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Abstract
Although plaques composed of the amyloid β-protein (Aβ) are considered a defining feature of
Alzheimer's disease (AD), they are also found in cognitively normal individuals and extensive
evidence suggests that non-plaque, water-soluble forms of Aβ may play a role in AD
pathogenesis. However, the relationship between the levels of water-soluble Aβ and the clinical
severity of disease has never been investigated. Here, we present results of a pilot study designed
to examine the levels of water-soluble forms of Aβ in brains of individuals who died at clinically
distinct stages of AD. Using a serial extraction method, we also investigated the levels of triton-
soluble and formic acid-soluble Aβ. We found that water-soluble and detergent-soluble Aβ
monomer and SDS-stable dimer were elevated in AD and that the levels of water soluble Aβ did
not increase with plaque pathology. These results support the notion that both water- and
detergent-soluble Aβ are important in AD and are not simply released from plaques by mechanical
disruption. Moreover, the fact that the levels of water- and triton-soluble Aβ were similar in very
mild/mild AD and moderate/severe AD suggests that once a certain level of these species is
attained, further accumulation is not necessary for the disease to progress. Consequently,
therapeutic targeting of water-soluble Aβ should best benefit individuals in earliest phases of the
disease process.
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1. INTRODUCTION
Alzheimer's Disease (AD) is defined histologically by the presence of filamentous lesions
within neurons (neurofibrillary tangles), cerebral blood vessels (congophilic amyloid
angiopathy) and brain parenchyma (plaques) (Glenner and Wong, 1984; Masters et al.,
1985; Mirra et al., 1991). The primary proteinaceous component of plaques and CAA is the
amyloid β–protein (Aβ) (Miller et al., 1993) and the accumulation of fibrillar Aβ resulting in
the deposition of plaques, is believed to be a seminal event in AD (Allsop and Hardy, 1991;
Selkoe, 1991). In agreement with this hypothesis, a number of studies have demonstrated a
strong correlation between plaque number and the degree of cognitive decline (Blessed et
al., 1968; Cummings and Cotman, 1995; He et al., 1993; Kanne et al., 1998). However,
other studies have failed to find a positive relationship between plaque number and severity
of dementia (Arrigada et al., 1992; Mann et al., 1988; McKee et al., 1991; Terry et al., 1987;
Terry et al., 1991; Wilcock and Esiri, 1982) and it is well established that certain cognitively
normal individuals die with substantial amyloid pathology (Dickson et al., 1991; Katzman et
al., 1988), whereas other individuals present a clinical picture typical of AD-type dementia,
but have little amyloid pathology (Cairns et al., 2009). Thus, given that extensive data
support a central role for Aβ in AD, it is reasonable to ask if forms of Aβ other than those
deposited in plaques cause the disease, and if their abundance correlates with the severity of
dementia.

Based on the knowledge that plaques (composed of fibrillar Aβ) are insoluble in aqueous
solution and sediment as a pellet when centrifuged at high speed (Allsop et al., 1983;
Glenner and Wong, 1984; Masters et al., 1985); centrifugation of aqueous extracts of human
brain has been used in an attempt to separate non-fibrillar/non-plaque Aβ from plaque Aβ
(Kuo et al., 1996; Lue et al., 1999; McLean et al., 1999). Surprisingly, only a small number
of studies have sought to investigate the role of water-soluble, non-plaque Aβ in AD (Lue et
al., 1999; Mc Donald et al., 2010; McLean et al., 1999). In a study by McLean et al., the
levels of soluble Aβ analysed by western blotting were found to correlate significantly with
neuritic plaques and neurofibrillary tangles (McLean et al., 1999). Similarly, ELISA-
measured levels of soluble Aβ40 readily discriminated AD cases from high pathology
controls (non-demented cases with comparable levels of plaques to the AD group) and
closely correlated with the extent of synapse loss (Lue et al., 1999).

Moreover, we previously reported that water-soluble Aβ levels are elevated in AD brain, but
not in brains from non-demented cases with similar levels of amyloid pathology (Mc Donald
et al., 2010). However, due to the small sample size and lack of detailed clinical assessment,
the relationship between different forms of Aβ and clinical severity of disease was not
investigated. In a study of brains donated by individuals who resided in a nursing home,
Naslund et al., found that plaque number did not correlate well with cognitive impairment,
but the level of FA-extracted Aβ did (Naslund et al., 2000). The apparent disconnect
between the levels of FA-extracted Aβ and plaque number suggests that a form of Aβ
undetected by IHC may correlate with the degree of cognitive decline and may have
included water-soluble Aβ. However, the relationship between soluble Aβ levels and disease
severity was not directly investigated.

Here, we report the results of a pilot study designed to investigate the levels of water-
soluble, detergent-soluble and formic acid-soluble forms of Aβ in brains of individuals who
died at clinically distinct stages of AD. Using conditions that were qualitatively similar to
our previous study (Mc Donald et al., 2010), we confirmed that water-soluble and triton-
soluble Aβ-containing fractions were elevated in demented cases compared to non-demented
controls, but FA-soluble Aβ did not differentiate moderate/severe dementia cases from the
non-demented group. None of the Aβ-containing fractions distinguished early stage
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dementia from moderate/severe AD, suggesting that while the presence of water- and triton-
soluble Aβ is associated with AD, the levels of these species do not steadily increase as the
disease progresses.

2. RESULTS
2.1 Immunoprecipitation/western blot (IP/wb) analysis of serially extracted cortical tissue
reveals the presence of water-soluble SDS-stable Aβ dimer in 15 out of 19 dementia cases

We have previously shown that the levels of water-soluble and triton-soluble Aβ were
elevated in AD brain, but not in brain from non-demented cases with similar levels of
amyloid pathology (Mc Donald et al., 2010). However, only 14 AD cases were studied and
it was not possible to stratify them by clinical severity. In this study, we sought to
investigate if the levels of water-soluble, triton-soluble or FA-soluble Aβ related to the
clinical severity of disease. The detergent and formic acid extracts were included in an effort
to reveal Aβ species other than those directly soluble in water. For instance, Aβ associated
with lipid membranes (TBS-TX) or Aβ species present in amyloid plaques (FA). In addition,
we also further optimised our extraction and detection techniques. While our prior protocol
produced consistent qualitative results, when two adjacent (0.2 g) tissue samples from the
same 0.5 g cube of cortex were serially extracted, we noted considerable variability in the
concentration of Aβ detected (Mc Donald et al., 2010). Thus in order to obtain estimates of
Aβ concentrations representative of the frontal cortex, we reasoned that the larger the piece
of tissue used, the more representative the values would be. Accordingly, we used the largest
amount of tissue (1g) available. Secondly, we employed more stringent centrifugation
conditions, spinning homogenates longer and at higher speed in an attempt to ensure that the
TBS extract represented authentic soluble material. Thirdly, we increased the lower limit for
detecting Aβ by using larger volumes of samples for the IP (900 μl) and further optimising
western blot detection (Experimental Procedures). Fourthly, in an effort to more accurately
determine Aβ concentration, we used four synthetic standards (5, 10, 20 and 50 ng) on each
blot instead of the three standards (5, 10 and 20 ng) used previously.

In the example shown, six out of seven TBS extracts contained Aβ migrating at ~ 4 kDa
(monomer) (Fig. 1A) and the concentration of monomer in each case was between 89-278
ng/g of wet weight tissue. Interestingly, only 2 of the 6 cases which had quantifiable
monomer, (cases 4 and 5) contained quantifiable SDS-stable dimer, and the concentration of
dimer was lower than that of monomer (Fig. 1A, B). Moreover, in addition to monomer and
SDS-stable dimer, cases # 4 and 5 also contained some higher molecular weight (~ 9-18
kDa) Aβ immunoreactive material (Fig. 1A). In the 28 samples, Aβ-reactive material larger
than an ~8 kDa dimer was only detected in 8 cases, and even in these cases the amount was
low. Therefore, since Aβ monomer and SDS-dimer were by far the most prominent species
we restricted our analysis to these. It should be noted that it was not possible to determine if
SDS-stable Aβ species migrating higher than 20 kDa were present, since a ladder of dark
bands was detected when buffer alone was IP'd with AW7 and western blotted with
2G3/21F12 (-ve) (Fig. 1A). Since samples were boiled and electrophoresed on SDS-
containing gels this procedure precludes assessment of the native assembly forms of Aβ
present in TBS extracts. In the case of the TBS-TX and formic acid fractions, even the
solvents used for extraction are denaturing, thus preventing assessment of the native state of
Aβ prior to extraction. Nonetheless, detection of Aβ which migrates on SDS-PAGE at ~4
and 8 kDa indicates that there are at least two forms of Aβ present. The monomer could
represent either real monomer or monomer that is derived from larger SDS-labile
assemblies. Similarly, the dimer could be an authentic dimer or a dimer derived from larger
assemblies which break down to dimer in SDS.
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Analysis of all 28 brains revealed that water-soluble monomer was detected in 23/28 (82%)
cases analysed (Fig. 2A) with concentrations ranging between 2.5-603 ng/g. Twenty cases
(71%) had detectable SDS-stable dimer (Fig. 2B) but the concentrations of SDS-stable
dimer were always lower (5-199 ng/g) than those observed for monomer. In this study the
concentration of Aβ in TBS extracts (based on the sum of monomer and SDS-stable dimer;
7.5-477 ng/g) tended to be slightly lower in value, but of comparable magnitude to values
obtained in our earlier study (14.5-941 ng/g) (Mc Donald et al., 2010).

Similar to TBS extracts, 6 out of 7 cases in the example shown had TBS-TX monomer
concentrations between 134-447 ng/g (Fig. 1C). All of these 6 cases also contained
detectable SDS-stable dimer, ranging from 19-116 ng/g (Fig. 1D). When all 28 cases were
analysed, 24/28 (86%) had monomer, while 22/28 (79%) contained detectable monomer and
SDS-stable dimer (Fig. 2C, D). Average total Aβ levels detected in the TBS-TX extract
(0.25-257 ng/g) were lower than those observed for TBS extracts (7.5-477 ng/g) and of a
similar magnitude to those reported previously (1.7-1493 ng/g) (Mc Donald et al., 2010). Six
out of the 7 cases shown had detectable monomer (0.121-1.59 μg/g) in the formic acid
extracts (Fig. 1E) and SDS-stable dimer was quantifiable in only two of these 6 cases (cases
# 1 with 0.036 μg/g and case # 5 with 1.13 μg/g) (Fig. 1F). When all 28 cases were
examined, FA-monomer was discerned in 24/28 (86%) cases (Fig. 2E), whereas, only 15/28
(53%) cases had SDS-stable dimer (Fig. 2F). Average total Aβ levels detected in the FA
extract (0.051- 4.04 μg/g) tended to be lower than previously observed (0.03-118.6 μg/g)
(Mc Donald et al., 2010), but were on average 12 and 6 times higher than the corresponding
TBS and TBS-TX values, respectively.

2.2 Water-soluble and triton-soluble Aβ monomer and dimer are elevated in AD cases
compared to non-demented cases

When average results from duplicate homogenates were stratified by clinical dementia rating
(CDR) there was a clear discrimination between non-demented, very mild/mild AD and
moderate/severe AD. In the 9 non-demented cases, 5/9 had water-soluble Aβ, including 2/6
cases which lacked amyloid pathology (CDR 0) and 3/3 cases which had significant amyloid
pathology (CDR 0*) (Fig. 2A). The levels of TBS soluble Aβ monomer in the non-demented
group were significantly lower than in the very mild/mild dementia group (CDR 0.5 and 1)
(p < 0.05) (Fig. 2A). Similarly, there was a significant difference in the levels of Aβ
monomer detected in the non-demented and the moderate/severe dementia group (CDR 2/3)
(p < 0.05) (Fig. 2A). In the very mild/mild dementia group (CDR 0.5/1), all but one case had
detectable monomer (CDR 1 case), whereas water-soluble monomer was detectable in all
moderate/severe (CDR 2/3) cases. Although on average the level of Aβ monomer was
higher in the moderate/severe group than in the very mild/mild group, this was not
significant. Similar to TBS monomer, 5/9 non-demented cases contained TBS dimer; three
cases which had neuritic plaque pathology (CDR 0*) and two which lacked pathology (Fig.
2B). However, the levels of water-soluble SDS-stable dimer did not differ significantly
between the non-demented group and the very mild/mild group (p > 0.05). In comparison,
the levels of SDS-stable dimer in the non-demented group were significantly lower than
those in the moderate/severe dementia group (p < 0.05) (Fig. 2B). Water-soluble SDS-stable
dimer was detected in 15/19 (79%) cases with dementia including all but three of the very
mild/mild dementia group (CDR 0.5, 1) and in all but one of the moderate/severe group
(CDR 2/3).

The difference between groups with respect to TBS-TX monomer followed a pattern similar
to that seen for TBS monomer; 5/9 non-demented samples had detectable monomer, 3 of
which had significant amyloid pathology. Again, there was a statistical difference between
non-demented cases and early-stage dementia cases (p < 0.05) and between the non-
demented group and moderate/severe cases (p < 0.05) (Fig. 2C). TBS-TX SDS-stable dimer
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exhibited a similar trend to TBS-TX monomer, 18/19 dementia cases (CDR 0.5, 1 and 2/3)
had detectable SDS-stable dimer. The one case which did not have detectable TBS-TX
dimer was from the very mild/mild group. As with the TBS dimer, the levels of TBS-TX
dimer within the very mild/mild group did not differ significantly from the levels of TBS-
TX dimer in the moderate/severe AD group (p > 0.05).

In the FA extract, 5/9 cases from the non-demented group had detectable monomer (Fig.
2E), 3/3 cases had amyloid pathology, while 2/6 did not. FA monomer distinguished non-
demented cases from very mild/mild cases (p < 0.05) (Fig. 2E) but not the non-demented
group and the moderate/severe AD group (p > 0.05). In agreement with
immnunohistochemical (IHC) analysis that confirmed the presence of substantial amyloid
pathology in the dementia cases, all had detectable levels of FA-monomer, but the levels of
FA-monomer were not different between the very mild/mild and moderate/severe dementia
groups (p > 0.05). Only 3/9 donors from the non-demented group had FA-dimer, (Fig. 2F)
and all three were CDR 0*, i.e. they had significant amyloid pathology. In contrast to FA
monomer, the levels of FA SDS-stable dimer did not distinguish non-demented cases from
very mild/mild (p > 0.05) nor moderate/severe dementia cases (p > 0.05), although a trend
was apparent. In contrast to the TBS and TBS-TX dimer, FA dimer was only detected in
11/16 dementia cases; five of the very mild/mild group and 6 from the moderate/severe
group had FA dimer. Not surprisingly, there was no distinction between the two groups
based on the level of FA dimer present (p > 0.05).

CDR 0 cases were clinically well before death and lacked significant amyloid pathology, but
two of these cases had detectable monomer in TBS, TBS-TX and FA extracts (Fig. 2A, C,
E). One case had barely detectable levels (TBS = 2.5 ng/g, TBS-TX = 0.5 ng and FA = 136
ng/g) but the other case had relatively high levels in all fractions studied (TBS= 28 ng/g,
TBS-TX = 70 ng/g and FA = 1.283 μg/g). Interestingly, neither case had neuritic plaques or
tangles in the frontal cortex, thus demonstrating that IHC does not detect all Aβ deposits
detected with formic acid. Consistent with this finding, a previous study of transgenic mouse
brain revealed that water- and triton-insoluble Aβ was detected in the brains of young mice
that lacked deposits discernible by IHC (Shankar et al., 2009). Importantly, the mean
concentration of TBS and TBS-TX Aβ was similar for both the very mild/mild and
moderate/severe groups, suggesting that the clinical severity of AD does not strongly
correlate with the concentration of Aβ present, but rather that there may be a threshold
effect.

2.3 Levels of water-soluble Aβ are elevated in cases with neuritic plaques
Next, we investigated the relationship between the severity of neuritic plaque pathology and
levels of total Aβ (monomer plus dimer) in water-soluble, triton-soluble and FA-soluble
fractions. Neuritic plaques were detected in 22/28 (82%) of the cases analysed. When brains
were stratified based on the severity of neuritic plaque pathology, brains which had no
neuritic plaque pathology also had no/very low levels of water-soluble Aβ (0-69 ng/g) (Fig.
3A). In brains that contained ‘sparse’, ‘moderate’ or ‘frequent’ numbers of neuritic plaques,
the concentration of water-soluble Aβ ranged from 0-802 ng/g (Fig. 3A) and the levels of
water-soluble Aβ in cases with neuritic plaques was significantly higher than cases without
plaques (p < 0.05); but the amount of water-soluble Aβ did not exhibit a simple relationship
with the severity of plaque pathology. A similar pattern was seen in TBS-TX extracts (Fig.
3B). Here again, only 2/6 cases that lacked plaques had TBS-TX Aβ (0.5 and 77 ng/g,
respectively). Similar to the situation in the TBS extracts, all cases with at least some
detectable neuritic plaques had TBS-TX Aβ and the levels of TBS-TX Aβ in these groups
differed significantly from the concentration of TBS-TX Aβ in cases with no plaques (p <
0.05). A comparable trend was evident in the FA extract and 2/6 samples with no neuritic
plaques had FA Aβ (Fig. 3C). All cases with neuritic plaques had FA Aβ, however there was
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no relationship between the levels of FA Aβ and TBS Aβ (r =0.0318) or TBS-TX Aβ with
FA (r= 0.1221). While the levels of water-, triton- and FA-soluble Aβ tended to be elevated
in demented cases with neuritic plaques, only 3 non-demented cases had neuritic plaques.
Therefore, it is difficult to compare levels of Aβ stratified by both pathology and dementia.
But comparison of the extent of amyloid pathology and CDR score revealed a strong
correspondence between the extent of plaque pathology and the severity of dementia (rho =
0.838).

Most of the brains studied contained neurofibrillary tangles, 46% (13/28). It is interesting to
note that of those that did have tangles, 92% had detectable water-soluble and 100% had
triton-soluble Aβ (Supplementary Fig. 2A, B). The pattern in the FA extract was similar and
all 13 samples that contained tangles also had appreciable FA-Aβ (Supplementary Fig. 2C).

3. DISCUSSION
Extensive evidence suggests that Aβ plays a central role in AD, but as yet the assembly
forms involved remain obscure. Numerous studies have shown that non-fibrillar, water-
soluble Aβ from a variety of sources (Cleary et al., 2005; Klyubin et al., 2008; Lambert et
al., 1998; Walsh et al., 2002), including Aβ extracted from AD brain (Freir et al., 2011;
Shankar et al., 2008), have disease relevant activity and postmortem studies indicate that
elevated levels of water-soluble Aβ are specific for AD (Kuo et al., 1996; Lue et al., 1999;
Mc Donald et al., 2010; McLean et al., 1999; Tabaton et al., 1994). Here we report that
water-soluble Aβ monomer and SDS-stable dimer are significantly elevated in AD cases
compared to non-demented controls. TBS-TX monomer and SDS-stable dimer displayed a
similar pattern, but levels of FA-soluble Aβ did not distinguish the very mild/mild or
moderate/severe dementia groups from non-demented cases. However, while the mean
values of Aβ monomer and dimer in both TBS and TBS-TX extracts were higher in the
moderate/severe group, they were not statistically different from the very mild/mild group,
thus, raising the interesting possibility of a threshold effect. That is, once a certain level of
Aβ is attained, the disease process is initiated and further accumulation of water-soluble Aβ
does not alter disease progression. The fact that both water-soluble and triton-soluble Aβ are
elevated is consistent with the notion that a portion of water-soluble Aβ binds to the
membrane either directly, or via one or more receptors and initiates toxicity (Cissé et al.,
2011; De Felice et al., 2006; Lauren et al., 2009; Renner et al., 2010; Zhao, 2008), and that
the TBS-TX Aβ may represent the fraction of Aβ, actually triggering toxicity.

With regard to the role of plaques, soluble Aβ and the presence and severity of dementia, the
results of this study reveal apparently contradictory, but not mutually exclusive findings. On
the one hand we demonstrate that certain cases which lack significant amyloid pathology
have appreciable levels of TBS-, TBS-TX- and FA-soluble Aβ and that these forms of Aβ
and amyloid pathology are increased in AD-type dementia. However, the extent of amyloid
pathology and the levels of water- and detergent-soluble forms of Aβ show no obvious link.
These results indicate that while amyloid deposition continues to accrue (at least in the
cohort studied) the levels of TBS- and TBS-TX-soluble forms of Aβ plateau around the time
when the first clinical manifestations of AD emerge.

Linking soluble Aβ and/or amyloid burden with the presence and severity of AD-type
dementia is further complicated by the fact that 3 out of 9 cognitively intact cases had
appreciable amyloid pathology and relatively high levels of water-, triton- and FA-soluble
Aβ. This finding underscores the limitations of our study design, since although it is
tempting to speculate that these individuals would in time develop AD, we simply do not
know. Thus in future studies it will be critical to acquire antemortem biomarker information
to facilitate the study of 2 distinct categories of cognitively normal individuals: those with
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little risk of developing AD and those likely to develop AD (Jack et al., 2010). Similarly, it
will also be necessary to better characterize the amyloid deposits in the brain regions used
for biochemical analysis. For instance, it has been reported that differences in plaque
morphology are evident between demented cases and non-demented cases (Dickson et al.,
1991; Wang et al., 1999) and that dementia can develop in the absence of significant plaque
pathology (Cairns et al., 2009). Thus new studies should classify and document the types of
amyloid deposits so as to understand if there is a link between the presence of certain types
of amyloid deposits, water-/detergent-soluble Aβ and the presence of AD-type dementia.

Notwithstanding the limitations detailed above, the present study does provide important
information. The data again confirm that both water- and triton-soluble Aβ (monomer and
SDS-stable dimer) are elevated in AD and we demonstrate that detection of these species
can occur in the absence of immunohistochemically quantifiable amyloid deposition. This
latter point obviates concerns that water-soluble Aβ may be a simple artefact of the
homogenization process and further highlights the need for additional studies aimed at
understanding the role of water-soluble Aβ in AD. The finding that water-soluble Aβ
plateaus while amyloid continues to accrue supports a role for soluble Aβ in the initiation of
AD pathogenesis and indicates that targeting of these soluble species would best benefit
individuals in earliest phases of the disease process. Moreover, the fact that formic acid-
extracted Aβ is not directly linked with the extent of amyloid deposition suggests that formic
acid can reveal Aβ species beyond those detected by immunostaining.

4. EXPERIMENTAL PROCEDURE
4.1 Reagents and antibodies

Unless stated otherwise, chemicals were from Sigma (Arklow, Co. Wicklow, Republic of
Ireland). Aβ1-42 was synthesised and purified by Dr. James I. Elliott at Yale University
(New Haven, CT). The mass and purity of the peptide was determined by electrospray
ionization/ion trap mass spectrometry and by reverse phase HPLC, respectively. Monoclonal
antibodies 2G3 and 21F12, which detect Aβ terminating at 40 and 42, respectively, were
kindly provided by Drs Dale Schenk and Peter Seubert (Elan Pharmaceuticals, San
Francisco, CA). AW7 was raised against aggregated Aβ1-42 and the immunogen was
prepared by suspending synthetic Aβ1-42 in H20 to give a 2 mg/ml solution, then diluted in
2X PBS to produce a 1 mg/ml solution. The solution was vortex mixed and then incubated
overnight at 37 °C. At the end of the incubation period the sample was aliquoted in 1.05 ml
lots and frozen or used for Congo red binding. Prior to injection into rabbits one of these
aliquots was thawed and mixed with an equal volume of Freund's complete adjuvant (FCA,
Cambridge Research Biochemicals, UK) so as to form an emulsion. For the initial
immunisation, each animal was injected with 1 mg immunogen. Thereafter, at 2-3 week
intervals each animal received booster injections of 0.5 mg aggregated Aβ1-42 per animal.
Sample or harvest bleeds were collected after each injection, but for this study to ensure that
the antibody population was identical for all samples, we restricted serum to one bleed date.
Similar to AW8 (Mc Donald et al., 2010), AW7 recognises multiple Aβ assemblies and
epitopes, including Aβ40 and Aβ42 (see Supplementary Fig. 1). Fluorochrome-coupled anti-
mouse IR800 antibody was from Rockland (Gilbertsville, PA).

4.2 Ethical Approval
Cortical brain tissue was obtained and used in agreement with the UCD Human Research
Ethics Committee guidelines (under approval LS-E-10-10-Walsh).
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4.3 Clinical Assessment of AD
Brain tissue from individuals with clinical dementia rating (CDR) scores of 0, 0.5, 1 and 2/3,
representing normal, very mild, mild and moderate/severe dementia, respectively, were
obtained from the Washington University Alzheimer's Disease Research Centre (Table 1).
Cases who were clinically normal (CDR 0), but had significant amyloid pathology were
designated as CDR 0*. The assignment of these different CDR scores was based on the
cognitive status of the individual during the last months before death. Moreover, all scores
were determined ante-mortem by a group of senior clinicians, independent of any data
obtained post-mortem. Determination of CDR scores was based on information from
collateral sources for each subject, usually a spouse or close family member.

4.4 Pathology
The mean interval between death and post-mortem was 14 hours. The staging of AD
pathology was determined based on the use of frontal, temporal, occipital and parietal
cortices. The staging used for this study was described by Braak et al. (Braak et al., 2006;
Braak and Braak, 1991). The diagnosis of possible AD was based on the presence of sparse
neuritic pathology in the absence of NFTs in the frontal cortex and a diagnosis of probable
AD was based on the presence of frequently encountered but moderately sized neuritic
plaques with no NFTs in the frontal cortex. Definite AD was defined on the basis of frequent
plaques and NFTs evident in the frontal cortex (Braak Stage V and VI).

4.5 Human Brain Homogenate Preparation and Quantification of Aβ
Frozen frontal cortical samples were carefully dissected and white matter and blood vessels
removed. Tissue was thawed for ~ 30 seconds, a 0.9 g cube removed, diced and
homogenised in 4.5 ml of ice-cold Tris-buffered saline (TBS) containing 1 mg/ml aprotinin,
1 mg/ml pepstatin A, 1 mM pefabloc, 2 mM 1,10-phenanthroline, 5 mM
ethylenediainetetraacetic acid (EDTA), and 5 mM ethylene glycol tetraacetic acid (EGTA)
with 25 strokes of a Dounce homogeniser (Fisher, Ottawa, Canada). Homogenates (4.5 ml)
were centrifuged in a SW 55 Ti Rotor (Beckman Coultour, Fullerton, CA) at 220,000 g and
4 °C for 78 min. The supernatant referred to as the TBS extract was removed with care taken
not to disturb the pellet, mixed and aliquoted into 900 μl lots and stored at – 80 °C. The
pellet was homogenised (1:5 w/v) in TBS containing 1% Trition-X-100 (TBS-TX) and
centrifuged using the same conditions used to generate the TBS extract. The pellet
remaining after the TBS-TX extract was re-suspended in 88% formic acid (FA) (1:0.5 w/v)
and incubated overnight at 4°C with gentle agitation. Next day the FA extract was aliquoted
and transferred to -80°C pending analysis. The level of Aβ in brain extracts was quantified
by IP with AW7 and western blot with a combination of 2G3 and 21F12, essentially as
described previously (Mc Donald et al., 2010) but with three modifications designed to
improve the lower limit of the Aβ detected. First, the volume of extract used for IP was
increased from 300 μl to 900 μl. Second, four synthetic Aβ standards (5, 10, 20 and 50 ng/
well), instead of 3, were loaded on each gel. Third, the incubation period for the primary
antibody was increased from 1 hour at room temperature to 16 hours at 4 °C. All samples
were analysed at least in duplicate.

4.6 Statistical Analysis
Since, the distribution of Aβ levels were skewed, for instance in one analyses (FA-dimer) 14
out of 28 samples had no detectable Aβ, data were analysed using the non-parametric Mann-
whitney U test. Due to low numbers, CDR 0 and CDR 0* cases were combined to produce
the non-demented group and CDR 0.5 and CDR 1 cases were combined to yield the very
mild/mild AD. The moderate/severe AD group consisted of cases with CDR 2/3. For the
comparison of neuritic plaque pathology with clinical dementia rating scores, a spearman
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rank test was employed. All statistical analysis were performed using GraphPad Prism
version 5.00 for Windows (GraphPad Software, San Diego, CA).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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AD Alzheimer's disease

Aβ amyloid β-protein

TBS Tris-buffered saline

TBS-TX TBS containing 1% TX-100

FA formic acid

IP immunoprecipitation
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Highlights

1. Water- and detergent-soluble Aβ are elevated in AD compared to controls.

2. Water- and detergent-soluble Aβ are, in certain cases, detectable in the absence
of amyloid plaques; indicating that elevation of these species can occur
independently from and precede the formation of amyloid plaques.

3. The levels of water- and detergent-soluble Aβ are similar in very mild/mild AD
and moderate/severe AD suggesting that once a certain level of these species is
attained, the disease process is initiated and further accumulation of water-
soluble Aβ does not alter disease progression.
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Figure 1. Water-soluble (TBS), triton-soluble (TBS-TX) and formic acid-soluble (FA) extracts of
human brain contain Aβ immunopositive species with molecular weight consistent for monomer
and SDS-stable dimer
Tissue from 28 brain samples were serially extracted and analysed in duplicate by IP with
AW7 and wb with a combination of 2G3 and 21F12, antibodies specific for Aβ terminating
at 40 and 42, respectively. Representative western blots of TBS (A), TBS-TX (C) and FA
(E) extracts from 7 samples are shown. NS indicates non-specific immunoreactive bands
detected when buffer only was IP'd (-ve). Smear denotes immunoreactive material from ~ 9
kDa up to ~ 16 kDa. M refers to monomer and D to dimer. Molecular weight markers are
shown on the left. The concentration of monomer or SDS-stable dimer in each sample was
determined by comparison with synthetic Aβ standards (5, 10, 20 and 50 ng) and estimated
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using Li-COR software. The calculated values (B, D and F) are averaged results from 2
different IPs of the same extract analysed on two separate western blots. Monomer is shown
in black and dimer in grey.
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Figure 2. The levels of water-soluble and triton-soluble Aβ are elevated in dementia
Average quantifiable Aβ monomer (A, C, E) and Aβ dimer (B, D, F) detected in duplicate
AW7 IPs from 28 samples analysed by western blot with 2G3/21F12 are shown. Cases are
separated into three groups: 1) non-demented (CDR 0 and 0*), 2) mildly demented (CDR
0.5 and 1) and 3) severely demented (CDR 2/3). CDR 0* cases were not demented but had
significant amyloid pathology and are highlighted with red circles. The levels of quantifiable
Aβ are indicated on the vertical discontinuous y-axis. Horizontal lines indicate the mean
value detected for each group. * indicates significant difference (p < 0.05), while NS
indicate no significant difference. Detectable levels of Aβ are indicated in black and samples
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in which Aβ was not detected are shown in red. CDR 0, n=6; CDR 0*, n=3; CDR 0.5, n= 6;
CDR 1, n= 5 and CDR 2/3, n= 8.
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Figure 3. Levels of water-soluble and triton-soluble Aβ are increased in cases with neuritic
plaques
Total Aβ (the sum of monomer and SDS-stable dimer values) from water-soluble (A), triton-
soluble (B) and FA (C) extracts were stratified based on neuritic plaque pathology. All
samples with detectable Aβ are indicated in black, while those lacking Aβ are in red. The
extent of neuritic plaque pathology closely correlates with severity of dementia as measured
by CDR scores (D). Neuritic plaque pathology is scored from 0-3 were 0, 1, 2 and 3
represent none, sparse, moderate and frequent. All samples with detectable plaques are
indicated in black, while those lacking plaques are in red. * indicates significant difference
(p < 0.05). Also, Aβ levels in the TBS (A) and TBS-TX (B) extracts were significantly
higher (p < 0.05) in the sparse group than in the moderate group, but were similar to the Aβ
levels in the frequent group.
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