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Abstract
The amyloid β-protein (Aβ) is believed to play a causal role in Alzheimer’s disease, however, the
mechanism by which Aβ mediates its’ effect and the assembly form(s) of Aβ responsible remain
unclear. Several APP transgenic mice have been shown to accumulate Aβ and to develop cognitive
deficits. We have studied one such model, the J20 mouse. Using an immunoprecipitation/Western
blotting technique we find an age-dependent increase in Aβ monomer and SDS-stable dimer. But
prior to the earliest detection of Aβ dimers, immunohistochemical analysis revealed an increase in
oligomer immunoreactivity that was coincident with reduced hippocampal MAP2 and synaptophysin
staining. Moreover, biochemical fractionation and ELISA analysis revealed evidence of TBS and
triton-insoluble sedimentable Aβ aggregates at the earliest ages studied. These data demonstrate the
presence of multiple assembly forms of Aβ throughout the life of J20 mice and highlight the difficulty
in attributing synaptotoxicity to a single Aβ species.
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INTRODUCTION
Alzheimer’s disease (AD) histopathology of the cerebral cortex is characterized by an
accumulation of amyloid plaques containing the amyloid β-protein (Aβ) and neurofibrillary
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tangles composed of hyperphosphorylated tau (Mirra et al., 1991). Yet plaques and tangles are
not unique to AD (Terry et al., 1987; 2001) and while the number and distribution of tangles
shows a moderate correlation with severity of disease (Braak and Braak, 1997; Schonheit et
al., 2004), amyloid burden is a less robust indicator (Dickson, 1997; 2001; Bennett et al.,
2006). Nonetheless, considerable experimental data suggests that Aβ plays an important role
in AD pathogenesis (Selkoe, 2001). For instance, in the brains of humans affected by AD the
concentration of aqueous-soluble Aβ predicts the clinical severity of dementia better than either
amyloid plaque or neurofibrillary tangle density (Kuo et al., 1996; McLean et al., 1999; Lemere
et al., 2002). Parallel in vitro studies have revealed that soluble oligomeric forms of synthetic
Aβ perturb synaptic structure and activity and impair learning and memory whereas Aβ
monomer has no adverse effect (Lambert et al., 1998; Hartley et al., 1999; Wang et al., 2002;
Klyubin et al., 2004; Wang et al., 2004; Lacor et al., 2007; Puzzo et al., 2008). Together, these
ex vivo and in vitro studies have lead to a revision of the amyloid cascade hypothesis; wherein,
soluble Aβ oligomers are the primary neurotoxic agents in AD (Klein et al., 2001; Hardy and
Selkoe, 2002). However, the precise identity of these species and their relationship with
amyloid plaques still remains unclear (Walsh and Selkoe, 2007).

Transgenic mouse models over-expressing various forms of human APP develop amyloid
pathology, certain synaptic changes, electrophysiological deficits and impairment of learning
and memory relevant to AD (Ashe, 2001; Games et al., 2006). Consequently, such mice have
been studied in an effort to identify toxic Aβ assemblies (Westerman et al., 2002;
Kawarabayashi et al., 2004; Lesne et al., 2006; Cheng et al., 2007). The J20 mouse used here
expresses APP bearing the Swedish and Indiana mutations, promoting β-secretase cleavage
and increasing the Aβ42/Aβ40 ratio, respectively (Mucke et al., 2000). These mice show an
age-dependent deposition of Aβ beginning around ~4–5 months together with various
physiological changes that occur both before (Palop et al., 2007) and after the onset of plaque
formation (Palop et al., 2003; Moreno et al., 2007).

Using a sensitive ELISA and a serial extraction procedure to isolate TBS-soluble, triton-soluble
and GuHCl-soluble fractions we find that Aβ1–40 is the predominant Aβ isoform detected in
the aqueous extract, whereas Aβ1–42 is the major species detected in the GuHCl extract.
Importantly, detection of aggregated Aβ (i.e. Aβ sedimented by centrifugation and
subsequently solubilized in GuHCl) preceded immunohistochemical (IHC) detection of
amyloid deposits, but at all subsequent intervals the concentration of this GuHCl-solubilized
Aβ strongly correlated with the extent of amyloid plaque burden. Assessment of non-fibrillar
Aβ assemblies was accomplished using an immunoprecipitation (IP)/Western blot (WB)
technique that detects Aβ monomer and SDS-stable low-n oligomers (Walsh et al., 2000;
Shankar et al., 2008) and an antioligomer antibody, A11, reported to detect non-fibrillar Aβ
oligomers larger than pentamer (Kayed et al., 2003). IHC analysis using the A11 antibody
revealed the presence of oligomers at a time coincident with reduced hippocampal MAP2 and
synaptophysin immunoreactivity; however, this was evident only at intervals after aggregated
Aβ was first detected. Similarly, initial detection of TBS-soluble SDS-stable Aβ dimers
occurred several months after the appearance of water-insoluble Aβ aggregates. These findings
demonstrate the presence of several different Aβ assemblies in the cerebrum of J20 mice,
before, coincident with, and after the onset of detectable synapto-dendritic compromise.

MATERIALS AND METHODS
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise stated.

Animals and brain collection
The transgenic mouse line, J20, (gift of L. Mucke, Gladstone Institute, UCSF) expresses a
human APP minigene with the KM670/671NL and V717F AD-causing mutations driven by a
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platelet-derived growth factor promoter (Mucke et al., 2000). J20 mice were maintained on a
hybrid background (C57Bl/6 × DBA2) and genotyped by PCR, as described previously (Games
et al., 1995; Mucke et al., 2000). Following euthanasia by CO2 overdose, brains were rapidly
removed, placed on an ice-cold glass plate, and bisected sagittally. The left cerebral hemisphere
was immediately frozen in liquid nitrogen and stored at −80°C pending biochemical analysis,
and the right hemisphere was fixed in 10% formalin for 2 h, dehydrated and embedded in
paraffin for sectioning. Animal care and experimental protocols were performed in accordance
with applicable portions of the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by Harvard Medical School Institutional Animal Care
and Use Committee.

Antibodies
Antibodies to APP and its proteolytic derivatives have been described previously (Walsh et
al., 2000). Monoclonal antibody 2G3 was raised to Aβ33–40 and specifically recognizes Aβ
species ending at residue 40, whereas monoclonal antibody 21F12 was raised to Aβ33–42 and
specifically recognizes Aβ species ending at residue 42 (Johnson-Wood et al., 1997). 3D6 is
a monoclonal antibody that specifically recognizes the extreme N-termini of Aβ; 8E5 was
raised to a recombinant protein encoding residues 444–592 of APP695 (Games et al., 1995).
All four monoclonal antibodies were kindly provided by Drs. P. Seubert and D. Schenk (Elan
Pharmaceuticals, South San Francisco, CA). BS42 is a monoclonal antibody highly similar to
21F12 and specifically recognizes Aβ42 and was provided by Dr. David Howlett (GSK,
Harlow, Essex, England). R1282 is a high-titer polyclonal antiserum raised to synthetic Aβ1–
40 (Haass et al., 1992). Rat anti-mouse CD45 antibody (Serotek Inc., UK) was used to detect
microglia while bovine anti-mouse GFAP (1:500; Sigma Immunochemical Co., St. Louis, MO)
was used to detect reactive astrocytes. AT8 is a mouse monoclonal antibody that specifically
recognizes phosphorylated tau (Innogenetics, Belgium). Anti-synapsin I (AB1543) and anti-
synaptophysin antibodies were obtained from Chemicon (Billerica, MA). A11 is a
conformation-specific rabbit polyclonal antibody that specifically recognizes Aβ oligomers
larger than pentamers (Kayed et al., 2003) and was a gift from Dr. Charles Glabe (University
of California, Irvine).

Immunohistochemistry of brain sections
Paraffin-embedded, formalin-fixed 8 µm brain sections were prepared as previously described
(Lemere et al., 2002). The Vector Elite horseradish-peroxidase ABC kit (Vector Laboratories
Inc., Burlingame, CA) was used with diaminobenzidine (DAB; Sigma Chemical Co., St. Louis,
MO), as the chromogen, to visualize immunoreactivity. Plaque-associated immunoreactivity
was semi-quantitatively scored as 0 (no staining), 1+ (<10 plaques), 2+ (>10 scattered plaques),
3+ (most of cortex stained), or 4+ (almost confluent staining of cortex and hippocampus).

Preparation of mouse brain homogenates
Whole frozen left hemibrains were cut into small cubes and homogenized using a mechanical
dounce homogenizer with 25 strokes in 5 volumes of ice-cold Tris-buffered saline (TBS)
containing a cocktail of protease and phosphates inhibitors (0.2 mM Calpeptin, 0.1 mN NaVO3,
50 mM β-gycerolphosphate, 50 mM NaF, 2 mM 1,10 phenanthroline, 5 mM EDTA, 1 mM
EGTA, 5 µg/ml leupeptin, 5 µg/ml aprotinin, 2 µg/ml pepstatin, 120 µg/ml Pefabloc, final
concentrations). Homogenates were centrifuged in a TLA 100.3 rotar (Beckman, Fulerton, CA)
at 175,000 g and 4°C for 30 min. The supernate (designated as the TBS extract) was removed
to a clean tube, aliquoted and stored at −80°C. To solubilize Aβ associated with lipids the TBS-
insoluble pellet was homogenized (5:1 v:w) in TBS containing 1% Triton X-100 plus inhibitors
(TBS-TX) again using 25 strokes of a dounce homogenizer. TBS-TX homogenates were then
centrifuged at 175,000 g and 4°C for 30 min and the resultant supernate (i.e. the TBS-TX
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extract) was aliquoted and stored at −80°C. In order to release aggregated Aβ not soluble in
either TBS or TBS-TX, the TBS-TX pellet was homogenized in 10 volumes of 50 mM Tris-
HCl buffer, pH 8.0 containing 5M guanidine HCl and incubated on a Nutator for 14 h at 4°C.
Thereafter this suspension, referred to as the GuHCl extract, was aliquoted and stored at −80°
C.

For certain experiments cerebral cortex was dissected away from the cerebellum and hindbrain
and both hemispheres serially extracts as described above.

Quantification of Aβ in brain extract
Aβ levels in brain extracts were analyzed using a sandwich enzyme-linked immunosorbent
assay (ELISA), as described previously (Sun et al., 2002). Briefly, 2G3 and 21F12 were used
to capture Aβ40 and Aβ42, respectively and biotinylated 3D6 was used for detection. TBS and
TBS-TX samples that contained high levels of Aβ were diluted with the corresponding blank
buffers. In order to neutralize the denaturing activity of 5M GuHCl, all guanidinium-containing
extracts were diluted 1:10 in ice-cold casein buffer (0.25% casein, 0.05% sodium azide, 5mM
EDTA, 10 ug/ml leupeptin, 10 ug/ml aprotinin in TBS), vortex mixed, centrifuged at 16,000
g and 4°C for 15 min and subsequent dilutions made using 0.5M guanidine, 0.1% BSA in TBS.
All samples were analyzed in duplicate and where possible at least two different dilutions of
each sample were assayed.

Immunoprecipitation (IP)/Western blot (WB) analysis
A sensitive IP/WB protocol (Walsh et al., 2000) was used for the detection of Aβ in J20 mouse
brain extracts. Samples were immunoprecipitated with the high-affinity antibody, R1282, at a
dilution of 1:100. TBS and TBS-TX extracts were IP’ed directly and GuHCl extracts were
diluted 1:40 in DMEM and then IP’ed. After IP, samples were electrophoresed on either 4–
12% polyacrylamide bis-tris or 10–20% polyacrylamide tris-tricine gels (GE Healthcare, Little
Chalfont, England) and transferred onto 0.2 µm nitrocellulose membranes at 400 mA for 2 h.
Filters were boiled for 10 min in PBS (Ida et al., 1996) and then blocked overnight at 4°C with
5% fat-free milk in 20 mM Tris-HCl, pH 7.4, containing 150 mM NaCl and 0.05% Tween20
(TBS-T). After washing the membranes in TBS-T, they were probed with 2G3 and 21F12 (each
at 1 µg/ml). Bound antibody was visualized with horseradish peroxidase conjugated donkey
anti-mouse IgG (at 1:25,000) (Jackson ImmunoResearch, West Grove, PA) and the ECL+

detection system (GE Healthcare, Little Chalfont, UK) or with the LiCor Odyssey Infrared
Imaging System (LI-COR Biosciences, Lincoln, NE) following labeling with IR-dye
conjugated to goat anti-mouse (1:5000) (Rockland, Gilbertsville, PA).

Synaptic protein detection
Twenty micrograms of protein from TBS-TX extracts were electrophoresed on 4–12%
polyacrylamide bis-tris NuPAGE gels using MOPS running buffer (Invitrogen, Carlsbad, CA).
Proteins of interest were visualized on the LiCor Odyssey system following immunoblotting
with anti-synapsin I (1 µg/mL), and anti-synaptophysin (1 µg/mL) antibodies and Odyssey
software used to determine the relative amount of these synaptic proteins.

Synapse and dendrite quantification
The extent of the synapto-dendritic pathology was determined as previously described
(Rockenstein et al., 2005). Blind-coded, 10 µm thick paraffin sections were immunolabeled
with mouse monoclonal antibodies against synaptophysin (synaptic marker, 1:20, Chemicon)
and microtubule associated protein-2, (MAP2, dendritic marker, 1:40, Chemicon) (Mucke et
al., 1995). After overnight incubation with the primary antibodies, sections were incubated
with biotin-conjugated horse anti-mouse IgG secondary antibody (1:75, Vector Laboratories),
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followed by ABC vector reagent and diaminobendizidine. All sections were processed under
the same standardized conditions. The immunolabeled blind-coded sections were serially
imaged at 630X with a digital bright field microscope (Olympus) and analyzed based on
threshold with the Image Pro-plus as previously described (Toggas et al., 1994; Mucke et al.,
1995). For each mouse, four fields in the frontal cortex and hippocampus were examined. All
sections were processed simultaneously under the same conditions and experiments were
performed twice in order to assess the reproducibility of results. For synaptophysin and MAP2,
results are expressed as percent area of the neuropil occupied by immunoreactive terminals
and dendrites.

RESULTS
Aβ deposition, A11 immunoreactivity and markers of neuritic dystrophy increase with age
in brain of J20 mice

Previous studies of J20 mice have demonstrated that cerebral amyloid deposition begins n 5–
7 months old animals (Palop et al., 2003; Cheng et al., 2004). However, given that the extent
and onset of plaque formation can be influenced by a variety of factors (Adlard et al., 2005;
Lazarov et al., 2005), we systematically characterized the extent of amyloid deposition in a
cohort of J20 mice aged between 3–24 months. Immunohistochemical analysis revealed a
strong age-dependent increase in amyloid burden and associated neuritic markers (Fig. 1, Table
1). In agreement with prior studies (Mucke et al., 2000; Palop et al., 2003) brains from ~3
month old mice showed no anti-Aβ immunostaining in either the cortex or hippocampus (Table
1). In contrast, all transgenic animals aged between 166 and 171 days (~6 months) had amyloid
deposits detectable by R1282 (at least 1 deposits within a 100X field) in both the hippocampus
and cortex (Fig. 1a and Table 1), with most animals displaying Aβ42 staining and markers of
neuritic pathology (Table 1). Moreover, all J20 mice ~6 months and older exhibited appreciable
cortical and hippocampal A11 immunoreactivity. The A11 staining co-localized with R1282
staining of some amyloid plaques, but also included distinct non-plaque staining and increased
with age, reaching a plateau between ~12–16 months (Table 1, Fig. 1). The extent of Aβ burden
increased proportionately with age, such that by ~16 months most cortical sections from J20
mice were marked by confluent amyloid staining with R1282 (Fig. 1c) and substantial staining
with BS42, A11, 8E5 and anti-CD45 (Table 1). We also found that 8 of 17 brains from
transgenic mice ~8 months and older had a low, but consistent level of AT8 staining (Table
1). As expected, immunohistochemical analysis of brain sections from non-transgenic mice
aged ~3, 16 and 19 months revealed no amyloid deposition and no AT8, 8E5 or anti-CD45
staining and minimal A11 staining (Table 1).

Aβ1–40 is the predominant Aβ isoform detected in TBS extracts, whereas Aβ1–42 is the major
species detected in GuHCl extracts

To complement our immunohistochemical (IHC) analysis we determined the concentration of
TBS-soluble, triton-soluble cerebral and GuHCl-extracted Aβ by ELISA. Entire hemi-brains
were sequentially extracted first with tris-buffered saline (TBS), then TBS containing 1%
Triton X-100 (TBS-TX) and finally 5 M guanidine-HCl (GuHCl). At 3 months, human
Aβ1–40 was readily detectable in the TBS extract of every J20 animal analyzed, with values
ranging between 1.035 – 2.645 ng/g wet weight of brain (Fig. 2a). While the ELISA used here
can theoretically detect both endogenous rodent and transgene-derived human Aβ, no
appreciable signal was observed in brain homogenates from ~3 month old non-transgenic
controls (not shown), thus indicating that the Aβ detected in transgenic mouse brain was
predominantly the over-expressed human form. The level of Aβ1–40 remained constant until
~12 months at which point there was a slight increase followed by a further increase at ~16
months and a return to ~12 month values at ~19 and 24 months. The content of Aβ1–42 in TBS
extracts showed a similar trend with barely detectable levels at 3–8 months, increasing at ~12
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months, reaching a maximum value at ~16 months and then returning to lower values at ~19
and 24 months. The age-dependent changes in Aβ1–40 and Aβ1–42 present in the TBS-TX
extracts followed a pattern closely similar to that seen in the TBS extracts. Indeed, even the
absolute values of Aβ detected were similar for both the TBS and TBS-TX extracts (compare
Fig. 2a and b) and in both cases the amount of Aβ1–40 exceeded that of Aβ1–42 at all time points.
Levels of GuHCl-extracted Aβ were at least one order of magnitude higher than TBS or TBS-
TX extracted Aβ at all time points greater than 3 months. Even in brains from ~3 month old
animals the average concentration of GuHCl-soluble Aβ1–40 was ~10 ng/g and this increased
dramatically and in a highly age-dependent manner, reaching a maximum value at ~16 months,
but remaining constant thereafter (Fig. 2c). Two critical differences between the TBS/TBS-
TX and GuHCl extracts were: 1) that after ~3 months Aβ1–42 predominated over Aβ1–40 in the
GuHCl extract and 2) that Aβ levels reached a plateau earlier (~12 months) in the GuHCl
fraction and did not fall off thereafter. These results confirm that Aβ1–42 is more abundant in
amyloid plaques than Aβ1–40, but that the latter is the predominant TBS-soluble Aβ species
extractable from J20 brain – a pattern we have also observed in Alzheimer brain (J McDonald
and DMW, unpublished). Importantly, the Aβ42 quantification from the GuHCl extract is
consistent with the age-dependent increase in detection of amyloid deposits by BS42 (Table
1). Accordingly, the different representation of Aβ isoforms contained in the TBS soluble and
GuHCl-soluble extracts strongly suggest that the Aβ detected in aqueous extracts represent
authentic soluble Aβ, not peptides released by partial disruption of Aβ1–42-rich amyloid
plaques.

ELISA quantified Aβ in GuHCl extracts of brain strongly correlate with amyloid burden
visualized by immunohistochemistry

Linear regression analysis comparing R1282 immunoreactivity and ELISA quantitation of
extracted Aβ reveal that amyloid deposition strongly co-varies with the Aβ levels in GuHCl
extracts (Fig. 3c, R2=0.93), but correlates less well with TBS-soluble and triton-soluble Aβ
species (Figs. 3a, b; R2=0.69 and 0.77, respectively). Notably, for animals with no (0), low
(+1) or moderate (+2) amyloid burden the amounts of Aβ detected in the TBS and TBS-TX
extracts were essentially the same, suggesting that TBS-extractable Aβ is not artifactually
released from amyloid deposits during homogenization. This is further supported by the prior
finding that Aβ40 predominates in TBS and TBS-TX extracts, unlike in GuHCl extracts and
amyloid deposits (Table 1 and Fig. 2). Furthermore, the marked increase in TBS-extracted
Aβ concentration in brains that exhibit higher amyloid deposition (IHC grades 3–4) suggests
that the capacity of amyloid plaques to sequester interstitial Aβ in the cortical parenchyma is
saturable. This supralinear relationship is best appreciated when TBS-soluble Aβ values are
plotted against GuHCl-soluble Aβ (Fig. 3d) and reveals a dramatic increase in TBS-soluble
Aβ levels after GuHCl-soluble Aβ reaches ~450 ng/g wet brain weight. A similar relationship
is also seen between TBS-TX-soluble Aβ and GuHCl-extracted Aβ (data not shown). These
data suggest a dynamic inter-play between highly aggregated plaque Aβ and soluble Aβ, with
the Aβ42/ Aβ40 ratio in TBS and TBS-TX fractions increasing in animals with extensive (+3)
and severe (+4) amyloid burden. These results suggest that if an elevated Aβ42/Aβ40 ratio is
pathogenic it can only exerts its effect via soluble Aβ at a stage when there is already fulment
amyloid pathology.

SDS-stable Aβ dimers, trimers and tetramers are detected in J20 brain
Recent data suggests that non-fibrillar soluble oligomeric forms of Aβ are responsible for
synaptic compromise (Lambert et al., 1998; Walsh et al., 2002; Lesne et al., 2006; Shankar et
al., 2008) and perturbation of learned behavior (Cleary et al., 2005). However, most Aβ ELISAs
including the assay used in this study detect monomeric Aβ sensitively, but weakly detect
higher Aβ assemblies (Morishima-Kawashima and Ihara, 1998; Stenh et al., 2005). While the
ELISA analysis reported above provides useful information about the source of Aβ (i.e.
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whether it is derived from soluble or insoluble brain fractions) and whether the species sediment
under high speed centrifugation, this method offers no information about the relative amounts
of the different assembly forms comprising the total Aβ detected by ELISA. Consequently, we
employed 2 different approaches to gain insight into the aggregation state of Aβ present in J20
brain. IHC analysis revealed the presence of A11 (Kayed et al., 2003) positive deposits in the
brains of all transgenic animals ~6 months and older (Table 1). A11 immunoreactivity
coincided with or preceded BS42 immunostaining, microglial activation and detection of
aberrantly phosphorylated tau. Weak IHC staining was also observed in some aged non-
transgenic animals; but given that A11 is not specific for oligomers of Aβ alone, it seems likely
that this was attributable to oligomers of other misfolded proteins which occur at low levels in
aged normal brain tissue. Nonetheless, the higher intensity of A11 immunoreactivity observed
in J20 animals suggests that the predominant A11 signal was specific for the expression of the
transgene and is indicative of an age-dependent build up of Aβ oligomers.

Similarly, IP/WB analysis of the same cerebral extracts used for ELISA demonstrated an age-
dependent appearance of Aβ analogous to that seen in Fig. 2. Using antibodies specific for the
extreme C-termini of Aβ1–40/42 a faint band migrating around ~4–5 kDa was detected in the
TBS extracts of all ~3 month old transgenic mice (Figs. 4a). The specificity of this band was
confirmed by the fact that it was not detected in any of the 10 non-transgenic brains examined
(Fig. 4a, upper left panel: compare lane 11, ~24 month J20 extract, with lane 12, ~19 month
non-transgenic extract) and that it perfectly co-migrated with a synthetic Aβ1–40 standard. In
agreement with results obtained by ELISA, the level of monomer remained constant between
3–8 months, slightly increased at ~12 months and reached a maximum at ~16 months. No other
specific bands were detected in brain extracts of J20 animals aged 3–8 months; however, in
one of the five month old J20s (not shown) and in all of the ten J20s ~16 month and older an
additional band migrating ~7–8 kDa was detected. As with the monomer, this SDS-stable dimer
was not detected in any of the non-transgenic brains studied, and no additional higher molecular
weight bands specific to J20 mouse brain were detected. A similar pattern was also seen in
TBS-TX and GuHCl extracts. Notably, the amount of Aβ present in the GuHCl extract was
considerably higher than either the TBS or TBS-TX extracts, such that only ~1/7th of GuHCl
extract was required to achieve a similar signal intensity as achieved with TBS or TBS-TX
extracts. Thus, in agreement with the ELISA results the amount of Aβ extracted with GuHCl
is approximately 1 order of magnitude higher than the amount of aqueous- or detergent-soluble
Aβ. Additionally, insoluble Aβ was discernable in some animals as early ~3 months (Fig. 4c).

To assess whether dimers are present at earlier ages, four times the amount of GuHCl extract
used in Fig. 4c was IP’ed. Analysis of this larger amount of starting material allowed for the
visualization of dimers beginning at ~6–8 months (Figs. 4d, e) and at later time points specific
bands migrating ~12 and ~16 kDa (putative trimers and tetramers) were detected. Clearly the
ability to detect SDS-stable low-n oligomers in the GuHCl extract was dependent upon the
amount of material used, thus raising the possibility that dimers, trimer and tetramers may be
present at earlier time points and in other fractions, but are below the level of detection under
the conditions used. While it was possible to use larger volumes of GuHCl brain extracts to
search for SDS-stable low-n oligomers (Fig. 4d), unfortunately it was not possible to analyze
large volumes of TBS or TBS-TX extracts since all of this material had been consumed for
other assays.

Measures of total cerebral synaptic integrity fail to show age- and genotype-dependent
changes in the face of reduced hippocampal MAP2 and synaptophysin immunoreactivity

We also sought to determine if temporal changes in the solubility and assembly forms of Aβ
correlate with pathologically relevant changes in synaptic markers. To do this we again
employed biochemical and IHC approaches. Using the same brain extracts from which Aβ
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levels were measured we assessed the levels of the pre-synaptic markers synaptophysin and
synapsin. No significant differences were observed in the levels of these proteins when
comparing samples from J20 and non-transgenic animals (Fig. 5a). For instance, densitometric
analysis in extracts from 19 month old J20 mice across 3 experiments revealed that the amount
of synaptophysin was 109±15% of that detected in extracts from aged matched non-tg brains
and the level of synapsin was 95±10% of controls. Because this analysis was performed on
extracts from the entire cerebrum, these results suggest that widespread synaptic compromise
is not a feature of this mouse model. Therefore we investigated if regional specific synapse
loss was detectable. Subsequent analysis of the hippocampus, a region that displays significant
synapse loss in AD, revealed transgene-specific effects, with a significant decrease in
synaptophysin density in J20 mice compared to non-transgenic mice evident by ~6–8 months
(Fig. 5c,d 22.7±0.6% vs. 27.6±0.5%, respectively, p<0.05). Similarly, MAP2 staining also
demonstrated decreases in J20 mice by this age (Fig. 5b,d 21.6±0.7% vs. 26.8±0.7%,
respectively, p<0.05), suggesting dendritic loss in hippocampus. Both of these differences
maintained significance at ~16–19 months.

DISCUSSION
The amyloid cascade hypothesis of Alzheimer’s disease posits that disruption of normal brain
Aβ metabolism initiates a chain of events that ultimately causes disease (Hardy and Allsop,
1991; Selkoe, 1991; Klein et al., 2001; Hardy and Selkoe, 2002). This hypothesis is supported
by extensive genetic, biochemical and animal modeling, yet the hypothesis remains
controversial because amyloid histopathology does not correlate well with disease (Terry et
al., 1991). The steady state level of Aβ is controlled by production, degradation and clearance;
at micromolar concentrations Aβ can self-associate forming a variety of different assemblies:
ranging from dimers to aggregates of amyloid fibrils (for review see: (Walsh and Selkoe,
2007). However, as yet the specific form(s) of Aβ which causes injury to neurons in vivo has
not been identified. In recent years biochemical analysis of AD brain revealed a robust
correlation between soluble Aβ levels and the extent of synaptic loss and severity of cognitive
impairment (McLean et al., 1999; Lemere et al., 2002; Atwood et al., 2004). In such studies
water-soluble Aβ is defined by two properties: 1) that it is released by homogenization in an
aqueous buffer and therefore is likely to be derived from both the interstitial fluid of the
parenchyma and from the cytosol, and 2) it does not readily sediment and therefore is unlikely
to contain large particulates such as amyloid plaques or meshworks of amyloid fibrils.
Typically, measurement of soluble Aβ has been achieved using assays that cannot identify the
aggregation state of the species detected and may under-report the true level of Aβ oligomers
(Funato et al., 1998; Morishima-Kawashima and Ihara, 1998; Stenh et al., 2005). Thus,
although the assembly states of these Aβ species are unknown, their failure to pellet following
ultracentrifugation indicates that they are not fibrillar in nature, but attempts to further
characterize these species have been limited.

Further evidence supporting soluble forms of Aβ as the principal mediators of neuronal
compromise comes from studies of APP transgenic mice reporting alterations in neuronal
morphology and physiology observed well before the first signs of amyloid deposition
(Chapman et al., 1999; Hsia et al., 1999; Moechars et al., 1999; Mucke et al., 2000; Dineley
et al., 2002; Westerman et al., 2002; Wu et al., 2004) and from studies in which Aβ-mediated
deficits of memory were reversed by a single intraperitoneal injection of an anti-Aβ antibody
(Dodart et al., 2002). In these acute (<24 hr) experiments, brain amyloid burden was not
decreased, suggesting that the antibody was acting on soluble Aβ by neutralizing or clearing
these small assemblies.

APP transgenic mice are particularly attractive models for studying Aβ toxicity since they offer
the possibility of examining different stages of the “disease process”, such that a particular

Shankar et al. Page 8

Neurobiol Dis. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Aβ assembly may be correlated with the emergence of a certain AD-relevant phenotype (Lesne
et al., 2006). In this study we performed extensive biochemical and IHC analyses to better
understand the Aβ species present in J20 mouse brain before and after the deposition of
detectable plaques or the appearance of disease relevant changes. As reported previously,
detectable amyloid deposition began in mice at ~6 months (Mukherjee et al., 2000; Palop et
al., 2003). Using IHC and biochemical approaches we searched for evidence of neuritic
dystrophy and signs of synaptic compromise. As with recent findings (Palop et al., 2007) we
found no evidence of global synaptic loss; however, analysis of the hippocampus, a region that
displays synapse loss in AD, revealed a significant decrease in both synaptophysin and MAP2
immunoreactivity. These data support a model for selective vulnerability of certain classes of
neurons to Aβ (Capetillo-Zarate et al., 2006; Palop et al., 2007). Furthermore, although
significance was not reached at 3 months, there was a stronger trend towards decreased
synaptophysin than MAP2 staining, suggesting that synapse pruning likely occurs prior to
dendritic loss. The results described here also revealed a supralinear relationship between
soluble and insoluble Aβ after a certain threshold of amyloid deposition is reached, suggesting
an explanation for why AD manifests in the aging brain. These data imply that the cerebral
parenchyma may have a limited capacity to sequester soluble forms of Aβ. After this level has
been exceeded, synapse and neuronal degeneration manifests and accelerates in cortex that is
faced with an increasing soluble Aβ oligomer burden. This hypothesis is further supported by
previous findings that amyloid plaques do not increase in size or number in the already aged
brain (Hyman et al., 1995; Lemere et al., 1996).

These data, however, do not elucidate which form(s) of Aβ mediate these synaptic and dendritic
changes. For instance, changes in synaptophysin and MAP2 only become statistically
significant at ~6 month, despite the earlier presence of aggregated Aβ. Moreover, biochemical
fractionation coupled with ELISA revealed that even at the earliest time intervals studied, the
brains of all J20 mice contained aggregated forms of Aβ insoluble in TBS and TBS-TX and
pelleted by high speed centrifugation. At ages when plaques were evident, the amount of Aβ
extracted in GuHCl strongly correlated with amyloid burden, indicating that the GuHCl
fraction likely represents plaque-associated Aβ. If indeed this is the case, the detection of Aβ
in this fraction at ~3 months suggests that tiny insoluble amyloid aggregates are present, but
are too small to be visualized by light microscopy. By ~6 months appreciable A11
immunoreactivity was evident, some of which was associated with plaques and some of which
appeared to be completely independent of plaques. We also determined that J20 mouse brain
contains SDS-stable low-n Aβ oligomers, such as those detected in human CSF, aqueous brain
extracts and in medium from certain cultured cells, and which can impair synaptic plasticity
and the memory of learned behavior (Walsh et al., 2002; Klyubin et al., 2008; Shankar et al.,
2008). Consistent with our ELISA results the monomer was evident in all brain fractions from
the earliest age studied. In contrast Aβ dimer was only routinely detected in TBS extracts from
animals 12 months and older and this was also true for the TBS-TX and GuHCl extracts. Thus,
from these results it would appear that SDS-stable Aβ dimers appear several months after the
onset of synaptodendritic loss. Of course the lack of detection of a certain species does not
preclude the involvement of that species in pathology, since it may be present and active, but
at concentrations below the detection limit of the assay. In this study, SDS-stable dimers were
observable as early as 6 months when a larger volume of GuHCl sample was analyzed,
suggesting that the detection of a given Aβ species depends on the amount of tissue extract
analyzed. Furthermore, this larger volume of analysate also permitted the visualization of larger
Aβ assemblies, namely trimers and tetramers, the detection of which coincided with the rapid
accumulation of plaques that occurs around 12 months. The presence of such species could
either indicate the increased presence of SDS-stable oligomers in plaques or more likely the
incomplete denaturation of Aβ fibrils.
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This lack of coincident detection of a particular synaptotoxic species and the appearance of a
given phenotype does not necessarily exclude the involvement of that species in the observed
phenotype. For instance, Lesne and colleagues reported that in brain extracts from Tg2576
mice ~42 kDa (nonamer) and ~56 kDa (dodecamer) Aβ species were detected at an age that
coincided with the first observed changes in spatial memory (Lesne et al., 2006). However,
Kawarabayashi and colleagues reported that the appearance of SDS-stable dimers present in
lipid rafts also coincided with impairment of spatial memory (Kawarabayashi et al., 2004).
Similarly, it has been documented that the same Tg2576 mice show impaired performance in
a hippocampal-dependent contextual fear conditioning assay, decreased spine density in the
dentate gyrus, and impairment of long term potentiation (LTP) at ages long before the first
detection of Aβ dodecamer (Dineley et al., 2002; Jacobsen et al., 2006; Lesne et al., 2006).
Thus, while the appearance of dodecamers correlates with the impairment of spatial memory
in Tg2576 mice, it does not correlate with changes in other forms of memory, nor do dodecamer
levels correlate with changes in synaptic form and function. Indeed, the results presented here
suggest that synaptotoxicity is mediated by multiple Aβ species; therefore, coincidence of
detection of a specific assembly and effect on neuronal physiology alone are insufficient to
define the active species. Other very recent data also support the presence of multiple bioactive
Aβ species in J20 mouse brain (Meilandt et al., 2009). Over-expression of neprilysin
dramatically reduced total Aβ levels, but did not alter Aβ56* and SDS-stable Aβ trimer levels
nor did it recover spatial reference learning and memory impairments evident in J20 mice. In
addition, changes in hippocampal Fos levels and hyperactivity were attributed to a third
unidentified species (Meilandt et al., 2009). How the species detected by Meilandt and
colleagues relates to those forms of Aβ detected in this study is uncertain, since the authors
did not quantify either the presence of A11 immunoreactive species or the level of water and
triton X100-insoluble species.

Similarly, while substantial data, particularly from the study of familial AD mutations, support
a central pathogenic role for Aβ42 (Klein et al., 2001), synaptotoxicity cannot simply be
ascribed to a single Aβ primary sequence. Not least since we have recently demonstrated that
TBS extracts of AD brain rich in Aβ40 can alter synaptic form and function and impair memory
consolidation (Shankar et al., 2008). Thus this study of J20 brain demonstrates the presence of
multiple Aβ species differing in solubility and aggregation state, suggesting that the various
neuronal impairments documented in these mice likely result from the activity of more than
one Aβ assembly form. These data are also consistent with the situation found in human brain
were water-soluble, detergent-soluble and formic acid-soluble Aβ species have also been found
to co-exist (Lue et al., 1999; McLean et al., 1999; Wang et al., 1999). With the water-soluble
phase of AD brain containing a broad spectrum of Aβ assemblies ranging from monomer to
species with molecular weights ≥100 kDa (Kuo et al., 1996).
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Figure 1. J20 mice display an age-dependent increase in amyloid deposition
Brain sections from J20 mice of approximately (a) 6, (b) 12, (c) 17, and (d) 24 months were
immunostained with the polyclonal anti-Aβ antibody R1282 (left) or Aβ oligomer-specific
antibody A11 (right). Scale bar on the left panel of (a) is 100 µm. (e) The extent of amyloid
deposition detectable with R1282 at 3, 6, 8, 12 and 19–24 months is represented graphically,
with the number of mice in each group indicated in parenthesis.
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Figure 2. Aβ1–40 is the predominant Aβ isoform present in aqeous extracts of J20 brain
Mouse brains were sequentially homogenized in (a) TBS, (b) TBS + 1% TX-100, and (c)
GuHCl (see Methods). Aβ1–40 (blue) and Aβ1–42 (red) in these extracts were quantified by
ELISA. In TBS and TBS-TX extracts Aβ1–40 was the major species whereas Aβ1–42 was the
dominant species detected in the GuHCl extracts. Values shown are the mean of averaged
individual animal values +/− standard deviation of the group mean. The number of animals
analyzed in each age group varied between 2 and 6, with n=6 for 3, 6, 8 and 16 months; n=5
for 12 months and n=2 for both 19 and 24 months.
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Figure 3. The concentration of Aβ in GuHCl extracts strongly correlates with amyloid burden
detected by immunohistochemistry
Semi-quantitative estimates of amyloid burden (Table 1) were plotted against ELISA-
determined concentrations of Aβ40 (blue) and Aβ42 (red) from (a) TBS or (b) TBS-TX and (c)
GuHCl extracts. While GuHCl-soluble Aβ displays a strong linear correlation with amyloid
burden (c), (d) TBS-soluble Aβ displays supralinear increases after GuHCl-extracted Aβ
concentration surpasses 450 ng/g wet brain weight. Best fit lines were generated using Igor
Pro (WaveMetrics, Lake Oswego, OR) and r2 values are provided. A total of 31 mice were
used in this analysis. The number of animals with IHC scores = 0, +1, +2, +3 and +4 were 6,
4, 9, 6 and 6, respectively.
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Figure 4. SDS-stable low-n oligomers of Aβ are detected in J20 brain
Representative Western blots of IPs from a total of 11 mouse brain homogenates are shown.
(a) TBS, (b) TBS-TX, and (c) GuHCl extracts were IP’ed with the polyclonal anti-Aβ antibody,
R1282, subjected to SDS-PAGE and detected with a combination of the anti-Aβ40 and Aβ42
monoclonal antibodies 2G3 and 21F12. An age-dependent increase in the concentration of
Aβ monomers (M) and dimers (D) is observed in all three extracts. (d) When four times the
volume of GuHCl material used in (c) was analyzed, Aβ dimmers could be faintly detected as
early as ~8 months. Use of larger volumes of GuHCl extract for IP also revealed Aβ trimers
(Tri) and tetramers (Tet) beginning at ~12 months. (e) Densitometric analysis of the ~8 kDa
dimer band detected in (d) suggests that Aβ dimmer first appears between ~6–8 months. NT
indicates samples from non-transgenic mice and Aβ40 indicates synthetic human Aβ1–40.
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Figure 5. Immunohistochemical analysis of the hippocampus reveals an early and age-dependent
increase in neuritic dystrophy in the absence of detectable changes in whole brain homogenates
(a) Representative W/blots of TBS-TX extracts probed with antibodies for synaptophysin (Syt)
or synapsin I (Syn I). reveal no significant differences between similarly aged J20 and non-
transgenic mice. Sagittal sections of hippocampus were stained with antibodies against (b)
MAP2 or (c) synaptophysin and staining quantified as percent area covered. Both MAP2 and
synaptophysin density decreased with age in J20 mice. The number of animals in each group
are indicated on the histograms in white text. Representative images depicting synaptophysin
immunostaining in the CA1 of the hippocampus and mid-molecular layer of the dentate gyrus
of 6–8 month old non-transgenic and J20 mice are shown. Scale bar =20 µM.
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