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Abstract
The aged canine is a higher animal model that naturally accumulates β-amyloid (Aβ) and shows
age-related cognitive decline. However, profiles of Aβ accumulation in different species (40 vs.
42), its assembly states, and Aβ precursor protein (APP) processing as a function of age remain
unexplored. In this study, we show that Aβ increases progressively with age as detected in
extracellular plaques and biochemically extractable Aβ40 and Aβ42 species. Soluble oligomeric
forms of the peptide, with specific increases in an Aβ oligomer migrating at 56kDa, also increase
with age. Changes in APP processing could potentially explain why Aβ accumulates, and we show
age-related shifts towards decreased total APP protein and non-amyloidogenic (α-secretase)
processing coupled with increased amyloidogenic (β-secretase) cleavage of APP. Importantly, we
describe Aβ pathology in the cingulate and temporal cortex and provide a description of
oligomeric Aβ across the canine lifespan. Our findings are in line with observations in the human
brain, suggesting that canines are a valuable higher animal model for the study of Aβ
pathogenesis.
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1. Introduction
The gradual accumulation of beta-amyloid (Aβ) appears to trigger a pathological cascade of
molecular and cellular alterations that produce the phenotype of Alzheimer disease (AD),
often referred to as the amyloid cascade hypothesis (Hardy and Selkoe, 2002). We have
studied aging beagles as a natural model of Aβ accumulation, as canines and humans share a
100% homology of the Aβ protein (Johnstone et al., 1991; Cotman and Head, 2008) and the
canine APP sequence shares a 98% homology with that of the human
(http://www.ensembl.org/Canis_familiaris/). Our focus has been on age and region-
dependent increases in Aβ that closely correlate with cognitive decline in several domains of
learning and memory (Cummings et al., 1996a; Head et al., 1998; Head et al., 2000). In
particular, the prefrontal, parietal, entorhinal, and occipital regions have been important
areas for establishing spatial and temporal Aβ deposition patterns (Head et al., 1998; Head et
al., 2000). To date, analysis of canine Aβ has primarily relied on immunohistochemical
study of extracellular plaque development. In contrast, very little is known about the
temporal accumulation of soluble and insoluble Aβ40 and Aβ42 species, the accumulation
of oligomeric Aβ, or the production and clearance enzymes involved in the amyloid
precursor processing (APP) pathway. Elucidating these profiles across the canine’s lifespan
provides essential information for intervention studies targetting Aβ and cognitive decline,
which in turn will be significant for translating research using the canine model to humans.

Of particular interest are soluble Aβ oligomers, which have emerged as important players in
AD pathogenesis for their toxicity and impact on cognition. Aβ oligomers may block long-
term potentiation and are more toxic to cells than insoluble fibrils. Thus, a potential critical
role of oligomeric Aβ species in neurotoxicity and cognitive decline has been identified in
humans and transgenic AD mice (Selkoe, 2008). However, the properties and temporal
profiles of oligomeric Aβ assembly states have not been established in the canine, and it will
be important to characterize these protein states in this natural model of Aβ pathogenesis.

The sequential cleavage of Aβ via the APP processing pathway has been well characterized
in humans and several AD models (Thinakaran and Koo, 2008). Amyloidogenic APP
processing occurs via beta secretase (βSEC) cleavage at an extracellular site and subsequent
cleavage by the gamma secretase complex in the APP transmembrane region releases Aβ
isoforms of 38 to 43 amino acids in length. Once formed, Aβ monomers may assemble into
larger protein structures such as Aβ oligomers and fibrils, and are susceptible to enzymatic
clearance primarily by neprilysin (NEP) and insulin degrading enzyme (IDE). Interestingly,
the majority (~90%) of APP processing undergoes non-amyloidogenic processing via alpha
secretase (αSEC) cleavage within the Aβ domain. Thus, the constitutive pathway suggests
that a change in the balance between amyloidogenic and non-amyloidogenic APP processing
has the potential to dramatically impact Aβ generation and accumulation. It is possible that
an age-related shift in the normal equilibrium of APP processing pathways is responsible for
Aβ accumulation in the canine brain.

In this study, we characterized the temporal accumulation of Aβ as soluble and insoluble
Aβ40 and Aβ42 species as well as oligomeric assembly states, and assessed how APP
processing and Aβ degradation capacity changes across the lifespan. We present findings in
established regions of interest, namely the prefrontal, parietal, entorhinal, and occipital
cortices, and provide additional analyses of Aβ in the cingulate and temporal cortex of
beagles. We also investigate age-related changes in enzymes responsible for Aβ production
and clearance in canines, and determine whether the production of non-amyloidogenic
fragments at younger ages shifts to favor amyloidogenic processing and production of Aβ in
later years. Our findings provide essential data about the molecular Aβ cascade in a natural
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canine model of Aβ pathogenesis, which will guide future intervention studies in canines,
and serve as a valuable reference for understanding the role of Aβ in the human brain.

2. Materials and Methods
2.1 Animals

Frozen and free-floating brain sections were selected from archived samples, accumulated
from studies conducted in beagles from the Lovelace Respiratory Research Institute
(Albuquerque, NM) for a total of five dogs for the young group (mean=4.12 +/− 0.19 SEM
yrs) and six for the old group (mean=13.95 +/− 0.30 SEM yrs). An additional set of archived
parietal cortex tissue samples were used for measures of BACE1 protein and included five
dogs for the young group (mean=1.26 +/− 0.26 SEM yrs) and five for the old group
(mean=12.10 +/− 0.42 SEM yrs), None of the animals had participated in any other study
(i.e. drug or inhalation study common for the institute), although the group of six old dogs
(mean=13.95 +/− 0.30 SEM yrs) served as the control arm of another study intervention
using dietary antioxidants and behavioral enrichment. Besides routine behavioral testing in
these aged animals, all dogs were maintained in the same environment, on the same diet, and
in the same facility. Selected brain regions include the prefrontal, parietal, cingulate,
entorhinal, temporal, and occipital cortices. The 34 dogs used to study Aβ assembly states
ranged in age from 1 to 16 years old (including young, middle aged, and old), and frozen
sections from the lateral temporal cortex at the level of the hippocampus were available for
all animals for this study. The parietal cortex at the level of the hippocampus of 12 animals
was available for the size exclusion chromatography, specifically four animals in each of the
following groups: young (mean=2.62 +/− 0.61 SEM yrs), middle age (mean=6.98 +/− 0.49
SEM yrs), and old (mean=14.39 +/− 0.58 yrs).

2.2 Aβ immunohistochemistry and Aβ load quantification
These protocols have been previously published (Head et al., 2008). Briefly, tissue from the
left hemisphere was sectioned at 40μm by Neuroscience Associates (Knoxville, TN). We
selected free floating sections containing the prefrontal, parietal, cingulate, entorhinal, and
occipital cortices. After pretreatment with 90% formic acid, Aβ plaques were detected with
anti-Aβ1-17 (mouse monoclonal 6E10 antibody, 1:5000, Signet Labs. Inc., Dedham, MA),
followed by anti-mouse secondary antibody, detection with an ABC peroxidase kit, and
visualization with a DAB substrate kit (Vector Labs., Burlingame, CA). Control experiments
where primary or secondary antibody was omitted resulted in negative staining. The
procedure for quantifying Aβ loads has been reported previously (Head et al., 2000). Briefly,
ten images were captured using a 20X objective in each brain region and the area occupied
by Aβ quantified using gray scale thresholding (NIH Image), to obtain “Aβ loads”. Results
were confirmed with an additional set of sections at least 200μm away.

2.3 Aβ sandwich ELISA
To detect differences in the young and old prefrontal, parietal, temporal, and occipital
cortices, we used previously published methods (Head et al., 2008). Briefly, frozen cortical
samples were sequentially extracted in radioimmunoprecipitation assay (RIPA) buffer
(pH=8, 50mM Tris-HCl, 150mM NaCl, 0.5% deoxycholate, 0.1% SDS, 1% Triton X-100,
protease inhibitor cocktail (MP Biomedicals, Costa Mesa, CA)) to obtain a soluble RIPA
fraction and the resulting RIPA pellets were resuspended in a 70% formic acid buffer (FA)
to measure insoluble Aβ. In a larger study of 34 brains that included a broader range of ages,
a three-step extraction procedure was conducted to optimize our detection of soluble
proteins, due to the dynamic nature of soluble Aβ and its ability to aggregate. Pulverized
tissue was sequentially extracted starting with a detergent-free PBS buffer (pH 7.4, protease
inhibitor cocktail, Amresco, OH), then an SDS extraction buffer (2% SDS, protease
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inhibitor cocktail, Amresco, OH), and finally in 70% FA buffer. All FA samples were
neutralized in neutralization buffer and all samples run in triplicate on ELISA plates coated
with a monoclonal anti-Aβ1-16 antibody (20.1, kindly provided by Dr. William Van
Nostrand, Stony Brook University, Stony Brook, NY) and detection was by monoclonal
HRP-conjugated antibodies anti-Aβx-40 (MM32-13.1.1) or anti-Aβx-42 (MM40-21.3.1)
(both antibodies kindly provided by Dr. Christopher Eckman, Mayo Clinic Jacksonville,
Jacksonville, CA) (Kukar et al., 2005; McGowan et al., 2005). For standards, dilutions of
Aβ1-40 and Aβ1-42 peptides (Bachem California, Inc., Torrance, CA) were used after a
pretreatment with HFIP to prevent fibril formation. The inclusion of a series of controls to
test the absorbance of buffers, samples, and antibodies yielded negative results.

2.4 Size fractionation columns and Aβ ELISA
Of the 12 animals with parietal cortex available, pulverized tissue was homogenized at 1mL
buffer/200mg pulverized tissue weight in PBS (pH 7.4, protease inhibitors 1mM PMSF,
20μM leupeptin, 10uM Pepstatin-A). Following centrifugation at 40,000g for 1 hour, the
PBS soluble fractions were recovered and pooled for the four dogs in each of the following
age groups: young, middle age, and old. Pooled samples were loaded onto a G-75 column
and run in PBS + 2mg/mL BSA and 400 μl fractions collected over approximately 30
timepoints. Larger, heavier proteins were eluted first and most likely contained aggregated
or oligomeric Aβ. Smaller proteins were eluted in subsequent fractions and most likely
contained the pool of monomeric Aβ. The experiment was replicated with fresh samples and
eluted fractions were tested for concentration of Aβ by a sandwich ELISA. For these studies,
the capture antibody was the same anti-Aβ1-16 used previously, and the detection antibody
was HRP-conjugated 4G8 against Aβ17-24 (Covance, CA), with the OD at 450nm recording
the total Aβ concentration in each eluent. Using a control experiment in which 4G8 served
as both the capture and detection antibody, we optimized this Aβ ELISA as a single-site
sandwich assay better suited to detect oligomeric protein forms in initial column eluents and
monomeric proteins in later column fractions. Thus, earlier column fractions contained
larger Aβ aggregates and produced a signal because the Aβ17-24 site was available at least
twice, from some Aβ peptides during the initial capture with 4G8 and from adjacent Aβ
peptides later at the HRP-4G8 incubation step for detection. In contrast, later eluted fractions
produced no detectable signal because all Aβ17-24 sites were occupied on the Aβ monomers
during the initial capture with 4G8 and no additional sites were available at the HRP-4G8
incubation step for detection.

2.5 Western blotting
For the oligomer studies, pulverized tissue samples were extracted in PBS buffer (powder
packet from Sigma-Aldrich, St. Louis, MO, pH 7.4, 0.2% NaN3 with Complete Mini
protease inhibitor (Roche Diagnostics, Indianapolis, IN)). For protein analyses on APP
processing proteins, frozen tissue was homogenized in either SDS extraction buffer
(pH=6.8, 100 mM Tris, 1% SDS, protease inhibitor cocktail kit (MP Biomedicals, Costa
Mesa, CA)) at 1 mL buffer/100mg wet weight tissue or in RIPA buffer (pH=8, 50mM Tris-
HCl, 150mM NaCl, 0.5% deoxycholate, 0.1% SDS, 1% Triton X-100, protease inhibitor
cocktail (MP Biomedicals, Costa Mesa, CA)) at 1 mL buffer/150mg pulverized tissue
weight. Samples were centrifuged at 100,000g for 1 hour at 4C, and soluble fractions
recovered with all samples brought to an equal protein concentration by BCA (Pierce
Biotechnology Inc., Rockford, IL). Samples were prepared for the gel by the addition of
loading buffer (2.5mM Tris pH 6.8, 2% SDS, 0.007% bromophenol blue, 4% beta-
mercaptoethanol, 10% glycerol) and boiled at 100C for 5 minutes. Equal protein amounts
were loaded together on 4-20% Tris-HCl Criterion gels (BioRad Laboratories, Hercules,
CA) and transferred to sequi-blot PVDF membranes (Biorad Laboratories, Hercules, CA)
for all proteins, with the exception of nitrocellulose membranes used for BACE1 (Biorad
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Laboratories, Hercules, CA). For the oligomer studies, incubations were in Tris Buffered
Saline with 0.01% Tween-20 (TTBS), specifically using 3% BSA/TTBS for all blocking and
antibody incubations with β-actin (mouse, 1:5000, Abcam Inc., Cambridge, MA) and A11
antibody (rabbit, 1:1000, Chemicon, Temecula, CA) (Kayed et al., 2003). For other protein
analyses on APP processing, incubations were in 5% milk/0.1%Tween20-TBS for β-actin
(rabbit, 1:5000, Abcam Inc., Cambridge, MA), GAPDH antibody (rabbit 1:3000, Abcam
Inc., Cambridge, MA), 6E10 antibody against anti-Aβ1-16 to detect full-length APP (mouse,
1:500, Signet Laboratories, Dedham, MA), ADAM10 antibody (rabbit, 1:500, Chemicon,
Temecula, CA), BACE1 antibody (mouse, 1:4000, MAB931, R&D Systems, Minneapolis,
MN), CT20 antibody for CTFs (rabbit, 1:2000, raised against the C-terminal 20 amino acids
of APP). Secondary antibodies were HRP-conjugated IgG anti-mouse (goat anti-mouse,
1:5000, BioRad Laboratories, Hercules, CA) or anti-rabbit (goat anti-rabbit, 1:10,000 from
BioRad Laboratories, Hercules, CA or Rockland Immunochemicals, Gilbertsville, PA) as
needed. Supersignal Chemiluminscent Substrate (Pierce Biotechnology Inc., Rockford, IL)
was used to visualize HRP activity on Hyperfilm ECL (Amersham Bioscience, Piscataway,
NJ). The omission of primary antibody resulted in negative staining. For densitometry of
BACE1, a subset of samples was pooled and each membrane included 4 lanes with
increasing protein concentrations (2.5-20 μg or 10-60 μg) to ensure that optical densities
were within the linear range of detection. Immunoblots were quantified using NIH Image J
software, with optical density (OD) measures adjusted for individual β-actin OD levels.

2.6 Secretase activity assays
These protocols have been previously published (Nistor et al., 2007). Briefly, frozen tissue
was prepared according to protocols provided by the commercial supplier of the Secretase
Activity Kits (R&D Systems, Minneapolis, MN). For αSEC we used 125 μg total protein
(2.5μg/μl in 50μl total per well, OD read at 2 hours) and for βSEC we used 7.5μg total
protein (0.15μg/μl in 50μl total per well, OD read at 30 min.). All samples were run in
triplicate and the assays were replicated to confirm results.

2.7 Statistical analyses
All statistical analyses were performed using SPSS for Windows and graphs were produced
using SPSS and Sigma Plot. Normality and homogeneity of variance were assessed by the
Shapiro-Wilk statistic and the Levene’s statistic, respectively. The student’s t-test for two
independent samples was used to quantify differences between groups. In cases where
normality and variance assumptions were violated and not rectifiable by log transformation
of the data, group differences were assessed using nonparametric Mann-Whitney U tests.
Correlations were assessed using the Pearson coefficient, Partial correlation with age as a
covariate, or nonparametric statistics as needed.

3. Results
3.1 Changes in Aβ with age

For initial analyses dogs were divided into young (mean=4.12 +/− 0.19 SEM yrs) and old
(mean=13.95 +/− 0.30 SEM yrs) groups, and Aβ extracellular plaques were quantified as a
measure of Aβ load in the prefrontal, parietal, cingulate, entorhinal, and occipital cortices.
Representative sections of Aβ immunostaining from the old and young beagles (Figure 1A)
demonstrate overall increases in Aβ plaques across brain regions and cortical layers with
age. Aβ plaque load was significantly increased across all cortical layers (Figure 1B),
specifically in the prefrontal (p=0.006), parietal (p=0.006), cingulate (p=0.006), entorhinal
(p=0.028), and occipital cortices (p=0.045).
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To detect changes in Aβ species, we measured soluble and insoluble levels of Aβ40 and
Aβ42 in the young and old dogs in the prefrontal, parietal, temporal, and occipital cortices.
Soluble levels were obtained using RIPA buffer and insoluble Aβ levels were from the FA
buffer fraction. There were general increases in Aβ with age across most brain regions and
tissue fractions (Figure 2A-D). The frontal cortex showed the most consistent increases with
age, having significantly more soluble Aβ40 (p=0.011), soluble Aβ42 (p=0.044), insoluble
Aβ40 (p=0.006), and insoluble Aβ42 (p=0.006) compared to the young animals. The parietal
cortex also showed significant increases in soluble Aβ40 and Aβ42 (p=0.028 and p=0.045,
respectively) and insoluble Aβ42 (p=0.006), but no significant changes for insoluble Aβ40
(p>0.1). Aβ levels in the temporal and occipital cortices were very low overall in
comparison to other regions. Insoluble Aβ42 levels in the temporal cortex were significantly
increased with age (p=0.028), with no changes in soluble levels of Aβ40 or Aβ42, or
insoluble Aβ40 (p>0.1 for all) as measured by ELISA. Similarly, occipital levels of
insoluble Aβ42 were increased with age (p=0.018), but no changes were found in soluble
levels of Aβ40 or Aβ42 (p>0.1 for both). Marginal increases for insoluble Aβ40 were found
in the occipital cortex (p=0.068). The results from the ELISA suggest that deposition of
Aβ42 occurs prior to Aβ40, and the emergence of Aβ first in the RIPA soluble fractions and
then in the FA insoluble pool.

To obtain a more precise measure of changes in Aβ profiles in the temporal cortex, we
quantified Aβ in a larger group of canines with ages ranging from 1 to 16 years old. We
obtained a chronological profile of soluble and insoluble Aβ accumulation in the lateral
temporal cortex by ELISA (Figure 3). Aβ40 and Aβ42 were detected in cellular fractions
obtained by serial extraction with PBS (Figure 3A-B), SDS (Figure 3C-D), and FA buffers
(Figure 3E-F). There was a significant linear relationship with age in soluble levels of Aβ40
(r=0.469, p=0.007, Figure 3A) and in Aβ42 (r=0.563, p=0.001, Figure 3B) extracted in PBS
buffer. In SDS buffer, Aβ40 was associated with increased age (r=0.339, p=0.058, Figure
3C) and Aβ42 was significantly increased with age (r=0.651, p<0.001, Figure 3D). In the
insoluble FA fraction, Aβ levels remained stable until 12 years of age, at which point dogs
exhibited a spike in Aβ accumulation with a high amount of individual variability with an
increase in Aβ40 (r=0.348, p=0.051, Figure 3E) and a significant increase in Aβ42 (r=0.502,
p=0.003, Figure 3F).

3.2 Detection and quantification of oligomeric proteins
We next hypothesized that increases in Aβ in the soluble fraction reflected increases in
soluble oligomeric proteins, we proceeded to find Aβ-specific oligomers in the canine brain.
An initial study determined that oligomeric proteins were most abundant in the soluble PBS
cellular fraction as detected by an anti-oligomer antibody A11 (Supplemental Figure 1). A
follow-up experiment using immunoprecipitation with anti-Aβ antibodies prior to
immunoblotting with A11 selectively revealed Aβ oligomers with a prominent band at
56kDa (Supplemental Figure 2). We also confirmed increases in oligomeric proteins with
age using dot blots of the soluble PBS tissue fraction of young and old dogs, and detected
significant increases with the anti-oligomer antibodies M204 (p=0.051) and I11 (p=0.004)
(Supplemental Figure 3).

We proceeded to look at age-related changes in early Aβ assembly states in the larger cohort
of animals. We first analyzed the Aβ oligomer at 56kDa using the PBS fraction of the lateral
temporal cortex from 34 dogs ranging in age from 1 to 16 years old. Quantification revealed
significant increases with age in the 56kDa Aβ oligomer (r=0.41, p=0.02, Figure 4).along
with a large amount of individual variability. In addition, parietal cortex available from a
subset of the same animals was grouped into young (mean=2.61 +/− 0.62 SEM yrs), middle
age (mean=6.98 +/− 0.49 SEM yrs), and old groups (mean age=14.39 +/− 0.58 SEM yrs).
Following size fractionation, aliquots were analyzed for total Aβ by ELISA and showed a
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differential age profile for Aβ monomers and Aβ aggregates (Figure 5). Young dogs showed
high levels of monomeric Aβ and almost no aggregated protein, while middle-aged dogs
showed the opposite trend with low levels of monomeric Aβ and increased Aβ aggregates.
Old animals exhibited both Aβ pools, with prominent peaks for monomeric and aggregated
Aβ assembly states. Thus, we detected Aβ oligomeric proteins in canines and show that they
gradually accumulate beginning in middle age and throughout the rest of the lifespan.

3.3 Changes in the APP processing pathway with age
Several mechanisms may underlie the accumulation of Aβ with age, including increased
availability of APP, decreased clearance by Aβ degrading enzymes, or altered processing
favoring the amyloidogenic pathway. To determine whether age-related increases in Aβ,
regardless of its assembly state, are due to changes in the APP processing pathway, we used
cortical tissue from young and old canines.

To determine whether increases in APP might account for increases in Aβ, we measured
total APP protein levels by Western blot (Figure 6A) in tissue available from the prefrontal,
parietal, hippocampal, and occipital cortex of young and old canines. Unexpectedly, total
APP was significantly decreased with age in all examined regions. Significant decreases
were found in the prefrontal cortex (p=0.008, Figure 6B and F), parietal cortex (p=0.005,
Figure 6C and F), hippocampus (p=0.013, Figure 6D and F), and occipital cortex (p=0.0001,
Figure 6E and F). These results indicate that that increased availability of APP does not
account for increased Aβ accumulation with age.

We next investigated whether decreased Aβ clearance may be responsible for increased age-
related accumulation of Aβ. We measured protein levels of NEP and IDE by Western blot in
tissue available from the parietal cortex of young and old canines (figure not shown). No
significant changes were detected with age in NEP (p>0.1) or IDE (p>0.1), suggesting that
decreased enzymatic clearance by lower protein levels of NEP or IDE does not account for
increased Aβ accumulation with age.

Because Aβ accumulation likely reflects a balance between production and clearance
mechanisms, we next asked if differential APP cleavage might explain our previous
findings. Using commercially available αSEC and βSEC enzyme activity kits, we found that
old animals displayed a significant 20% decrease in αSEC activity (p=0.004, Figure 7A)
indicative of decreased non-amyloidogenic APP processing with age. In addition, aged dogs
showed a 24% increase in (SEC activity with age (p=0.024, Figure 7B) indicative of
increased amyloidogenic APP processing. With changes in APP enzymatic cleavage
indicating a significant shift towards amyloidogenic processing in aged dogs, we expected
that the APP CTF proteins would show a similar trend (Figure 8). In agreement with
increased (SEC activity, aged dogs displayed significantly higher levels of CTF(protein
compared to young animals in the parietal cortex (p=0.02, Figure 8A and C) and
significantly higher levels of the (-secretase protein BACE1 in the parietal cortex (p=0.05,
Figure 10A and B). However, we found no significant changes in CTF(protein (p>0.1,
Figure 8A and B) and thus proceeded to look at the protein levels of one of the candidate
(SEC enzymes, ADAM10. The antibody detected both the precursor and mature forms of
ADAM10 in the parietal cortex of young and old canines (Figure 9A). Quantification of
both proteins revealed a significant decrease in the ADAM10 precursor (p=0.045, Figure
9B) with very low levels in aged animals. Likewise, the mature form of the protein was
significantly decreased in aged animals compared to young (p=0.0001, Figure 9C). Overall,
these findings indicate a shift in APP processing that favors amyloidogenesis with age.
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4. Discussion
Aged canines are valuable as a model of brain aging and dementia because they display
progressive cognitive impairment alongside a spontaneous process of Aβ formation and
accumulation with age (Cummings et al., 1996a; Head et al., 1998; Head et al., 2000). Here,
we demonstrate that Aβ pathogenesis occurs in many of the same brain regions as observed
in human AD. Our findings also suggest a common profile between dogs and humans of Aβ
accumulation in different species and assembly states over time, with a shared molecular
pathway through differential APP processing that favors amyloidogenesis.

4.1 Aβ deposition increases in a spatial and temporal pattern with age
Using both immunohistochemical and biochemical assays, we show that Aβ levels increase
with age across several brain regions, including the prefrontal, parietal, cingulate, entorhinal,
temporal, and occipital cortices and are consistent with previous reports in beagles (Russell
et al., 1996; Head et al., 1998; Head et al., 2000). In the canine cingulate cortex, we show
increased extracellular plaque pathology which is consistent with previous findings in dogs
of various breeds (Shimada et al., 1991). The temporal cortex is noteworthy in human
studies, as memory scores prior to death are related to increased pathology in this region
(Fleischman et al., 2005) and the rate of atrophy of mesial temporal lobe structures can
differentiate healthy from pathological aging (Stoub et al., 2008). In the canine temporal
cortex, Aβ40 and Aβ42 solubilized in PBS and RIPA buffers increased in a linear fashion
across the lifespan, while insoluble Aβ (in FA buffer) showed a spike in deposition after age
12 years old, graphically representing a log relationship similar to plaque pathology data
previously characterized in other cortical areas of beagles (Head et al., 2000).

Our biochemical analyses revealed selective differences in Aβ40 and Aβ42 species
depending on brain region and Aβ pool (soluble, insoluble). Aβ42 in the insoluble pool from
the FA fraction was higher than Aβ40, consistent with immunohistochemical studies of
plaques in the DS brain (Lemere et al., 1996) and data in canines showing that Aβ42 is
deposited before Aβ40 (Cummings et al., 1996b; Tekirian et al., 1996). MCI patients show
increased levels of soluble Aβ42 compared to controls (Murphy et al., 2007) and the
Aβ42:Aβ40 ratio is selectively increased in some APP mutations that cause early-onset AD
(Younkin, 1998). In addition, our data imply that Aβ emerging in the soluble pool (RIPA
fraction) serves as an initial source of Aβ accumulation that moves to the insoluble pool (FA
fraction) with age. Current evidence suggests that early Aβ assembly states are soluble and
intracellular, while larger Aβ aggregates that are insoluble and more resistant to degradation
are located extracellularly (Selkoe, 2008). Overall, our ELISA data suggest that Aβ42
deposits are the oldest species, emerging first in the soluble fractions before the insoluble,
and are more abundant than Aβ40 in aged canines.

As in the aged human brain, the vast majority of Aβ in the aged canine brain is highly
insoluble and consists of greater amounts of Aβ42 than Aβ40 (Roher et al., 1993;
Steinerman et al., 2008; Roher et al., 2009). In addition, as occurs in the normal human brain
and in AD, the proportion of Aβ42 increases with age in the canine brain, and shows greater
heterogeneity with age, possibly linked to one or more aspects of brain dysfunction in a
subpopulation of animals similar to that in humans and the development of AD. Thus, the
canine brain shows striking similarities to the human brain with respect to Aβ (Murphy and
LeVine, 2010).

4.2 Detection of specific Aβ oligomeric proteins in canines
To our knowledge, we provide the first characterization of oligomeric protein profiles across
the lifespan in the canine temporal cortex. We showed increased accumulation of oligomers
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using the dot blot method, which has been successful in previous reports of oligomers in
vitro and in human brain tissue (Kayed et al., 2003; Lambert et al., 2007), as well as in the
triple-transgenic AD model (Oddo et al., 2006). Most notably, our data revealed a significant
increase with age in a higher molecular weight Aβ aggregate migrating at 56kDa.
Importantly, similar findings in Tg2576 transgenic AD mice suggest that the oligomer
migrating at 56kDa (Aβ*) is a candidate toxic aggregate associated with cognitive deficits,
even in the presence of Aβ plaques (Lesne et al., 2006; Lesne et al., 2008). In addition to the
accumulation of Aβ* with age, we observed a shift in size of Aβ aggregates. The size
exclusion column fractionation data indicate that younger animals produce Aβ monomers,
which likely accumulate over time to form a stable population of oligomeric aggregates
during middle-age, with both assembly states present in old canines.

The presence of oligomeric Aβ in the temporal cortex of dogs may have an impact on
cognition that parallels reports in humans. As previously mentioned, studies indicate the
accumulation of Aβ pathology or structural change in the temporal area may be important
indicators of cognitive status or predictors for disease progression (Fleischman et al., 2005;
Stoub et al., 2008). In structural MRI scans, patients that developed MCI had decreased gray
matter in the temporal lobe while still cognitively normal (Smith et al., 2007) and increases
in medial temporal atrophy that correlated with cognitive assessments was predictive for
conversion from MCI to AD (DeCarli et al., 2007). Our data on toxic oligomeric Aβ species
in the temporal cortex identifies this as an important region for consideration in future
studies.

4.3 Aβ accumulation depends on amyloidogenic APP processing
In our investigation of possible mechanisms for increased Aβ with age, we evaluated the
possibility that Aβ levels were regulated by the availability of the precursor protein APP, Aβ
degrading enzymes NEP and IDE, or altered APP processing favoring the amyloidogenic
pathway.

Our data indicate that increased levels of APP protein do not underlie increases in Aβ, since
levels of APP were dramatically reduced in brain regions known to accumulate Aβ with age.
In canines of various breeds and studies with relatively small sample sizes, there are
inconsistent reports on APP protein, with some reporting no change (Rofina et al., 2004)
while others detect increases with age (Calderon-Garciduenas et al., 2003). Human studies
are also few and inconsistent depending on APP protein or expression levels, with one study
reporting no age-associated changes in APP protein in control or DS cases (Nistor et al.,
2007). As for APP expression, one study finds increases in nondemented individuals and
decreases in the vicinity of plaques of AD patients (Barger et al., 2008), while microarray
data from our lab reveals decreases with age in nondemented individuals (unpublished
findings). However, the present findings in canines focus on total APP protein levels and are
derived using multiple brain regions from the same group of young and old beagles.
Furthermore, our observed decreases in total APP protein are internally consistent across
four brain regions. A recent microarray analysis of the canine cerebral cortex showed a 2.2.
fold increase in APP mRNA in aged beagles compared to young animals (Swanson et al.,
2009), indicating that a compensatory effect may occur with age. These results suggest that
APP protein decreases more likely stem from posttranslational events.

Since the accumulation of Aβ likely reflects a balance of production and clearance
mechanisms, we investigated whether age-dependent changes in clearance enzymes could
account for Aβ accumulation. We were unable to detect significant changes with age in NEP
or IDE protein, thus lower protein levels of these enzymes are unlikely to account for
increases in Aβ. Current literature reveals many discrepancies based on age, brain region,
and whether mRNA, protein, or activity levels of IDE and NEP are the most critical,
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although there is evidence suggesting that enzymatic activity and oxidation state may be
more important than total protein levels (Wang et al., 2003).

In our investigation of possible mechanisms for increased Aβ with age, we determined that
APP processing shifts in favor of amyloidogenesis. We found concomitant decreases in the
constitutive non-amyloidogenic pathway and increased APP processing via the
amyloidogenic pathway. Our findings revealed decreased αSEC activity alongside lower
ADAM10 precursor and mature protein contributing to reduced non-amyloidogenic
processing, with increased βSEC activity, increased βACE1 protein, and increased CTFβ
protein production reflecting an increase in amyloidogenic processing and Aβ production.
Importantly, these findings are consistent with data from humans showing age-related
increases in components of the amyloidogenic pathway in normal aging (Fukumoto et al.,
2004), DS (Russo et al., 2001; Nistor et al., 2007) and AD brain (Russo et al., 2001;
Fukumoto et al., 2002; Tyler et al., 2002; Yang et al.) and with reports of decreased
nonamyloidogenic processing in AD (Tyler et al., 2002).

4.4 Multiple effects on neuronal health and function
The concomitant age-related decreases in APP protein availability and lower non-
amyloidogenic processing, together with increases in Aβ production and accumulation may
have multiple negative effects on cell function and survival in the aging brain. The secreted
form of APP produced via non-amyloidogenic processing is important for development,
plasticity, and learning and memory systems (Thinakaran and Koo, 2008). APP also appears
to be neuroprotective against excitotoxic and ischemic events (Mattson et al., 1993; Smith-
Swintosky et al., 1994; Masliah et al., 1997). The aversive properties of Aβ produced via the
amyloidogenic pathway are well established, with evidence for the detrimental effects of Aβ
plaques (Spires et al., 2005; Kuchibhotla et al., 2008) as well as the negative impact of Aβ
oligomers (Selkoe, 2008). The importance of the α-secretase pathway is also highlighted by
recent reports of ADAM10 mutations in AD patients, which functionally impair non-
amyloidogenic cleavage of APP and promote elevated Aβ levels (Kim et al., 2009). Thus, a
reduction in neuroprotective forms of processed APP coupled with increased Aβ may
converge and together compromise neuronal function, indicating that both APP and Aβ may
be important factors underlying cognitive decline in aged dogs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Aβ load
(A and B) Old dogs exhibit an increased Aβ burden throughout multiple brain regions and
across cortical layers compared to young. (FRN=prefrontal, PAR=parietal, CNG=cingulate,
ENT=entorhinal, OCC=occipital, Y=young, O=old, scale bar=500μm, bars in B=group
mean+/−SEM, *=p<0.05)
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Figure 2. Soluble and insoluble Aβ40 and Aβ42 in young and old canines
Aβ increases with age across brain regions and tissue fractions, with insoluble Aβ being
higher than soluble levels. Specifically, (A) soluble Aβ40 is more abundant in the frontal
cortex and significantly increased in both the frontal and parietal cortices of aged dogs. (B)
Insoluble Aβ40 significantly increases with age in the frontal cortex, with moderate
increases in the occipital area. (C) Soluble Aβ42 is only significantly increased in the frontal
and parietal regions, while (D) all regions exhibit age-associated increases in insoluble
Aβ42, which is the earliest deposited Aβ species. (FRN=prefrontal, PAR=parietal,
TMP=temporal, OCC=occipital, bars=group mean+/−SEM, *=p<0.05, #=p=0.068)
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Figure 3. Soluble and insoluble Aβ40 and Aβ42 in canines across the lifespan
Both Aβ40 and Aβ42 protein significantly increase with age in all cellular fractions obtained
by serial extraction with three buffers (A and B) PBS, (C and D) SDS, and (E and F) FA in
canine temporal cortex. (fmol/mg=femto moles of Aβ per milligram raw tissue weight,
PBS=phosphate buffered saline buffer, SDS=sodium dodecyl sulfate buffer, FA=70%
formic acid buffer, open circles=individual data points, solid lines=regression line,
r=correlation coefficient, p=correlation p-value)
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Figure 4. Aβ oligomer at 56kDa
(A) A sample Western blot and (B) quantification of all cases shows the anti-oligomer A11
antibody detects a significant increase across the lifespan in an Aβ oligomer migrating at
56kDa in the PBS soluble fraction of canine temporal cortex. (numbers on left in
A=kilodalton marker, OD=optical density, kDa=kilodaltons, solid line=regression line,
r=correlation coefficient, p=correlation p-value)
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Figure 5. Age-related changes in Aβ assembly states
An analysis of Aβ in the PBS fraction of the parietal cortex was performed in a subset of
dogs classified into young (mean=2.6 years), middle age (mean=6.98 years), and old
(mean=14.41 years) groups. Size exclusion chromatography followed by an Aβ ELISA
protocol shows a differential age profile for oligomeric and monomeric Aβ. Young dogs
have high levels of monomeric Aβ and almost no oligomers, while middle aged dogs show
the opposite trend. Old animals have both monomeric and oligomeric pools of Aβ.
(OD=optical density, nm=nanometer, μl=microliter)
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Figure 6. Total APP protein levels
Western blots of total APP protein with beta-actin as a loading control are shown for the (B)
frontal cortex, (C) parietal cortex, (D) hippocampus, and (E) occipital cortex. (F)
Quantification of total APP levels indicates significant decreases with age in all examined
brain regions. (Y=young, O=old, APP=beta-amyloid precursor protein, βac=beta-actin, bars
in F=group mean+/−SEM, circles in F=individual data points)
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Figure 7. Enzyme activity levels of alpha and beta secretase
In the parietal cortex of a group of young and old canines, (A) alpha secretase activity
decreases significantly with age while (B) beta secretase activity increases significantly with
age. (bars=group mean+/−SEM, circles=individual data points)
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Figure 8. Protein levels of C-terminal fragments alpha and beta
(A) CTF alpha and beta proteins were detected and quantified using beta-actin as a loading
control in the parietal cortex of a group of young and old canines. (B) No significant
changes were detected in CTFalpha, (C) but there are significant increases with age in CTF
beta. (CTFα=carboxyl terminal fragment alpha of APP, CTFβ=carboxyl terminal fragment
beta of APP, βac=beta-actin, numbers on left in A=kDa values, bars in B and C=group mean
+/−SEM, circles in B and C=individual data points)
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Figure 9. Levels of ADAM10 precursor and mature protein
(A) Both the precursor and mature forms of ADAM10 are detected in the parietal cortex of
young and old canines, using beta-actin as a loading control. Quantification of (B) ADAM10
precursor protein and (C) mature ADAM10 protein levels reveals a significant decrease in
both proteins with age. (ADAM10=a disintegrin and metalloprotease 10, βac=beta-actin,
numbers on left in A=kDa values, bars in B and C=group mean+/−SEM, circles in B and
C=individual data points)
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Figure 10. Levels of BACE1 protein as a function of age
(A) BACE1 protein is detected in the parietal cortex of young and old canines, using
GAPDH as a loading control. Quantification of (B) BACE1 protein reveals a significant
increase with age. (BACE1=beta-site APP-cleaving enzyme 1, GAPDH=glyceraldehyde-3-
phosphate dehydrogenase, numbers on left in A=kDa values, bars in B=group mean+/
−SEM, circles in B=individual data points)
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