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Abstract
Aged nonhuman primates accumulate large amounts of human-sequence amyloid β (Aβ) in the
brain, yet they do not manifest the full phenotype of Alzheimer’s disease (AD). To assess the
biophysical properties of Aβ that might govern its pathogenic potential in humans and nonhuman
primates, we incubated the benzothiazole imaging agent Pittsburgh compound B (PIB) with
cortical tissue homogenates from normal aged humans, humans with AD, and from aged squirrel
monkeys, rhesus monkeys, and chimpanzees with cerebral Aβ-amyloidosis. Relative to humans
with AD, high-affinity PIB binding is markedly reduced in cortical extracts from aged nonhuman
primates containing levels of insoluble Aβ similar to those in AD. The high-affinity binding of
PIB may be selective for a pathologic, human-specific conformation of multimeric Aβ, and thus
could be a useful experimental tool for clarifying the unique predisposition of humans to
Alzheimer’s disease.
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1. INTRODUCTION
Alzheimer’s disease (AD) is an age-associated neurodegenerative disorder characterized by
progressive dementia and the proliferation of senile plaques and neurofibrillary tangles in
the brain (Cummings, 2004). While the number of neurofibrillary tangles correlates strongly
with clinical measures of dementia (Wilcock and Esiri, 1982, Crystal et al., 1988, Arriagada
et al., 1992, Giannakopoulos et al., 2007), genetic, biochemical, and pathologic data support
the Aβ-cascade hypothesis, which holds that the intracerebral accumulation of multimeric
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Aβ is a key early event in the pathogenesis of AD (Hardy and Selkoe, 2002). However, the
deposition of Aβ in the human brain is not invariably associated with frank dementia,
inasmuch as abundant Aβ lesions sometimes occur in aged humans in the absence of overt
cognitive impairment (Crystal et al., 1988, Bennett et al., 2006).

Nonhuman primates and other mammals produce Aβ that is identical in amino acid sequence
to human Aβ, and many species naturally accumulate senile plaques and cerebral β-amyloid
angiopathy (CAA) with age (Walker and Cork, 1999, LeVine III and Walker, 2006).
However, no nonhuman species has been shown to exhibit the full behavioral or
pathological characteristics of AD (Rosen et al., 2008). In light of the substantial evidence
for a key role of Aβ in the etiology of AD, these findings, along with in vitro and in vivo
studies (Petkova et al., 2005, Meyer-Luehmann et al., 2006), can be reconciled by the
possibility that aggregated Aβ takes the form of polymorphic molecular strains, some of
which are more pathogenic than others (LeVine III and Walker, 2008). The possible
existence of functionally heterogeneous protein polymorphs has important implications for
understanding the pathogenesis of neurodegenerative disorders such as AD, and for
developing specific diagnostic and therapeutic agents. The identification of molecular
probes for pathogenic features of Aβ and related molecules will help to address this issue
(LeVine III and Walker, 2008).

Pittsburgh compound B (PIB), a synthetic, radiolabeled benzothiazole ligand based on the
chemical structure of the amyloid dye Thioflavin-T, has been developed for imaging Aβ
deposits in vivo by positron-emission tomography (PET) (Klunk et al., 2004, Nordberg,
2008). Radiolabeled PIB binds with high-affinity and high specificity, at concentrations
typically achieved in imaging (~1 nM), to Aβ plaques and CAA (Klunk et al., 2003b,
Bacskai et al., 2007, Johnson et al., 2007, Leinonen et al., 2008), but only weakly to
neurofibrillary tangles and Lewy Bodies (Klunk et al., 2003b, Fodero-Tavoletti et al., 2007,
Ikonomovic et al., 2008, Ye et al., 2008). In vitro studies have identified high- and low-
affinity binding sites on Aβ assemblies (Klunk et al., 2005, Ye et al., 2005). The
stoichiometry of high-affinity PIB binding in AD brain homogenates indicates that PIB
binds directly to Aβ amyloid, with more than 500 binding sites per 1000 molecules of Aβ.
However, PIB binds at high-affinity with significantly lower stoichiometry (fewer than one
binding site per 1000 Aβ molecules) insynthetic Aβ fibril preparations, as well as in deposit-
rich, β-amyloid precursor protein (APP)-transgenic mouse brain (Klunk et al., 2005, Toyama
et al., 2005, Maeda et al., 2007, Serdons et al., 2009). With a Kd of 1–2 nM, only the high-
affinity PIB binding sites in cerebral Aβ deposits are significantly occupied at the ligand
concentrations achieved in PET scans (Mathis et al., 2004).

Several groups have demonstrated only negligible 11C-PIB or 18F-PIB uptake in microPET
experiments with APP-transgenic mouse models (Klunk et al., 2005, Toyama et al., 2005,
Serdons et al., 2009). Because APP-transgenic mice lack the profound neurodegeneration
and cognitive dysfunction seen in AD patients (Dodart and May, 2005, LeVine III and
Walker, 2006), these findings suggest that PIB has the potential to differentiate between
pathogenic (AD-related) and relatively benign forms of multimeric Aβ, and possibly to
reveal structural characteristics that render Aβ especially toxic in the AD brain. Most current
transgenic mouse models express artificially high levels of mutant APP, often coexpressed
with mutant presenilin (Dodart and May, 2005). The majority of these models produce
human-type Aβ in the context of endogenous murine Aβ, which is relatively refractory to
aggregation and, when co-aggregated with synthetic human-sequence Aβ, reduces in vitro
PIB binding (Otvos, Jr. et al., 1993, Ye et al., 2006). Furthermore, in APP-transgenic mouse
models, the Aβ deposits lack many of the post-translational modifications that contribute to
the insolubility of the lesions in humans (Kuo et al., 2001). For these reasons, it is important
to evaluate PIB binding in longer-lived animal models that naturally form deposits of
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human-sequence Aβ, such as aged nonhuman primates. We hypothesized that the
differential pathogenicity of multimeric Aβ in humans and nonhuman primates is related to
structural variations in the molecule that can be distinguished by the high-affinity binding of
PIB. Here we present a quantitative analysis of 3H-PIB binding in postmortem cortical
homogenates from AD patients, nondemented elderly humans, aged chimpanzees, rhesus
macaques, and squirrel monkeys. Despite levels of Aβ that sometimes exceeded those in
AD, high-affinity 3H-PIB binding in nonhuman primates was strikingly less than that in
humans with AD, suggesting that PIB might serve as a selective probe for human-specific
molecular markers of AD.

2. METHODS
2.1. Subjects

We analyzed postmortem brain tissue from 9 rhesus monkeys (Macaca mulatta) (3 females,
6 males), 6 squirrel monkeys (Saimiri sciureus) (1 female, 5 males), 3 female chimpanzees
(Pan troglodytes), 9 humans with end-stage AD (6 females, 3 males), and 3 nondemented
elderly humans (2 females, 1 male) (Table 1). Human tissues were obtained from the Emory
University Alzheimer’s Disease Research Center Brain Bank in accordance with federal and
institutional guidelines, and were coded to ensure the anonymity of subjects. Animal tissues
were collected in accordance with federal and institutional guidelines for the humane care
and use of experimental animals. The Yerkes Center is fully accredited by AAALAC
International.

2.2. Preparation of tissue samples
For quantitative biochemical analyses, unfixed, fresh-frozen temporal and occipital cortical
tissue blocks were weighed, Dounce-homogenized in 5 volumes of homogenization buffer
(50mM Tris-HCl and 150mM NaCl, pH 7.5, containing complete protease inhibitor tablets
[Santa Cruz Biochemicals, Santa Cruz, CA, USA]), and stored at −80°C until use. For
immunohistochemistry, brains were fixed for at least 7 days in 4%, 0.1M Phosphate-
buffered saline (PBS)-buffered paraformaldehyde at 4°C. Temporal and occipital cortical
blocks from the contralateral hemisphere were paraffin-embedded, sectioned at 8μm
thickness and mounted onto silanized slides. For autoradiography and
immunohistochemistry, cryosections from unfixed temporal cortical blocks were cut at
10μm, mounted onto silanized slides, and stored in air-tight containers at −80°C until use.

2.3. ELISA quantification of cortical Aβ40 and Aβ42
Cortical homogenates were centrifuged at 100,000g for 60 minutes at 4°C in a TLA 100.4
rotor (Beckman Coulter, Fullerton, CA, USA). The resulting buffer-insoluble pellet was
probe-sonicated in 70% formic acid and centrifuged at 16,110g for 60 minutes at 4°C, and
the supernatant containing formic acid-solubilized, buffer-insoluble Aβ was retained. Formic
acid extracts were neutralized with 1.0M Tris base, pH 11 (1:20 dilution) and diluted in
sample buffer. Aβ ending at amino acids 40 or 42 (Aβx-40 and Aβx-42) was measured in
each extract by ELISA, using C-terminal specific capture antibodies and an N-terminal
specific detection antibody according to the manufacturer’s instructions (The Genetics
Company, Schlieren, Switzerland). Aβ content is expressed relative to wet weight of tissue.
All samples were assayed in duplicate. 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).
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2.4. 3H-PIB binding assay
PIB binding assays were conducted on the same tissue samples as were the Aβ ELISAs.
Cortical homogenates were prepared as described above, at an original concentration of 167
mg wet tissue weight/ml. Homogenates were further diluted 1:33.3 in 0.1M PBS (pH 7.4) to
a final concentration of 5mg wet weight/ml. In a 96 well polypropylene plate, 20μl of
diluted homogenate (100μg wet tissue weight) were added to each of duplicate wells. 200μl
of 1 nM 3H-PIB (SA=82 Ci/mmol, custom synthesis, GE Healthcare, UK) were quickly
added to each well. Samples were incubated at ambient temperature for 2.5 hours, without
shaking, transferred to a 96 well Multiscreen HTS Hi Flow FB filter plate, and filtered with
a vacuum manifold (Millipore Corporation, Bedford, MA, USA). Nonspecific binding was
defined as the counts retained in the presence of 1 μM unlabeled PIB. Kd and Bmax values
were determined for all groups using a competition binding assay with a constant
concentration of 1.2nM 3H-PIB and concentrations of unlabeled PIB between 0.1 nM and
1.0 μM. Filters were rapidly washed with 4 × 200μl of PBS at room temperature and dried
on the manifold, after which 50μl of MicroScint 20 scintillation fluid (PerkinElmer,
Waltham, MA, USA) was added to each well. After 24 hours incubation on an orbital
shaker, 3H-PIB binding was quantified in a TopCount scintillation counter (PerkinElmer)
and specific binding was calculated by subtracting nonspecific counts per minute (CPM).
Using 1 nM 3H-PIB, ligand binding was linear between 25 and 150μg wet weight AD tissue
per well. CPMs were converted to femtomoles using an experimentally-determined 15%
counting efficiency in the scintillation counter. Similar results were obtained when the filters
were placed in vials and counted with scintillation fluid. Finally, to determine whether
species-specific molecules might enhance or inhibit 3H-PIB binding, we performed this in
vitro binding assay using 1:1 mixtures of AD and nonhuman primate cortical homogenates.

2.5. Immunohistochemistry
The following antibodies were used for immunohistochemistry: Monoclonal antibodies
6E10 and 4G8 to residues 3–8 and 17–24 of the Aβ peptide, respectively (both at 1:5000;
Covance Research Products, Denver, PA, USA); rabbit polyclonal antibodies R361 and
R398 to C-terminal residues 32–40 and 33–42 of Aβ40 and Aβ42, respectively (both at
1:15,000; provided by Dr. Pankaj Mehta, Institute for Basic Research on Developmental
Disabilities, Staten Island, NY, USA); monoclonal antibodies CP13 to phospho-tau 202
(1:10,000), PHF1 to phospho-tau 396/404 (1:10,000), and MC1 to aggregated tau (1:10,000)
(all provided by Dr. Peter Davies, Albert Einstein College of Medicine, Bronx, NY, USA);
and monoclonal antibody AT8 to phospho-tau 202/205 (1:5000; Covance) (Rosen et al.,
2008). Vectastain Elite kits (Vector Laboratories, Burlingame, CA, USA) were used for
avidin-biotin complex (ABC)-based horseradish peroxidase immunodetection of antigen-
antibody complexes.

Endogenous peroxidase was inactivated with 3% H2O2 in methanol, and nonspecific reagent
binding was blocked with 2% normal horse serum (for monoclonals) or normal goat serum
(for polyclonals) in 0.2% Tween 20 in PBS (blocking solution) for one hour at room
temperature. For Aβ-immunodetection, sections were pretreated for 10 minutes with 100%
formic acid to expose antigenic sites and then incubated in primary antibody (diluted in
blocking solution) overnight at 4°C. After rinsing, sections were placed for one hour at room
temperature in biotinylated secondary antibody (1:200 in blocking solution), rinsed,
immersed for 30 minutes in avidin-biotin complex, and then developed with 3,3′-
diaminobenzidine (DAB) (Vector Laboratories). Tissue from pathologically verified human
AD cases was used as positive control material, and non-immune mouse IgG or rabbit serum
was used in place of the primary antibodies as negative controls. In some instances, a
hematoxylin counterstain was applied after immunostaining.
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Aβ load was assessed histopathologically in 6E10-immunostained sections of temporal and
occipital cortices. For each section, two researchers rated the levels of diffuse plaques,
compact plaques, and CAA in capillaries and large vessels (+++ frequent, ++ moderate, +
rare, − absent) (Lockhart et al., 2007).

2.6. 3H-PIB Autoradiography and Immunohistochemistry
Cryosections were thawed for 10 minutes, immersed in 10% ethanol for 20 minutes, and
incubated for 1 hour in 1.0nM 3H-PIB in 5% ethanol/PBS, at room temperature. Nonspecific
binding was determined in the presence of 1.0μM unlabeled PIB. Sections were then quickly
rinsed twice with 10% ethanol and twice with deionized water, both at 4°C. After drying
under a cold air stream, sections were directly apposed to Hyperfilm 3H (GE Amersham,
UK). After a 2-week exposure, film was developed with D19 developer solution (Kodak,
New Haven, CT) and images were captured with a QICAM digital camera (QImaging, BC,
Canada). Except for size cropping, images were not digitally manipulated prior to
publication.

For confirmation of Aβ deposition in the regions analyzed by autoradiography, adjacent
cryosections were fixed for 30 minutes in 70% ethanol at room temperature and
immunohistochemistry with antibody 6E10 was performed as described above, except that
the sections were incubated in 100% formic acid for 2 minutes.

2.7. Statistical analysis
Analysis of variance (ANOVA) was used to determine group differences in insoluble Aβ
levels between AD and the three nonhuman primate groups. ANOVA also was used to
assess potential group differences in PIB binding among the nonhuman primates. Because
PIB binding did not differ significantly among the three nonhuman primate species in either
the temporal or occipital cortical samples, and because of the small number of samples in
some groups, we combined the nonhuman primate cases for subsequent analyses, in which
we conducted nonparametric Mann-Whitney U tests (two-tailed, CI=95%) to compare PIB
binding between humans with AD and nonhuman primates. We also employed
nonparametric t-tests (Mann-Whitney) to compare PIB binding between AD and
nondemented human cases and between nondemented human cases and nonhuman primates.
For the determination of PIB binding site characteristics in cortical homogenates, we
conducted a curve-fit analysis of the displacement binding data using a nonlinear
homologous competition equation. To assess the relationship between PIB binding and
insoluble Aβ in the temporal and occipital cortices of AD cases, we applied the two-tailed
Pearson product-moment correlation coefficient (Pearson’s r, CI=95%). For the homogenate
“mixing experiments”, we used ANOVA followed by post-hoc t-tests to detect possible
synergistic effects of mixing cortical homogenates on PIB binding levels.

3. RESULTS
3.1. Aβ and tau pathology in human and nonhuman primate brain

Immunohistochemistry w0ith antibodies to Aβ revealed species-typical Aβ-
immunoreactivity patterns in cortical sections from every AD and aged nonhuman primate
subject examined in this study, whereas the nondemented humans were largely devoid of
Aβ-lesions (Table 2). Humans with AD showed abundant parenchymal Aβ deposits, as well
as occasional CAA, whereas the aged nonhuman primates displayed relatively more CAA
accompanied by parenchymal Aβ deposits. Immunohistochemistry using antibodies to
pathological forms of tau revealed widespread neurofibrillary tangles in all AD cases
examined. We detected little or no aberrant tau immunoreactivity in the nondemented
humans or in the nonhuman primates, with the exception of one aged chimpanzee
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(Y05-400Pt) that presented with tauopathy in addition to moderate CAA, as previously
described (Rosen et al., 2008).

3.2. Quantification of Aβ40 and Aβ42
Because previous studies have shown that PIB binding positively correlates with the levels
of buffer-insoluble, but not soluble Aβ (Klunk et al., 2003a, Klunk et al., 2005, Bacskai et
al., 2007, Ikonomovic et al., 2008, Svedberg et al., 2008), our quantitative analysis focused
on insoluble Aβ, which constitutes the great majority of the protein in senile plaque cores
and CAA. We found that Aβ40 and Aβ42 accumulate in the aged nonhuman primate brain
to similar or higher levels than in the end-stage AD brain; by ELISA of temporal cortical
samples, aged squirrel monkeys had higher mean levels of total insoluble Aβ than did the
AD cases (365.6 fmol/100μg wet tissue [n=6, SD=272.48 fmol] vs. 253.58 fmol/100μg
[n=9, SD=172.91 fmol], respectively). Mean levels of total Aβ in nondemented human
(n=3), rhesus macaque (n=1) and chimpanzee (n=3) temporal cortex were 0.41 fmol/100μg
wet tissue (SD=0.51 fmol), 349.95 fmol/100μg, and 70.43 fmol/100μg (SD=42.76 fmol),
respectively (Figure 1). In the occipital cortex, total insoluble Aβ levels in nonhuman
primates were consistently higher than in AD (AD mean=194.49 fmol/100μg wet tissue
[n=6, SD=81.02 fmol], chimpanzee mean=245.62 fmol/100μg [n=2, SD=257.7 fmol], rhesus
macaque mean=235.06 fmol/100μg [n=9, SD=417.68 fmol], squirrel monkey mean=573.01
fmol/100μg [n=6, SD=624.28 fmol]) (Figure 1). Statistically, however, Aβ levels did not
differ significantly between the AD cases and the nonhuman primates in either cortical
region, probably because of the high inter-individual variability in the groups.

Because a predominance of the Aβ42 isoform has been implicated in the toxicity and
aggregability of the peptide in AD brain (Hasegawa et al., 1999, McGowan et al., 2005), we
calculated the Aβ40:Aβ42ratios for each case and cortical region. Overall, Aβ42 was more
abundant than was Aβ40 in both cortical regions of the humans and nonhuman primates,
although the relative levels of Aβ40 in the occipital cortex were somewhat higher in the
nonhuman primates (Figure 1). The Aβ40:Aβ42 ratio was less than 1.0 in every AD case
examined, and exceeded 1.0 in at least one cortical region of only four nonhuman primates
(YN06-108Pt, 1201, 84L and 83G0; see Table 3).

3.3. In vitro 3H-PIB binding
The binding of one nanomolar 3H-PIB was strikingly less in cortical homogenates from all
nonhuman primates compared to samples from the AD cases (temporal cortex: p<0.0001;
occipital cortex: p=0.0004)(Figure 2). We found high levels of specific PIB binding in the
AD cases (temporal cortex: mean = 22.48 fmol/100μg wet tissue [SD=6.91], occipital
cortex: mean = 29.01 fmol/100μg wet tissue [SD=8.93]) that correlated positively, but not
significantly, with the amount of Aβ measured by ELISA (temporal cortex, r=0.3417,
p=0.3682; occipital cortex, r=0.7088, p=0.1149) (Figure 3). PIB binding in the AD cases
was consistently greater in occipital cortex than in temporal cortex, despite similar or lower
levels of Aβ in this region by ELISA (Figures 1, 2). Nonlinear regression analysis of the
homologous competition binding data reveals a Kd of 3.0 nM and Bmax of 209.28 fmol/
100ug wet tissue for high-affinity PIB binding sites in AD temporal cortex, and a Kd of
3.0nM and Bmax of 234.48 fmol/100ug wet tissue for the ligand in AD occipital cortex
(Figure 4). We were unable to detect a high-affinity binding site in cortical homogenates
from any of the three nonhuman primate groups.

In the nonhuman primates, only background PIB binding was observed in temporal and
occipital cortices of all subjects examined (Table 2; temporal cortex: mean = 1.41 fmol/
100μg wet tissue [SD=0.93], occipital cortex: mean = 1.33 fmol/100μg [SD=1.15]), even
though the levels of total Aβ in most simians were at least as high as those in the AD brain
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(Figure 1). In the cerebellar cortex, which is relatively unaffected by Aβ plaque deposition
or neurodegeneration, only background levels of 3H-PIB binding were detected in the AD
cases (data not shown).

To address the possibility that species-specific molecules might enhance or inhibit 3H-PIB
binding, we performed the same in vitro binding assay with 1:1 mixtures of AD and
nonhuman primate cortical homogenates. There was only an additive effect of combining
homogenates from AD cases with those from the nonhuman primates (Figure 5), indicating
an absence of species-specific binding-modulatory factors.

3.4. 3H-PIB autoradiography
To determine if 3H-PIB binds to a particular subset of amyloid lesions in AD or nonhuman
primate brain, we performed 3H-PIB autoradiography on unfixed cryosections from the
superior temporal gyrus of nondemented human, AD, and squirrel monkey subjects (n=2 for
all groups). At the same ligand concentration used in the cortical homogenate binding assays
(1.0 nM), we detected strong, specific binding to a broad morphological range of senile
plaques in the grey matter of the AD superior temporal gyrus (Figure 6) but not to
neurofibrillary tangles (data not shown). PIB also bound to a smaller number of lesions in
the subcortical white matter (Figure 6). In the two squirrel monkey cases examined, we did
not detect specific 3H-PIB binding to any Aβ lesions, despite heavy cortical and vascular
amyloid deposition in both cases, as shown by Aβ immunohistochemistry of adjacent
cryosections (Figure 6). No 3H-PIB binding was detected in cortical sections from
nondemented human subjects who lacked Aβ deposition (data not shown).

4. DISCUSSION
We describe the first evidence that Pittsburgh compound B (PIB), a high-affinity molecular
probe for Aβ deposits in the AD brain, binds at substantially diminished stoichiometry to
cortical homogenates from aged nonhuman primates, despite total Aβ levels equal to, or
greater than, the levels measured in AD brains. The virtual absence of PIB binding in
monkeys and chimpanzees under the conditions that we employed suggests a paucity of
high-affinity PIB binding sites on Aβ multimers in nonhuman primates, similar to that
reported for APP/presenilin-1-transgenic mice (Klunk et al., 2005). Klunk, Lockhart, and
colleagues have provided evidence for high-and low-affinity PIB binding sites located
within the fibrillar Aβ assembly (Klunk et al., 2003a, Lockhart et al., 2005). The AD brain
contains approximately 500-fold more high-affinity PIB binding sites per Aβ molecule than
does synthetic Aβor Aβ from transgenic mouse brains (Klunk et al., 2005). In the present
study, PIB binding to nonhuman primate cortical homogenates was negligible at a 1 nM
ligand concentration, which is selective for the high-affinity PIB binding sites that are the
primary target in PET studies (Klunk et al., 2003b). To the best of our knowledge, this is the
first report of deficient PIB binding to cortical tissue containing profuse, naturally-occurring
Aβ plaques and cerebral β-amyloid angiopathy. Our findings suggest that, unless ultra-high
specific-activity PIB is used (Maeda et al., 2007), PIB would not be an effective β-amyloid
imaging agent in nonhuman primates (Noda et al., 2008), even in aged animals with heavy
Aβ deposition.

The dearth of high-affinity cortical PIB binding sites in simians may be attributable to
structural variants of multimeric Aβ. In vitro (Petkova et al., 2005) and in vivo (Meyer-
Luehmann et al., 2006) evidence increasingly favors the existence of polymorphic Aβ
multimers, analogous to structurally and functionally diverse prion strains (Chien et al.,
2004, Collinge and Clarke, 2007, Makarava and Baskakov, 2008). Under different in vitro
conditions, distinct Aβ strains, distinguishable by biophysical and/or imaging techniques,
can be generated from the identical starting peptide (Petkova et al., 2005). In vivo,
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morphologically distinct Aβ-deposits can be seeded in the brains of transgenic mice by Aβ-
rich cortical extracts from different types of APP-transgenic mice (Meyer-Luehmann et al.,
2006). Our findings support the hypothesis that Aβ can form polymorphic molecular
assemblies that are distinguishable by their PIB-binding characteristics.

Histological observations using the fluorescent PIB analog, 6-CN-PIB, further indicate that
PIB binds selectively to a structural motif within fibrillar Aβ assemblies. Denaturation of
proteins in cortical tissue sections from AD cases abolishes the binding of 6-CN-PIB
(Ikonomovic et al., 2008), indicating a conformation-sensitive binding substrate for PIB.
Diffuse Aβ plaques in the cerebellum (a region of the brain that usually shows little
degenerative change in AD) do not bind 6-CN-PIB or unlabeled PIB in AD cases
(Ikonomovic et al., 2008, Svedberg et al., 2008), suggesting variations in the molecular
structure of these lesions even within the same case. 6-CN-PIB binds to a subset of
extracellular neurofibrillary tangles in AD tissue sections (Ikonomovic et al., 2008), but
these ‘ghost’ tangles also can be immunoreactive for Aβ (Walker et al., 2000), and the 6-
CN-PIB concentrations used for histostaining are 100- to 10,000-fold higher than the brain
concentrations attained in PET studies. This and other autoradiographic studies show
that 3H-PIB does not bind to neurofibrillary tangles at a 1-nanomolar concentration
(Lockhart et al., 2007). The high selectivity of PIB for aggregated Aβ, as opposed to tau
(neurofibrillary tangles) or α-synuclein (Lewy Bodies) (Klunk et al., 2003a, Fodero-
Tavoletti et al., 2007, Ikonomovic et al., 2008), makes it unlikely that the strong PIB signal
in human AD brain is due to the presence of such lesions, which are rare or nonexistent in
most nonhuman primates. Furthermore, one aged chimpanzee that we examined
(YN05-400Pt) had significant tauopathy (Rosen et al., 2008), but the 3H-PIB binding in this
case was very low, similar to that in nonhuman primates that were mostly devoid of
tauopathy (Table 3).

In the present study, PIB binding to AD brain homogenates correlated positively with total
insoluble Aβ, as previously reported (Klunk et al., 2005, Ikonomovic et al., 2008, Svedberg
et al., 2008). The variability in published reports of PIB binding levels and insoluble Aβ
levels in AD cortical homogenates may be attributable to the heterogeneity of Aβ deposition
among brain regions and among individuals (Vinters et al., 1996), and/or to minor
differences in the assay conditions in different laboratories. In these four studies,
quantitative Aβ ELISAs were performed with different capture and detection antibody pairs,
on insoluble Aβ samples prepared with distinct buffers and extraction techniques. Further,
our 3H-PIB assay employed a scaled-down microplate version of the cell harvester protocols
utilized in the other studies. Importantly, the positive correlation between PIB binding and
Aβ levels in our study confirms previous findings, and supports the view that PIB is a useful
probe for the pathologic accumulation of Aβ in the human brain.

In autoradiographic experiments using the same tracer levels and specific activity employed
in our binding assays, 3H-PIB specifically labels a wide morphological variety of Aβ
deposits in cortex and subcortical white matter of AD cases, but not of squirrel monkeys.
The intensity of binding is not explained by the unique presence of a particular fragment of
Aβ, since previous MALDI-TOF mass-spectrometric studies indicate that all Aβ fragments,
including pyroglutamate Aβ pE3-40 and pE3-42, are present in the neocortices of humans
with AD and aged nonhuman primates (Rosen et al., 2006). The ratio of Aβ40:Aβ42 could
influence PIB binding (Klunk et al., 2005), but our ELISA data indicate that the relative
amounts of Aβ peptides ending at amino acids 40 and 42 are largely similar in human and
nonhuman primates, especially in the temporal neocortex. Together, these data strengthen
the hypothesis that high-affinity PIB binding is dependent upon quaternary structural motifs
of assembled fibrillar Aβ, and thus the high-affinity binding element may not be quantifiable
with techniques that detect only histologic or primary structural characteristics of the Aβ
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peptide. Finally, our homogenate-mixing experiments (as well as those of Klunk et al, 2005)
do not support the existence of a species-specific factor that modulates PIB binding.

In summary, we show that high-affinity PIB binding sites are significantly deficient in Aβ-
rich cortical extracts from aged nonhuman primates compared to extracts from humans with
Alzheimer’s disease. Considerable evidence supports a central role for Aβ in AD
neurodegeneration (Hardy and Selkoe, 2002), yet AD-like dementia has not been reported in
any nonhuman primate (Walker and Cork, 1999). PIB thus could be a useful experimental
tool for clarifying the molecular underpinnings of the uniquely human predisposition to
Alzheimer’s disease.
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Figure 1. ELISA quantitation of insoluble Aβx-40 and Aβx-42 in temporal (A) and occipital (B)
cortical homogenates from aged humans and nonhuman primates
A: Insoluble Aβ in temporal cortex (ND, n=3; AD, n=9; Chimpanzee, n=3; Rhesus
macaque, n=1; Squirrel monkey, n=6). Mean Aβ42 levels were higher than Aβ40 levels in
the temporal cortex of all 4 groups. B: Insoluble Aβ in occipital cortex (ND, n=3; AD, n=6;
Chimpanzee, n=2; Rhesus macaque, n=9; Squirrel monkey, n=6). In nonhuman primates, the
occipital cortical Aβ40:Aβ42 ratio was somewhat higher than in AD. However, no
statistically significant differences in Aβ levels were detected between AD and nonhuman
primate groups in either cortical region. ND: Nondemented human; AD: Alzheimer’s
disease; Pt: Pan troglodytes (Chimpanzee); Mm: Macaca mulatta (Rhesus macaque); Ss:
Saimiri sciureus (Squirrel monkey). Bars = standard deviations.
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Figure 2. Postmortem quantification of 3H-PIB binding in cortical homogenates from aged
humans and nonhuman primates
Despite comparable mean levels of insoluble Aβ, 3H-PIB (1 nM) binding is low to
undetectable in aged nonhuman primate temporal (A) and occipital (B) cortices compared to
the same regions from humans with Alzheimer’s disease. (AD vs. nonhuman primates,
temporal cortex: p<0.0001, occipital cortex: p=0.0004). Note also the low binding of PIB in
nondemented control humans (ND vs. AD, temporal cortex: p=0.0091, occipital cortex:
p=0.0238). No significant difference in PIB binding was detected between nondemented
humans and nonhuman primates. [Temporal cortex: ND, n= 3; AD, n=9; Chimpanzee, n=3;
Rhesus macaque, n=1; Squirrel monkey, n=6. Occipital cortex: ND, n=3; AD, n=6;
Chimpanzee, n=2; Rhesus macaque, n=9; Squirrel monkey, n=6]. ND: Nondemented
human; AD: Alzheimer’s disease; Pt: Pan troglodytes (Chimpanzee); Mm: Macaca mulatta
(Rhesus macaque); Ss: Saimiri sciureus (Squirrel monkey). Bars = means.
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Figure 3. Cortical homogenate mixing experiments do not indicate a species-specific factor that
modulates 3H-PIB binding in aged humans or nonhuman primates
Homogenates from AD temporal (A) and occipital (B) cortices (100μg tissue) were
incubated with temporal and occipital cortical homogenates (100μg tissue) from
nondemented humans, chimpanzees, rhesus macaques, and squirrel monkeys in an in
vitro 3H-PIB binding assay. The amount of ligand binding to homogenate mixtures
approximately equaled the sum of 3H-PIB binding to each mixture component, indicating an
absence of species-specific, auxiliary factors that enhance or suppress PIB binding. ND:
Nondemented human; AD: Alzheimer’s disease; Pt: Pan troglodytes (Chimpanzee); Mm:
Macaca mulatta (Rhesus macaque); Ss: Saimiri sciureus (Squirrel monkey). Bars =
Standard deviations.
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Figure 4. Relationship between insoluble Aβ levels and 3H-PIB binding in AD cortical
homogenates
Total levels of insoluble Aβ (Aβ40 and Aβ42) correlate positively with 3H-PIB binding to
AD temporal and occipital cortical homogenates. The correlation was not statistically
significant in either cortical region, however (temporal cortex, r=0.3417, p=0.3682; occipital
cortex, r=0.7088, p=0.1149).
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Figure 5. Analysis of high-affinity 3H-PIB binding in AD and chimpanzee cortical homogenate
A homologous competition binding analysis with 1.2nM 3H-PIB and unlabeled PIB between
1.0 nM and 1.0μM reveals a high-affinity PIB binding component in AD temporal cortical
homogenate (Kd = 3.0nM, Bmax = 209.28 fmol/100μg wet tissue) but no detectable high-
affinity PIB binding components in chimpanzee temporal cortical homogenate (AD human:
open squares, Chimpanzee: filled diamonds). Similar results were seen with rhesus macaque
and squirrel monkey cortical homogenates (data not shown).
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Figure 6. 3H-PIB Autoradiography in AD and aged squirrel monkey cortical tissue sections
1.0nM 3H-PIB binds to Aβ lesions throughout the cortex and, to a lesser extent, in the white
matter of AD temporal cortical cryosections (A). This binding is mostly, but not entirely,
blocked by 1μM unlabeled PIB (B), and corresponds to 6E10-immunoreactive Aβ lesions in
adjacent cryosections (arrows in A and C). In cryosections from squirrel monkey temporal
cortex, negligible 3H-PIB binding is detected (D), despite the presence of heavy vascular
and parenchymal Aβ deposition, as shown with 6E10 immunohistochemistry in adjacent
cryosections (F) (asterisks denote the same large blood vessel in panels D–F). Note that the
Aβ-positive lesions in squirrel monkeys consist largely of microvascular deposits and small
parenchymal plaques (inset in F), as previously described (Elfenbein et al., 2007). When 3H-
PIB is incubated in the presence of 1μM unlabeled PIB, binding is mostly blocked (E);
however, as in the AD cases, 3H-PIB binding was mostly, but not entirely eliminated by
unlabeled PIB. Bar in F = 1mm for panels A–F; bar in the inset = 50μm.
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