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Higher Soluble Amyloid b Concentration in Frontal Cortex of
Young Adults than in Normal Elderly or Alzheimer’s Disease
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Abstract
Little is known about the relationship between soluble amyloid b (Ab) and age. We have
measured soluble and insoluble Ab by enzyme-linked immunosorbent assay (ELISA) in
post-mortem frontal cortex in normal brains (16–95 years) and AD. Insoluble Ab increased
with age, and was significantly higher in Alzheimer’s disease (AD) than age-matched
controls. However, levels of soluble Ab declined with age and were significantly greater in
younger adults than older adults with or without AD. In AD, insoluble : soluble Ab ratio was
much higher than in age-matched controls. The high levels of soluble Ab in young adults
included oligomeric species of Ab1-42. These observations do not preclude Ab oligomers as
neurotoxic mediators of AD but suggest that if they are, the toxicity may be restricted to
certain species (eg, b-pleated protofibrillar species not detected by our assay) or takes
decades to manifest. The dramatically increased insoluble : soluble Ab in AD points to an
altered dynamic equilibrium of Ab in AD, reflecting both enhanced aggregation and contin-
ued overproduction or impaired removal of the soluble peptide in older age, when the
concentration of this peptide should be declining.
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INTRODUCTION
Alzheimer’s disease (AD) is characterized pathologically by
abnormalities that include amyloid b (Ab) plaques, composed
mainly of Ab1-42, and it is the excessive accumulation of Ab1-42

within the brain that has been postulated to be responsible for the
neurodegeneration observed in AD (14). Ab production is a normal
process that occurs throughout life. It results from sequential cleav-
age of amyloid precursor protein (APP) by b- and g-secretases. Ab
exists in a dynamic equilibrium of soluble monomeric, oligomeric,
protofibrillar and fibrillar states. Ab monomers are nontoxic (3),
whereas there is increasing evidence demonstrating neurotoxicity
of oligomeric species (3, 20, 35, 37). A steady-state level of Ab is
maintained by balance between its production and removal from
the brain. Ab accumulation reflects a disturbance of this balance:
increased Ab production, decreased removal or a combination of
the two.

Age is the most significant non-genetic risk factor for AD. With
age, Ab levels increase in brains of APP-transgenic and in non-
transgenic mice (9, 16) primates (41) and humans (8). Levels of
formic acid-extractable (ie, insoluble) Ab1-40 and Ab1-42 in temporal
and frontal cortex from human non-demented controls were found
to be positively associated with age between 18 and 92 years (8).
However, little is known about the relationship between soluble
nonfibrillar Ab and age. We have examined total soluble and total
insoluble Ab levels in human post-mortem brain tissue from
normal controls aged 16–95 years and patients with AD. We found

total soluble levels to be significantly higher in the younger control
brains than in AD or older control brains, with levels being
inversely correlated with age in the controls. Additionally, total
soluble Ab showed a negative correlation with insoluble Ab in
controls but a positive correlation in AD. Furthermore, we have
demonstrated that the soluble Ab species found to be negatively
associated with age include oligomeric Ab.

METHODS

Study cohort

Brain tissue was obtained from the South West Dementia Brain
Bank (SWDBB), University of Bristol, UK and the MRC Sudden
Death Brain and Tissue Bank (SDBTB), University of Edinburgh,
UK. The study had approval from Frenchay Local Research Ethics
Committee. All cases had been subjected to detailed neuropatho-
logical examination, including immunohistochemistry for Ab and
phospho-tau. The diagnosis of AD was made according to the crite-
ria of the Consortium to Establish a Registry for Alzheimer’s
Disease (CERAD) (25). The AD cohort (n = 84) comprised cases
of “definite” AD or “probable” AD. The AD cases ranged from 54
to 98 years in age [mean = 79.5, standard deviation (SD) = 9.0] and
comprised 53 females and 31 males. The post-mortem delays were
between 4 and 99 h (mean = 44.3, SD = 24.3). All had had a
clinical diagnosis of dementia made during life by experienced
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clinicians with an interest in dementia and all had had a Mini-
Mental State Examination score of <17 (usually well below this) on
several occasions prior to death. Cases with concomitant CNS
pathology such as Lewy body disease were excluded from the
study. Non-demented control cases (showing the absence of AD or
other neuropathological abnormalities) (n = 68) comprised 21
females and 47 males, with an age range from 16 to 95 years
(mean = 60.6, SD = 23.5). These cases had not had a clinical
history of cognitive decline or dementia and had no or only sparse
neuritic plaques. The post-mortem delays were between 3 and
115 h (mean = 48.8, SD = 28.1). For some of the analyses, the
nondemented cases were stratified according to age-at-death into
three control groups: <40 years; 40-60 years; and >60 years (Sup-
porting Information Table S1). The last of these groups was
approximately matched in age (mean = 78.5, SD = 7.5) to the AD
group (Supporting Information Table S1). Causes of death for all
patients included in this study are listed in (Supporting Information
Table S2) (controls) and (Supporting Information Table S3) (AD).

Soluble/insoluble Ab enzyme-linked
immunosorbent assays (ELISAs)

Tissue preparation and ELISA methods used to measure soluble
and insoluble Ab levels in the SWDBB cases (AD and most of the
older control) included in this study were reported previously (39).
Soluble and guanidine-HCl extracted (insoluble) fractions were
prepared from fresh frozen human brain tissue and measured by
sandwich ELISA in which monoclonal anti-Ab (4G8 clone, raised
against amino acids 18–22; Millipore, Durham, UK) was used for
the capture step and biotinylated anti-human b-amyloid mono-
clonal antibody (10H3 clone) (Thermo Fisher Scientific, Northum-
berland, UK) for the detection step. Frontal neocortex from the
SDBTB cases was prepared and assayed following the same
protocol.

Oligomeric Ab1-42 ELISA

The development and validation of the oligomeric Ab1-42 ELISA,
and the tissue preparation and measurement of oligomeric Ab1-42

levels in the SWDBB subjects included in this study were reported
previously (38). A sandwich ELISA was designed in which a rabbit
polyclonal pan-Ab1-42 antibody was used for the capture step and
monoclonal mouse anti-oligomeric Ab antibody (clone 7A1a, New
England Rare Reagents, ME, USA) for the detection step. Frontal
neocortex (Brodmann area 6) from the SDBTB cases was prepared
and assayed following the same protocol.

Western blot and dot blot analyses

Western blot analysis on synthetic Ab1-42 peptide (Anaspec, CA,
USA) was used to confirm that the anti-oligomeric Ab antibody
(7A1a) incorporated in the oligomeric Ab1-42 ELISA did not
detect Ab1-42 monomers. Optimal oligomerization conditions
had previously been determined and described elsewhere (38);
these conditions were used as standard for synthetic Ab peptide
polymerization.

Five microliters of 300 mM synthetic Ab1-42 that had either been
freshly solubilized or been allowed to oligomerize (overnight incu-
bation at 37°C in phosphate-buffered saline [PBS]) (32) were

diluted to 30 mL in sample buffer (0.5 M tris-HCl, pH 6.8, 0.25%
glycerol, 10% (w/v) sodium dodecyl sulphate (SDS), 0.5% (w/v)
bromophenol blue) containing 5% b-mercaptoethanol. Diluted
samples were loaded onto a 4–20% Tris-HCl pre-cast gel (Bio-Rad,
Hemel Hempstead, UK) and electrophoresed at 150mV for 1 h.
Proteins were subsequently transferred to nitrocellulose membrane
overnight at 30 mV. Membranes were blocked for 1 h at room tem-
perature in 10% non-fat milk in tris-buffered saline/Tween 20
(TBS-T; 20 mM tris base, 0.5 M NaCl, 0.05% Tween 20), incu-
bated for 1 h at room temperature in 5% non-fat milk in TBS-T
with 7A1a antibody (1:250) or 4G8 (1:1000), washed 3 ¥ 10
minutes in TBS-T and then incubated for 1 h at room temperature
with secondary antibody horseradish-peroxidase (HRP)-
conjugated horse anti-mouse IgG (1:5000, Vector Laboratories,
Burlingame, CA, USA) in 5% non-fat milk in TBS-T. The mem-
brane was then washed 3 ¥ 10 minutes in TBS-T and immunoreac-
tive proteins were detected by enhanced chemiluminescence (GE
Healthcare, Piscataway, NJ, USA). In addition, synthetic Ab that
was freshly solubilized, or had been allowed to oligomerize, was
sonicated and spun (14,000 g for 15 min) and the supernatant
spotted onto a nitrocellulose membrane for 30 minutes for dot blot
analysis; the subsequent immunolabelling and detection steps were
as described above.

Statistical analysis

Inspection of the ELISA measurements of oligomeric Ab1-42 and
total insoluble Ab showed that the distributions were skewed to the
right. The data were normalized by logarithmic transformation, and
one-way analysis of variance (ANOVA) with Tukey post hoc
testing was used to compare Ab levels between the three control
subgroups (<40 years, 40–60 years and >60 years). Pearson’s or
Spearman’s test was used as appropriate to analyze the correlations
between the levels of soluble, oligomeric and insoluble Ab over the
full age range, and to examine the effects of post-mortem delay.
Statistical analyses were performed with the help of Statistical
Package for Social Science software (version 12.0.1 for Windows,
SPSS Inc., Chicago, IL, USA) and GraphPad Prism 5 (Graphpad
Software Inc., La Jolla, CA, USA). Values of P < 0.05 were consid-
ered to be statistically significant.

RESULTS

Age-related decline in soluble Ab levels in
control brains

The level of total soluble Ab was significantly lower in the >60
years controls than either the <40 years (P < 0.0001) or 40–60
years subgroups (P < 0.001) (Figure 1A). In contrast, total
insoluble Ab level was significantly higher in the older (>60 years)
controls than in the <40 years subgroup (P = 0.047) but not the
40–60 years subgroup (Figure 1B). Combining the data from all of
the control brains allowed us to examine the correlation between
Ab levels and age from 16 to 95 years. Total soluble Ab correlated
inversely with age (P < 0.0001, r = -0.625) (Figure 1C). In con-
trast, total insoluble Ab level increased with age (P = 0.0005,
r = 0.437) (Figure 1D).

Total insoluble Ab level was significantly higher in females than
in males (P < 0.01), which is in accordance with our previous
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findings in older individuals (39). No gender-dependent signifi-
cant differences were found for soluble Ab levels. Within the AD
group alone, no correlations were observed between Ab levels and
age.

Relationship between soluble and insoluble
forms of Ab differs in AD and control brains

In control brains the ratio of insoluble : soluble Ab increased with
age (P < 0.0001, r = 0.637) and was higher in >60 years controls
than in the <40 years (P = 0.003) or 40–60 years (P = 0.006) sub-
groups (Figure 2A, B). However, the ratio was much higher still
(approximately five-fold) in AD than in the >60 years controls
(P < 0.0001).

No associations were found between total soluble Ab level and
total insoluble Ab level in the separate control and AD cohorts,
or within the study group as a whole (Supporting Information
Table S4).

Soluble Ab levels include oligomeric species

We wished to further examine the composition of the soluble Ab
pool to determine whether this included non-monomeric Ab1-42.
Western blot analysis revealed that the smallest Ab species detected
in preparations of either freshly solubilized Ab1-42 or peptide that

had been allowed to oligomerize overnight had a molecular weight
of approximately 8 kDa (Figure 3A). These Ab species probably
represent stable dimers. On dot blot analysis of freshly solubilized
or oligomeric Ab1-42, 4G8 labelled both forms of Ab approximately
equally but 7A1a labelling of oligomeric Ab1-42 was much stronger
than that of monomeric Ab1-42 (Figure 3B).

ELISA measurements revealed that oligomeric Ab1-42 level was
significantly lower in the >60 years controls than in either of the
younger subgroups (<40 years, P < 0.05; 40–60 years, P < 0.01)
(Figure 4A) and correlated inversely with age (P < 0.0001,
r = -0.515) (Figure 4B). It should be noted that the standards
used for the oligomeric Ab ELISA were supplied by the antibody
supplier and differed from those used in the soluble and insoluble
Ab assays; the absolute values are not therefore directly compa-
rable. Oligomeric Ab1-42 level correlated directly with soluble Ab
in controls and the combined control and AD cohorts but not AD
brains alone (P = 0.009, r = 0.386 in controls; P = 0.016,
r = 0.216 in the combined cohorts) (Supporting Information
Table S4). In the AD cohort, the level of oligomeric Ab1-42 did not
correlate with that of insoluble Ab. In the control and combined
cohorts oligomeric Ab1-42 level was negatively associated with
total insoluble Ab, although this did not reach significance for the
control cohort alone (P = 0.056, r = -0.278 in controls;
P = 0.005, r = -0.246 in the combined cohorts) (Supporting
Information Table S4).

Figure 1. Levels of total soluble amyloid b (Ab)
are highest in younger adults. (A) The level of
total soluble Ab was significantly lower
in >60 years controls than in the <40 years
(P < 0.0001) or 40–60 years subgroups
(P < 0.001). (B) Total insoluble Ab was
significantly higher in >60 years than <40 years
(P = 0.047) but not 40–60 years controls. (C)
Total soluble Ab correlated inversely with age
(P < 0.0001, r = -0.665). (D) In contrast, total
insoluble Ab levels increased with age
(P = 0.0005, r = 0.437). The bars in B and C

indicate the mean values � standard error of
the mean. In C and D the individual points
represent the mean values for each case. Also
shown are the best-fit linear regression lines
(solid) and 95% confidence intervals
(interrupted lines).
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Ab levels are not affected by post-mortem delay

No significant correlations were found between levels of soluble
(P = 0.637; r = -0.041; n = 136), oligomeric (P = 0.998; r < 0.001;
n = 149) or insoluble Ab (P = 0.051; r = -0.164; n = 142) and post-
mortem interval.

DISCUSSION
Ab plaques are a neuropathological hallmark of AD, and increase
in number with age. In contrast, here we have demonstrated that

soluble forms of Ab are present in highest concentration in younger
individuals and decline with normal aging. Furthermore, we have
demonstrated that the high Ab concentrations in young adults are
not solely caused by Ab monomers but that potentially toxic oligo-
meric Ab1-42 species are also present. These unexpected results
raise questions about the role of soluble Ab in neurotoxicity and in
normal functioning of the adult brain. We previously reported that
case-to-case variation in levels of the different forms of Ab in
AD or age-matched control brains is considerable, and also
demonstrated that post-mortem delay does not contribute to this
variability (39).

In contrast to our previous findings on examination of older
(>60 years) adults only (39), a relationship between Ab levels and
age was clearly evident across the 16–95 years age range in the
present study. Our results demonstrate a shift towards decreased
soluble Ab and increased insoluble fibrillar Ab with age. The level
of soluble Ab1-42 was found to decline with age in the cerebrospi-
nal fluid (CSF) (18). The deposition of insoluble Ab may repre-
sent a neuroprotective mechanism for removing toxic oligomers
from the interstitial fluid. Alternatively, insoluble Ab may contrib-
ute to the neurodegeneration in AD. On injection of Ab into
rhesus monkeys, the neurotoxicity of the peptide was dependent
on its physical form (fibrillar Ab caused toxic effects whereas
soluble Ab did not) and on the age of the monkeys (toxicity was
observed in aged monkeys only) (10). In patients with familial
AD or Down’s syndrome, soluble Ab is produced in excess
throughout life yet AD-related cognitive changes and neurofibril-
lary pathology develop only after the appearance of Ab plaques
(14, 23). The marked increase in the ratio of insoluble : soluble
Ab in AD (much higher than that in age-matched controls) points
to an altered dynamic equilibrium of Ab in AD. This may reflect
enhanced aggregation of Ab and/or impaired removal of the
soluble oligomeric peptide at a stage in life when the level of
soluble Ab would be expected to fall.

The presence of relatively high concentrations of soluble Ab in
younger brains may reflect a physiological role in neural develop-
ment. Loss of synapses is an early pathological abnormality in AD

Figure 2. Proportions of soluble and insoluble amyloid b (Ab) differ in AD
and controls. (A) The insoluble : soluble Ab ratio was significantly higher
in the >60 years controls than in the <40 years (P = 0.003) or 40–60 years
(P = 0.006) subgroups. The insoluble : soluble ratio was approximately
five-fold higher still in AD brains than the >60 years controls (P < 0.0001).

The bars indicate the mean values � standard error of the mean. (B) In
control brains, the ratio of insoluble : soluble Ab increased with age
(P < 0.0001, r = 0.637). The individual points represent the mean values
for each case. Also shown are the best-fit linear regression lines (solid)
and 95% confidence intervals (interrupted lines).

Figure 3. Oligomeric Ab antibody 7A1a does not detect monomeric
Ab1-42. (A) The smallest Ab species detected in preparations of oligomer-
ized synthetic Ab1-42 (lane 2) and freshly solubilized peptide (lane 3) had
the same molecular weight, of approximately 8 kDa. These Ab species
probably represent stable dimers. The molecular weight markers (kDa)
are in lane 1. (B) Freshly solubilized monomeric Ab1-42 (sonicated and
spun at 14,000 g) and oligomerized Ab1-42 probed with pan-Ab (4G8) and
oligomeric-specific (7A1a) antibodies reveals that the 7A1a antibody
detects negligible levels of monomeric Ab1-42.
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but is also a developmental process, a means of achieving neural
plasticity in the developing and adult nervous system (22). A
requirement for Ab production (or, at least, for b- and g-secretase
activities) during neural development may drive the elevated
expression of APP in developing neurons and axons. b-secretase
activity is needed to produce a soluble amino-terminal fragment of
APP (N-APP), which is a ligand for death receptor 6 (DR6); this
fragment of APP initiates an active caspase-dependent process of
axonal pruning and has been reported to have a key role in sculpt-
ing the nervous system during development (29). g-Secretase activ-
ity is required for generation of APP intracellular domain (AICD),
which is thought to regulate the transcription of multiple genes
(36), including genes important for organization and dynamics of
the cytoskeleton (27).

Although a pathological diagnosis of AD requires the presence
of Ab plaques, which consist predominantly of insoluble fibrillar
Ab, Ab plaque deposition can occur in the absence of cognitive
impairment (2). Recent in vivo and in vitro evidence suggests that
soluble oligomeric forms of Ab are the major toxic species in AD
(3, 20, 35, 37). Levels of oligomeric Ab are increased in brain
tissue from AD patients (19, 21, 24, 38, 40), and correlate with the
degree of cognitive decline (11, 21, 40) and density of neurofibril-
lary tangles (24). Ab is produced throughout life, and there is
experimental evidence that Ab oligomers may be present in the
brain from an early age and in the absence of AD. In evaluating the
neurotoxicity of Ab*56 in Tg2576(APPSWE) mice, Lesné et al (20)
detected Ab trimers and hexamers before cognitive decline first
became apparent. In humans, Kuo et al (19) demonstrated that both
AD and control brains contained a continuous distribution of Ab
species from monomers up to oligomers in excess of 100kDa, with
the major contribution coming from low-n oligomers ranging from
dimers to octamers. In addition, high levels of Ab were measured in
the leptomeninges from age-matched controls as well as AD brains
(13); and stable dimers of Ab42 were identified in the putamen and
mamillary bodies from non-demented subjects aged 24–87 years
(28).

Although Ab oligomers may be produced from early adulthood
if not earlier, toxicity may be dependent on the particular types of
oligomer that are present. Several lines of evidence support the
suggestion that the various oligomeric combinations of Ab differ in
their toxicity, although precisely which species of oligomeric Ab
are most damaging remain unclear. Data from Lesné et al (20)

pointed to Ab*56 as a major mediator of neurotoxicity, Ab trimers
and hexamers being present in Tg2576 mice before memory
impairment could be detected. In Swiss Webster mice, Ab trimers
fully inhibited long-term potentiation (LTP) whereas dimeric and
tetrameric species caused inhibition that was incomplete (37).
Soluble Ab aggregates from AD cases were reported to be more
toxic than soluble Ab aggregates from age-matched controls (30).
More recently, Ab dimers that had been extracted from AD brains
were found to be particularly synaptotoxic (35). Biochemical and
immunohistochemical analyses of the composition of Ab species
present in the J20 transgenic AD mouse model revealed the pres-
ence of multiple Ab forms, including aggregated Ab species,
throughout the life of these mice, highlighting the difficulty in
identifying the neurotoxic species (34).

It has also been argued that the toxicity of Ab oligomers is
age-dependent (1). In a Caenorhabditis elegans model, aging
impaired detoxification of small aggregates of Ab1-42; this was
attributed to reduced activity of DAF-16 and HSF-1, two compo-
nents of the insulin/insulin growth factor-1-like signaling pathway.
There is also evidence that Ab aggregation can follow either a toxic
(“on-pathway”) or a non-toxic (“off-pathway”) route, through com-
petitive reactions that tend with age towards toxic aggregate pro-
duction (7, 26). It may be relevant to present findings that cognitive
decline in healthy educated adults may start as early as the third or
fourth decade (33). However, more work is required to characterize
the composition of soluble Ab species during the first few decades
of life and to determine whether, if oligomers are indeed produced
throughout life, those oligomers present in younger adults differ in
toxicity from those present in later life and AD.

A recent study found a strong correlation between soluble oligo-
meric Ab1-42 and detergent-insoluble Ab in 54 autopsy brains, in a
population-based series that included both demented and non-
demented elderly (42); from the data presented it is not clear
whether or not the relationship between oligomeric and insoluble
Ab differed between AD and control brains. In our series direct
correlation between soluble oligomeric Ab1-42 and detergent-
insoluble Ab was restricted to AD with a trend towards an inverse
correlation in controls. However, technical differences limit the
extent to which data in that and the present study can usefully be
compared. Woltjer et al (42) measured the concentration of oligo-
meric Ab by means of a Luminex assay in which antibody A11 (17)
was used. This antibody was originally reported to recognize

Figure 4. Age-related decline in level of
soluble amyloid b (Ab) includes oligomeric
species. (A) Oligomeric Ab1-42 level was
significantly lower in the >60 years controls
than the other control subgroups (<40 years,
P < 0.05; 40–60 years, P < 0.01). The bars
indicate the mean values � standard error of
the mean. (B) An inverse correlation was found
for oligomeric Ab1-42 and age (P = 0.001,
r = -0.515). The individual points represent the
mean values for each case. Also shown are the
best-fit linear regression lines (solid) and 95%
confidence intervals (interrupted lines).

van Helmond et al High Soluble Ab Level in Young Adults

791Brain Pathology 20 (2010) 787–793

© 2010 The Authors; Journal Compilation © 2010 International Society of Neuropathology



micellar but not low molecular weight Ab (less than approximately
40 kDa). We have previously shown that 7A1a recognises both low
and higher molecular weight oligomers of Ab (38), and provided
further evidence here that this antibody does not detect monomeric
Ab. 7Ala was designed to detect a-helical Ab conformation and
therefore would not detect b-pleated sheet fibrillar or protofibrillar
forms of Ab.

There are inherent difficulties in obtaining brain tissue from
young control subjects. The control cases in the present study
included younger individuals with histories of depression and
hypertension, and three patients who died after head injury (Sup-
porting Information Table S2). It is possible that those individuals
may have been at risk of later development of AD. Although evi-
dence is inconclusive, depression, hypertension and traumatic head
injury have all been linked to an increased risk of later AD (4, 6, 12)
and our results should be interpreted with a degree of caution. Most
studies of the possible relationship between depression or hyper-
tension and AD have been in the elderly. Within an elderly popula-
tion, depression was reported to be a prodromal manifestation of
AD (12). However, other studies found no such association (5, 15).
There is epidemiological evidence of a modest association between
AD, and depression more than 25 years beforehand (12). Hyperten-
sion is a risk factor for vascular disease and dementia, including
AD, yet antihypertensive treatment trials have yielded contradic-
tory results (6). Ab plaques may form within hours of traumatic
brain injury, although some evidence suggests that this is probably
age-dependent (31). The level of soluble Ab1-42 was elevated in
temporal cortex resected from patients (of average age 46.2 years)
with severe traumatic brain injury (4); however, the increase in
soluble Ab42 was found only in a small number of patients (n = 6)
whose brain tissue contained plaques, whereas no such increase
was found in 13 patients whose tissue was plaque-free.

In conclusion, we have demonstrated that soluble Ab species are
not AD-specific but are produced throughout life, the levels being
highest in younger adults. The precise role of soluble Ab in the
development of AD still needs clarification, as does its possible
contribution to normal brain development.
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