at least some Aβ-immunoreactive lesions were 

detected by all antibodies to Aβ that we employed, including N-terminal antibodies 6E10 

and 8E1 (Figure 1), mid-sequence antibody 4G8, and C-terminal antibodies R361 and R398 

(not shown).

By ELISA, the mean levels of insoluble Aβ40 and Aβ42 in monkeys sometimes equaled or 

exceeded the levels in AD samples (Table 1). Regarding the relative amounts of the two 

isoforms in individuals, insoluble Aβ42 was more abundant than Aβ40 in both cortical 

regions of all humans and in 4 of the 6 squirrel monkeys analyzed. Aβ40 was the most 

abundant peptide in the temporal cortex of both Ss1 and Ss2, and in the occipital cortex of 

Ss2 only (Table 1).

The presence of abundant Aβ was confirmed by immunoblot analysis of samples from AD 

cases and aged squirrel monkeys, two of which had very high levels of Aβ (Figure 2). As 

expected, SDS-stable dimers and trimers were present in extracts from the AD brain, but 

also in brain extracts from older squirrel monkeys. Compared to the AD brain extracts, 

trimers from the squirrel monkey brain exhibited greater immunoreactivity to an N-terminal 

Aβ antibody (6E10), and less immunoreactivity to a mid-sequence antibody (4G8) (Figure 

2). With regard to APP, antibody 6E10 revealed a more strongly immunostained band in 

squirrel monkeys, whereas 4G8 detected a stronger band in AD cases.

3.2. Tauopathy is rare in aged squirrel monkeys

Rare cells and neurites were immunoreactive with antibodies to hyperphosphorylated tau in 

aged squirrel monkeys, but these were very sparse, and unlike in AD, the hippocampus was 

largely devoid of tauopathy (Figure 3).

3.3. Aβ peptide populations are similar in aged squirrel monkeys and humans with AD

To identify full-length and modified Aβ sequences, total Aβ peptide populations 

immunoprecipitated from temporal and occipital neocortical tissue samples were analyzed in 

a MALDI-TOF mass spectrometer to measure the mass and charge of each peptide. 

Although there was variation in the pattern of fragments among individual subjects and 

between the two brain areas, the overall analysis of both buffer-soluble and formic acid-

solubilized, buffer-insoluble fractions indicated that all of the major Aβ fragments that are 

present in the AD brain also occur in aged squirrel monkeys, including Aβ1-40, Aβ1-42, 

Aβ1-34, Aβ4-40, Aβ4-42, AβpE3-40, AβpE3-42, and oxidized forms of Aβ1-40 and Aβ1-42. 

Figure 4 illustrates the general similarity of insoluble Aβ fragments in two aged squirrel 
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monkeys (Panel A) and two AD cases (Panel B) whereas the table (Panel C) lists the values 

of the acquired experimental masses for all of the identified formic acid-soluble Aβ 

fragments in the specimens tested. As expected, very few (if any) Aβ fragments were 

detected in the non-demented humans (not shown).

3.4. Specific high-affinity binding of PiB is low in squirrel monkey cortical extracts

In light of the general similarity of Aβ isoforms and tissue deposits in humans and 

nonhuman primates, we sought to substantiate our previous finding that human Aβ displays 

relatively more abundant high-affinity PiB-binding sites per molecule of Aβ (Rosen, et al., 

2011). To this end, we used a “radiospotblot” assay in which cortical extracts are dried onto 

glass slides and then 3H-PiB binding is analyzed by standard autoradiography. Compared to 

the previous filtration assay (Rosen, et al., 2011), in which very small multimers might be 

lost to detection, the radiospotblot technique has the advantage of including all multimeric 

Aβ in the assayed sample. Quantitative analysis confirmed that extracts from AD temporal 

cortex contain significantly more high-affinity PiB binding sites per molecule of Aβ than do 

comparable extracts from aged squirrel monkeys with a heavy burden of Aβ (Figure 5).

3.5. Cortical extracts from aged squirrel monkeys seed Aβ deposition in APP/PS1 
transgenic mice

To determine whether Aβ-rich cortical extracts from nonhuman primates, like extracts from 

AD patients (Kane, et al., 2000) and aged APP-transgenic mice (Meyer-Luehmann, et al., 

2006), are able to seed the deposition of Aβ, temporal cortical extracts from 2 AD cases and 

2 squirrel monkeys were injected into the dorsal hippocampus of APP/PS1 transgenic mice. 

Aβ immunohistochemistry revealed similar induction and re-distribution of Aβ deposition by 

AD and squirrel monkey brain extracts (Figure 6).

4. Discussion

Despite ample Aβ deposition in the senescent brain, no nonhuman primate has yet been 

found to develop the full phenotype of Alzheimer's disease, including widespread 

neurofibrillary tangles, loss of cortical and hippocampal neurons, brain atrophy, and 

dementia (Finch and Austad, 2015,Heuer, et al., 2012,Walker and Cork, 1999). Given the 

importance of Aβ aggregation in the ontogeny of AD (Hardy and Selkoe, 2002,Holtzman, et 

al., 2011), nonhuman primates present an exceptional opportunity to reveal the molecular 

properties of Aβ that drive the disease process in humans. Monkeys manifest a relatively 

uncomplicated form of non-AD brain aging, unlike high-pathology but cognitively normal 

humans, who may simply be at an early stage of AD pathogenesis (Jack, et al., 2010). Our 

findings show that, despite species-typical phenotypic differences in the nature of Aβ 

deposition (Heuer, et al., 2012), the array of Aβ variants and the ability of misfolded Aβ to 

induce aggregation in vivo are highly similar in brain tissues from humans with AD and 

aged squirrel monkeys. However, a distinctly high affinity of PiB for human Aβ and 

differences in epitope affinity on semi-denaturing gels signify the possible existence of 

strain-like architectural and/or compositional differences in Aβ molecules and 

cofractionating components among species.
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In AD, the accumulated Aβ peptide varies at both its N- and C-termini, and these variations 

influence the peptide's disease-relevant properties - tendency to aggregate, toxicity, and 

solubility (Jonson, et al., 2015,Piccini, et al., 2005,Pike, et al., 1995). Aβ40 is the main 

isoform generated by brain cells, but Aβ42 has two additional hydrophobic residues at the C-

terminal end that augment aggregation; consequently, Aβ42 is thought to be especially 

important in the early development of AD (Holtzman, et al., 2011). Truncated and modified 

Aβ isoforms are detected in human brain and cerebrospinal fluid (Miravalle, et al., 

2005,Portelius, et al., 2010a,Portelius, et al., 2010b,Portelius, et al., 2015,Portelius, et al., 

2006,Rufenacht, et al., 2005,Struyfs, et al., 2015,Tekirian, et al., 1996,Tekirian, et al., 1998), 

and the relative amounts of full-length and modified Aβ isoforms may play a role in the 

peptide's pathogenicity. Portelius and colleagues used MALDI-TOF MS to demonstrate that 

patients with AD tend to have more N-terminally truncated and pyroglutamated forms and 

less Aβ1-40 than do nondemented human subjects with extensive Aβ levels (Portelius, et al., 

2015). Using western blotting, Piccini and colleagues identified an AD-specific population 

of soluble Aβ1-42, Aβ[pE3]-42, and Aβ[pE11]-42 peptides in frontal cortical extracts, and 

showed that synthetic “AD-like” preparations of these 3 Aβ isoforms had enhanced 

cytotoxicity when compared to synthetic Aβ peptides prepared in ratios detected in 

nondemented humans (Piccini, et al., 2005). N-terminally truncated Aβ isoforms bearing 

pyroglutamate (Aβ[pE3]-x and Aβ[pE11]-x) have a stronger tendency to aggregate than do 

Aβ1-40 and Aβ1-42; they also are more resistant to proteolysis, and are less soluble as a 

result of their greater hydrophobicity (Kuo, et al., 1997,Miravalle, et al., 2005,Roher, et al., 

1993,Schlenzig, et al., 2009,Tekirian, et al., 1999). In addition to its manifest cytotoxicity 

(Alexandru, et al., 2011,Becker, et al., 2013,Gillman, et al., 2014,Jonson, et al., 

2015,Nussbaum, et al., 2012,Schlenzig, et al., 2012), the amount of pyroglutamate Aβ has 

been reported to correlate with cognitive decline in humans (Morawski, et al., 2014). 

Although we detected Aβ-truncated species bearing pyroglutamate at position 3 in both 

human and squirrel monkey specimens, as illustrated in Figure 4, derivatives with the same 

post-translational modification but starting at position 11 were not clearly evident in our 

sample set of human and simian cases. These differences may relate to the particular 

specimens analyzed in our experimental paradigm; alternatively, their absence in both 

sample sets could reflect low peptide recovery during the tissue extraction procedure due to 

the enhanced aggregation properties of pyroglutamate species, resulting in peptide 

concentrations falling below the MS detection levels.

Our MALDI TOF MS analysis of cortical samples did not clearly identify an Aβ peptide or 

group of Aβ isoforms that occurred exclusively in AD subjects or in senescent squirrel 

monkeys. In a preliminary analysis of occipital cortical samples, we have also found that the 

Aβ peptide profile of aged rhesus monkeys (Macaca mulatta) is similar to that in humans 

and squirrel monkeys (R.F. Rosen et al., unpublished). The presence of similarly cleaved Aβ 

fragments in the aged nonhuman primate brain suggests that functionally similar peptidases 

proteolyze Aβ aggregates in humans and nonhuman primates, and that the pathogenicity of 

multimeric Aβ in AD cannot be unambiguously attributed to the presence or absence of a 

specific Aβ fragment. Overall, these findings indicate that, in humans and nonhuman 

primates, Aβ is subject to similarly diverse cleavage events and post-translational 

modifications.
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Whereas the presence of specific Aβ types appears not to explain the pathogenicity of the 

peptide in humans, the relative amounts of different Aβ isoforms may be important. The 

ratio of Aβ42:Aβ40 influences the aggregation and toxicity of the peptide (Chang and Chen, 

2014,Jan, et al., 2008,Kuperstein, et al., 2010,Murray, et al., 2009,Pauwels, et al., 2012). In 

mouse models, Aβ40 is less amyloidogenic than is Aβ42 (McGowan, et al., 2005), and when 

present at sufficient levels, Aβ40 may actually inhibit the deposition of Aβ in brain (Kim, et 

al., 2007). Older nondemented humans with high Aβ load (‘pathological aging’) tend to have 

relatively higher amounts of Aβ1-40 than do AD patients (Portelius, et al., 2015). In humans, 

approximately 90% of secreted Aβ is Aβ40 (Selkoe, 1999), but in AD, more senile plaques 

are immunohistochemically positive for Aβ42 than Aβ40 (Walker, et al., 2000). In contrast, 

Aβ40 was found to be the predominant peptide isoform in nonhuman primate Aβ lesions by 

immunohistochemistry (Elfenbein, et al., 2007,Gearing, et al., 1996). However, biochemical 

analysis of Aβ in an aged squirrel monkey brain revealed levels of insoluble Aβ42 much 

higher than would have been predicted based on immunohistochemical findings (Sawamura, 

et al., 1997). Our ELISA analyses confirm that the mean ratio of insoluble Aβ42:Aβ40 tends 

to be lower in nonhuman primates than in humans, but this ratio varies among animals, and 

in some monkeys it is comparable to that in humans with AD (Table 1). It may be 

informative that the animals with the most total Aβ also had the lowest Aβ42:Aβ40 ratio; this 

could indicate: a) that Aβ40 accumulates preferentially after the initial aggregation of Aβ42; 

b) that Aβ42 in the lesions has been trimmed to Aβ40 by exopeptidases; and/or c) that the 

deposition of Aβ40 and Aβ42 proceeds by different means in different animals. The 

discovery of an unusual case of AD with very high levels of Aβ and a preponderance of 

Aβ40 (Rosen, et al., 2010a) suggests that similar mechanisms are possible in humans.

Species-typical patterns of cerebral Aβ deposition may result from distinct Aβ aggregation 

pathways or variations in the multidimensional structure of pathogenic Aβ (i.e., Aβ ‘strains’) 

(Levine and Walker, 2010,Rosen, et al., 2011). Using western blotting (Rosen, et al., 2010b), 

we identified SDS-stable dimers and trimers in extracts from the AD brain, as expected, but 

we also detected these dimers and trimers in extracts from several older squirrel monkeys 

(Figure 2). Trimers from the monkey brain exhibited enhanced immunoreactivity to an N-

terminal Aβ antibody (6E10), as compared to AD brain-derived trimers. Conversely, the 4G8 

antibody to Aβ17-24 showed greater binding to trimers from the AD brain compared to the 

monkey brain. These findings suggest that multimeric Aβ species in humans and nonhuman 

primates have distinct epitope availabilities and therefore may not share an identical tertiary/

quaternary structure, which in turn could influence their pathogenicity (Cohen, et al., 2015). 

Additional studies are needed to confirm these findings and to establish whether the 

oligomeric bands on semi-denaturing gels represent bona fide, pre-existing oligomers, or are 

an artifact of the preparation and analysis of the extracts (Bitan, et al., 2005,Bitan, et al., 

2003,Hepler, et al., 2006,Watt, et al., 2013). Even if the bands do not represent oligomers 

that existed in the living brain, differences in their quantity and immunoreactivity could 

furnish useful clues to the nature and variability of multimeric Aβ. A recent study reported 

that an incipient tauopathy can be induced in cynomolgus monkeys (Macaca fascicularis) by 

the intraventricular injection of synthetic Aβ oligomers (Forny-Germano, et al., 2014). While 

the physical characteristics of bioactive oligomers in vivo are not yet fully understood, it 
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may be informative to establish the relative pathogenic potency of Aβ oligomers originating 

the AD patients and aged monkeys.

Our previous PiB radioligand binding analysis of tissue samples found that – unlike in AD – 

high-affinity PiB binding sites are negligible in Aβ aggregates from the brains of aged 

nonhuman primates (Rosen, et al., 2011). Others have shown that high-affinity PiB binding 

sites are also sparse on synthetic Aβ fibrils and aggregated Aβ from the brains of APP 

transgenic mice (Klunk, et al., 2005,Maeda, et al., 2007,Serdons, et al., 2009,Toyama, et al., 

2005). In the present study, we extended our previous findings using a “radiospotblot” 

technique that enables the quantification of PiB binding in human and simian cortical 

extracts without a liquid scintillation counter, while maintaining a satisfactory signal-to-

noise ratio. Additionally, because the extract is dried onto a charged glass slide before 

incubation with 3H-PiB, there is no need for membrane filtration, and less chance that very 

small Aβ assemblies are lost to detection. The radiospotblot experiment confirmed the 

relative paucity of high-affinity PiB binding sites associated with aggregated simian Aβ, 

supporting the possibility that Aβ folds into structurally distinct strains in AD compared to 

aged monkeys. The generation of variant strains may, in turn, be influenced by the presence 

of co-factors that differentially modulate the aggregation of Aβ (Wilhelmus, et al., 2007) or 

its ability to bind PiB, but to date no such molecules have been identified.

Evidence for Aβ strains raises the further question of whether such variants can occur 

intraspecifically, particularly in humans. Differences in the molecular ratio of bound PiB to 

Aβ among human AD cases have been reported (Ikonomovic, et al., 2012,Rosen, et al., 

2010a,Scholl, et al., 2012). Furthermore, in two clinically different cases of AD, solid-state 

nuclear magnetic resonance analysis of derived fibers revealed evidence for Aβ aggregates 

with differing fibrillar ultrastructure and molecular architecture (Lu, et al., 2013). Such 

proteopathic strains could help to explain both the complex pathobiology of Aβ and the 

paradoxical absence of dementia in some humans with a heavy burden of senile plaques.

Aβ-rich brain extracts from aged monkeys induce Aβ deposition in the brains of APP/PS1-

transgenic mice in a prion-like manner (Figure 6), similar to seeding by brain extracts from 

AD and APP-transgenic mouse donors (Eisele, et al., 2009,Eisele, et al., 2010,Fritschi, et al., 

2014,Hamaguchi, et al., 2012,Heilbronner, et al., 2013,Kane, et al., 2000,Langer, et al., 

2011,Meyer-Luehmann, et al., 2006,Morales, et al., 2015,Morales, et al., 2012,Rosen, et al., 

2012,Stohr, et al., 2014,Stohr, et al., 2012,Walker, et al., 2002,Watts, et al., 2014,Watts, et 

al., 2011,Ye, et al., 2015a,Ye, et al., 2015b). Aggregated synthetic Aβ peptides, though able 

to seed Aβ deposition in vivo (Stohr, et al., 2014,Stohr, et al., 2012), are much less potent 

than are Aβ seeds generated within the brain (Stohr, et al., 2012). As shown in our 

radiospotblot experiment (above), Aβ fibrils from aged monkeys, like synthetic Aβ, have 

relatively few high-affinity PiB-binding sites. The deposits in host mice seeded by AD brain 

extracts and squirrel monkey brain extracts stained similarly for both Aβ40 and Aβ42, 

despite the fact that the squirrel monkey brain extracts had lower Aβ42:Aβ40 ratios than did 

the AD brain extracts. Thus, the extent to which the seeded deposits recapitulate the strain-

like features of Aβ in the host, the donor, or both (Meyer-Luehmann, et al., 2006) remains to 

be established.
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It is possible that, given a longer lifespan, some senescent nonhuman primates would 

eventually manifest AD. The emergence of Aβ plaques and neurofibrillary tangles in the 

human brain precedes the onset of clinical dementia by at least 10-20 years (Bateman, et al., 

2012,Buchhave, et al., 2012,Holtzman, et al., 2011,Jack and Holtzman, 2013,Sperling, et al., 

2013). The longer lifespan of humans (Finch and Sapolsky, 1999) could permit changes in 

Aβ such as post-translational modifications that influence its pathobiology (Lowenson, et al., 

1999). However, we found that the amount of Aβ in some aged squirrel monkeys exceeded 

the mean levels in humans with AD (Table 1), but in the absence of AD-like tauopathy. In 

light of generally similar populations of Aβ fragments, the divergent degree of PiB binding 

and epitope exposure implicates the multidimensional configuration of Aβ as an important 

element in the pathogenic cascade leading to tauopathy and AD in humans. The molecular 

architecture of Aβ assemblies may, in turn, be influenced by the relative involvement of 

different Aβ fragments/isoforms or molecular chaperones in their construction. While 

neither the overall quantity of Aβ nor a high Aβ42:Aβ40 ratio appears to be sufficient to 

impel an AD-like neurodegenerative cascade in nonhuman primates, the Aβ42:Aβ40 ratio 

and other post-translational influences are worth further study, as these could disclose new 

means of reducing the pathogenicity of Aβ in AD.

5. Conclusions

Aged nonhuman primates manifest extensive cerebral deposition of Aβ, yet only humans 

develop all of the clinicopathologic characteristics of AD. Our findings show that the 

isoform populations of cerebral Aβ in humans and aged squirrel monkeys are remarkably 

similar, and that Aβ-laden brain extracts from monkeys and humans similarly induce the 

accumulation of Aβ deposition in APP/PS1-transgenic mice. On the other hand, aggregated 

Aβ in aged squirrel monkeys displays distinctive epitope exposure in immunoblots and is 

deficient in high-affinity binding sites for PiB. These data reinforce the hypothesis that the 

pathogenicity of Aβ aggregates is modulated by molecular conformational variations in the 

protein. Comparison of naturally occurring Aβ multimers in nonhuman primates with those 

in the human AD brain may help to disclose the mechanisms that underlie the distinctively 

human vulnerability to AD.
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Highlights

Aβ peptide fragments are similar in Alzheimer's disease and aged monkeys

Aggregated Aβ from aged monkeys induces Aβ deposition in transgenic mice

Simian Aβ has distinctive epitope exposure and few high-affinity PiB binding sites

Molecular conformational variation may influence the pathogenicity of aggregated Aβ
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Figure 1. Aβ deposition in the temporal neocortices of a human with AD (AD2; A, B) and an 
aged squirrel monkey (Ss4; C, D)
Panels A and C show immunoreactivity to antibody 6E10 to unmodified Aβ residues 3-8, 

and panels B and D show immunoreactivity to antibody 8E1 to Aβ[pyroglutamate3]-x. Scale 

bar = 300μm for all panels.
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Figure 2. Western blot analysis of multimeric Aβ distribution in AD and aged squirrel monkey 
temporal neocortices
Clarified temporal cortical homogenates (low-speed supernatants) from 7 end-stage AD 

cases and 7 aged squirrel monkeys, normalized to 60 μg total protein, were 

electrophoretically separated in SDS by molecular weight on a Tris-Tricine 10-20% gel and 

immunoblotted with anti-Aβ antibodies 6E10 (top) and 4G8 (bottom). (A) Immunoblotting 

with antibody 6E10 revealed strong bands migrating at approximately 4 kDa in all extracts, 

which correspond to monomeric Aβ40 and Aβ42. Dimeric and trimeric Aβ species were also 

detected in some AD and squirrel monkey samples, particularly in the cases shown to have 

higher levels of Aβ by ELISA (see Table 1). (B) The 4G8 antibody detected strong bands of 

Aβ monomers in nearly all AD and squirrel monkey extracts. 4G8-immunoreactive bands 

corresponding to Aβ dimers and trimers were substantially stronger in most AD samples 

than in squirrel monkeys with comparable levels of total Aβ as shown by ELISA. Both 

antibodies bound to a band migrating around 105KDa, or full-length APP, in all samples. In 

the last lane, 100ng of fibrillar synthetic Aβ42 was run as a positive control. AD: Human 

Alzheimer's disease cases, Ss: Squirrel monkey (Saimiri sciureus); each lane represents a 

separate case.
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Figure 3. Tau-immunostaining in the neocortices of patient with AD (AD2; A) and a 23-year old 
squirrel monkey (Ss4; B, C)
Panels A and B depict the superior temporal gyrus stained using antibody MC1 to 

aggregated tau; note the general absence of immunoreactive neurons in the aged squirrel 

monkey (B) (the cortical surface is to the upper right in both panels). Panel C depicts a rare 

cortical cell that is immunoreactive with antibody CP13 to hyperphosphorylated tau in 

squirrel monkey Ss4. Occasional tau-immunoreactive neurons and neurites occur in 

senescent squirrel monkeys, but AD-like tauopathy has not yet been demonstrated in any 

aged monkey. Scale bars = 250μm in B (applies also to A) and 50μm in C.
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Figure 4. MALDI-TOF mass spectrometry analysis of insoluble Aβ peptides in AD and aged 
squirrel monkey neocortices
Panel A: Aβ spectra obtained from occipital cortical extracts of two aged-squirrel monkey 

specimens, Ss1 (top) and Ss2 (bottom). Panel B: Aβ spectra obtained from temporal and 

occipital extracts of two AD patients (AD3, top; AD4, bottom). Labeled peaks correspond to 

full-length, truncated, or post-translationally-modified Aβ peptides. Panel C: Comparative 

list of theoretical and experimental m/z values for all AD and monkey samples tested As a 
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whole, the spectrometric pattern of Aβ peptides in aged squirrel monkeys was similar to that 

of the AD group.
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Figure 5. Radiospotblot detection of high-affinity 3H-PiB binding sites in AD and aged squirrel 
monkey neocortices
Aβ-rich temporal cortical extracts (derived from 300μg wet tissue) from AD and squirrel 

monkey cases (n=5/group) were analyzed by 3H-PiB radiospotblot. In the top row, dried 

extracts were incubated with 1.0nM 3H-PiB. Samples in the bottom row were co-incubated 

with 1.0nM 3H-PiB and 1.0μM unlabeled PiB to determine levels of nonspecific ligand 

binding. Shown are identical regions of interest from a single film exposure. Darker signal 

indicates the presence of specifically bound radioligand, quantified at right.
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Figure 6. Seeding of Aβ deposition in APP/PS1 mouse hippocampi by Aβ-rich cortical extracts 
from an AD case and an aged squirrel monkey
The mice were injected unilaterally (left) at 13-14 weeks of age with 2.5μl of clarified 10% 

brain extract from human case AD4 (A) or an aged squirrel monkey (Ss1, B). The 

contralateral hemisphere (right) was injected with PBS as a sham control. The brains were 

analyzed after a 22 week incubation period, when the mice were ~8 months of age; at this 

age, endogenous, mostly spherical plaques have begun to form in these APP/PS1 mice. Note 

the re-distribution and heavy deposition of Aβ along the hippocampal fissure, subpial zone, 

and in the corpus callosum of both AD- and squirrel monkey-seeded hippocampi. Antibody 

R398 to Aβ42. Immunostaining of the seeded deposits was similar for antibodies to Aβ40 

and Aβ42 in both the AD-seeded and squirrel monkey-seeded host mice. Scale bar = 300μm 

for both panels.
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