Biochemical stages of AB deposition

with Alzheimer's disease and cases with pathologically preclinical
Alzheimer's disease. As previously shown AB dimers, trimers etc.
represent SDS treatment-related dissociation products of larger AB
aggregates (Rijal Upadhaya et al., 2012b; Watt et al., 2013).
Therefore, we did not consider them for a separate analysis in
this study. The semi-quantitative assessment of the monomer
band density has been demonstrated previously to correlate with
the amount of AB aggregates (Rijal Upadhaya et al., 2012a) and
was used for the semi-quantitative assessment of AB aggregates in
a given biochemical fraction or being precipitated with A11 and
B10AP. Control cases showed no detectable AB (Fig. 2A and
Supplementary Fig. 1A). Semi-quantitatively, cases with
Alzheimer's disease exhibited significantly more AB-positive mater-
ial than cases with pathologically preclinical Alzheimer's disease
and non-Alzheimer's disease control cases in all fractions.
Pathologically preclinical Alzheimer's disease cases showed more
AB-positive material than non-Alzheimer's disease controls
(Fig. 2A and Supplementary Table 2A).

APnspe Was observed in the soluble, dispersible, membrane-
associated and plaque-associated fraction of symptomatic
Alzheimer's disease brain homogenates. Cases with pathologically
preclinical Alzheimer's disease exhibited no or only small amounts
of soluble and dispersible ABnzpe. SDS-soluble ABnspe in the mem-
brane-associated fraction and/or plaque-associated APnzpe was
detected in 13 of 20 cases with pathologically preclinical
Alzheimer's disease by western blotting. Some cases with patho-
logically preclinical Alzheimer's disease, thereby, exhibited similar
amounts of SDS-soluble APnspe as symptomatic cases with
Alzheimer's disease (Fig. 2B and Supplementary Fig. 1B). Semi-
quantitative comparison of monomer bands from control, patho-
logically preclinical Alzheimer's disease and Alzheimer's disease
cases revealed that Alzheimer's disease cases exhibited significantly
more APnspe in all four fractions than controls and cases with
pathologically preclinical Alzheimer's disease. No significant differ-
ences in the levels of soluble and plaque-associated AB were
observed between control and pathologically preclinical
Alzheimer's disease cases whereas such differences were seen in
the dispersible and membrane-associated fraction (Fig. 2B and
Supplementary Table 2A).

Phosphorylated Ap was found in the dispersible, membrane-
associated, and plaque-associated fraction of Alzheimer's disease
brain homogenates. Soluble phosphorylated AB was not observed.
Cases with pathologically preclinical Alzheimer's disease did not
exhibit detectable levels of phosphorylated A in the membrane-
associated and plaque-associated fractions. Only isolated
pathologically preclinical Alzheimer's disease cases showed few
phosphorylated AB in the dispersible fraction. Phosphorylated AB
was not detected in control cases. A second ~8kDa band was also
detected with the phosphorylated AB antibody. This band pre-
sented with similar intensity in soluble, dispersible, and mem-
brane-associated fractions of Alzheimer's disease, pathologically
preclinical Alzheimer's disease, and control cases as well as in
ischiadic nerve samples (Supplementary Fig. 3). Therefore, we
did not interpret this band as a dimer-specific band but as unspe-
cific co-staining without any relevance for Alzheimer's disease
because a similar ~8kDa band was not observed in the formic
acid-soluble, plaque-associated fraction although dimers were seen

Brain 2014: Page 7 of 17 | 7

(Fig. 2C and Supplementary Fig. 1C). Significant differences in the
semi-quantitative assessment of the phosphorylated Ap monomer
bands detected by western blotting were not observed (Fig. 2C
and Supplementary Table 2A).

To clarify whether the occurrence of ABnspe and phosphorylated
AB in Alzheimer's disease and pathologically preciinical Alzheimer's
disease cases was related to a specific accumulation in AB oligo-
mers, protofibrils, and/or fibrils we performed immunoprecipita-
tion and western blotting. Non-fibrillar oligomers were
precipitated from soluble and dispersible fractions with A11 anti-
bodies whereas protofibrils and fibrils were precipitated with
B10AP antibody fragments. These precipitates contained AB ag-
gregates as well as oligomeric, protofibrillar, or fibrillar aggregates
composed of other proteins (Rijal Upadhaya et al., 2012b). The
highest amounts of oligomeric and protofibrillar/fibrillar AB aggre-
gates were found in precipitates of the dispersible fraction of
Alzheimer's disease cases. Cases with pathologically preclinical
Alzheimer's disease had detectable but lower levels of dispersible
AB oligomers, protofibrils, and fibrils than Alzheimer's disease
cases. Non-Alzheimer's disease controls did not contain measur-
able amounts of AB. The amounts of soluble AB oligomers, pro-
tofibrils, and fibrils did not vary significantly between Alzheimer's
disease and pathologically preclinical Alzheimer's disease but were
higher in cases with Alzheimer's disease and cases with patho-
logically preclinical Alzheimer's disease than in controls (Fig. 3A,
Supplementary Fig. 2A and Supplementary Table 2B).

ABnzpe Was not detected in soluble oligomers, protofibrils, and
fibrils precipitated with A11 and B10AP but in dispersible oligo-
mers, protofibrils, and fibrils of Alzheimer's disease and pathologic-
ally preclinical Alzheimer's disease cases. Non-Alzheimer's disease
controls did not display such material. Although dispersible AByspe
oligomers, protofibrils, and fibrils appeared to occur in higher
levels in Alzheimer's disease neocortex than in pathologically pre-
clinical Alzheimer's disease these differences were not significant
(Fig. 3B, Supplementary Fig. 2B and Supplementary Table 2C).

Dispersible phosphorylated AB-containing oligomers, protofibrils,
and fibrils were found in higher amounts in Alzheimer’s disease
cases compared to non-Alzheimer's disease controls and patho-
logically preclinical Alzheimer's disease cases. The amount of dis-
persible phosphorylated AP oligomers, protofibrils and fibrils did
not vary significantly between non-Alzheimer's disease controls
and pathologically preclinical Alzheimer's disease cases. Only a
few pathologically preclinical Alzheimer's disease cases exhibited
small amounts of phosphorylated A-containing protofibrils.
Soluble phosphorylated AB in precipitated oligomers, protofibrils
and fibrils was not observed. An 8-kDa band stained with anti-
phosphorylated Ap was considered unspecific and not relevant for
Alzheimer's disease because it was seen in similar intensity in non-
Alzheimer's disease controls, pathologically preclinical Alzheimer's
disease, symptomatic Alzheimer's disease cases (Fig. 3C,
Supplementary Fig. 2C and Supplementary Table 2C) and in west-
ern blots of peripheral nervous tissue of the ischiadic nerve
(Supplementary Fig. 3). The fact that it was observed after immu-
noprecipitation with A11 and B10AP indicates a cross-reaction
with components of non-AB protein complexes sharing A11 and
B10AP conformation specific epitopes.
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Figure 2 Biochemical detection of soluble, dispersible, membrane-associated and plaque-associated Ap. (A) Denaturing SDS-PAGE
analysis of soluble, dispersible, membrane-associated (SDS-soluble) and plaque-associated (formic acid-soluble) fractions of human brain
homogenates. Ap was detected with anti-AB4_q7. Quantification revealed highest levels of soluble, dispersible, membrane-associated, and
plaque-associated AB in Alzheimer's disease cases whereas pathologically preclinical Alzheimer's disease cases (p-preAD) exhibited lower
APB levels than Alzheimer's disease cases but higher levels than non-Alzheimer's disease controls, which lack detectable amounts of AR
aggregates. (B) Cases with symptomatic Alzheimer's disease exhibited higher levels of soluble, dispersible, membrane-associated and
plaque-associated (formic acid soluble) ABspe than pathologically preclinical Alizheimer's disease and control cases. Significant differences
occurred between pathologically preciinical Alzheimer's disease and control cases only in the dispersible and membrane-associated
fraction. Soluble, dispersible and plaque-associated ABys,e Was nearly absent in pathologically preclinical Alzheimer's disease cases. SDS-
soluble membrane-associated and plaque-associated ABnspe was observed in some pathologically preclinical Alzheimer's disease cases
whereas other pathologically preclinical Alzheimer's disease cases did not exhibit AByspe distinguishing biochemical-Ap stages 1 and 2. An
additional dimer band was visible in the plaque-associated fraction. (C) Phosphorylated Ap was not found in the soluble fraction. In the
dispersible, membrane-associated and plaque-associated fractions phosphorylated AR monomer bands (4 kDa) were visible in cases with
Alzheimer's disease exhibiting biochemical-AB stage 3 whereas most pathologically preclinical Alzheimer's disease cases did not exhibit
phosphorylated AB monomer bands. No significant quantitative differences were observed after western blot analysis. The 8 kDa band
stained with anti-phosphorylated Ap was considered unspecific and not relevant for Alzheimer's disease because it was seen in

(continued)
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Biochemical stages of AB deposition

In summary, human Alzheimer's disease brains can be distin-
guished from non-Alzheimer's disease and pathologically preclin-
ical Alzheimer's disease brains by increasing amounts of soluble
and dispersible AP oligomers, protofibrils, and fibrils whereby
phosphorylation of AB at serine 8 was associated with dispersible
AP oligomers, protofibrils, and fibrils in the Alzheimer's disease
neocortex. The biochemical composition of AR aggregates
showed a hierarchical sequence in which AB, ABnspe, and phos-
phorylated AB occurred in dispersible, membrane-associated and
plaque-associated AB-aggregates. All 10 cases with Alzheimer's
disease and 14 of 20 cases with pathologically preclinical
Alzheimer's disease exhibited biochemically detectable AB. Six
cases with pathologically preclinical Alzheimer's disease and the
10 non-Alzheimer's disease cases did not show biochemically de-
tectable amounts of AB (Fig. 2A and 3A). Twelve pathologically
preclinical Alzheimer's disease and all 10 Alzheimer's disease cases
also showed anti-ABygzpe-positive material in the Ap aggregates,
suggesting a second stage in the development of AR aggregation.
Phosphorylated Ap was found only in 4 of 20 cases with patho-
logically preclinical Alzheimer's disease, but in all 10 Alzheimer's
disease cases studied biochemically in a presumably third stage of
this process. These three stages of the biochemical aggregation
and accumulation are referred to here as biochemical-AB stages
1-3.

Immunoprecipitation of post-translational modified AByspe and
phosphorylated AB with subsequent detection of the ABso and
AB4z C-terminus with C-terminus specific antibodies revealed
that APnape-aor APnape-a2, phosphorylated AB4o, and phosphory-
lated A4, can be detected in the human Alzheimer's disease and
pathologically preclinical Alzheimer's disease cortex with stronger
signals for the ABsp-C-terminus peptides (Supplementary Fig. 4A).

Immunchistochemical detection of
amylold-, APnzpe and phosphorylated
amyloid-p in senile plaques

immunobhistochemical staining of brain tissues from all Alzheimer's
disease and pathologically preclinical Alzheimer's disease cases
exhibited AB plaques detectable with antibodies raised against
APB17-24 and AB4s. All cases with Alzheimer's disease and 30 of
33 pathologically preclinical Alzheimer's disease cases also showed
immunopositivity for anti-ABuzpe. Eleven of the pathologically pre-
clinical Alzheimer's disease cases with anti-AByspe positive plaques
and all Alzheimer's disease cases also had phosphorylated AB posi-
tive plagues. This hierarchical sequence of plaque staining with
anti-AB17-24, anti-APyspe, and anti-phosphorylated AB was identi-
cal with that seen for the biochemical detection of AB and its
accumulation in the dispersible, membrane-associated and
plaque-associated fractions of brain homogenates. This sequence

Figure 2 Continued
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of plaque staining is referred to as biochemical-Ap stage analogue
for plaques. However, 6 of 20 cases with pathologically preclinical
Alzheimer's disease cases with AB47_p4-positive plaques (Table 2)
did not exhibit significant armounts of biochemically detectable AB.
In two further cases with ABnzpe-positive plaques AB was seen
biochemically but no APwspe. Four of 16 cases with phosphory-
lated AB-positive plaques did not exhibit phosphorylated AB in the
western blot and immunoprecipitation analysis.

AB plaques detected with antibodies raised against AB47_54 and
ABa4s were prevalent in all pathologically preclinical Alzheimer's
disease and Alzheimer's disease cases (Fig. 4A-C). Alzheimer's dis-
ease cases exhibited higher AB loads than pathologically preclinical
Alzheimer's disease cases. Non-Alzheimer's disease controls had
lower AB loads than in Alzheimer's disease and pathologically pre-
clinical Alzheimer's disease cases (Fig. 5A and Supplementary
Table 2D).

APBnspe positive plaques were frequently observed in most patho-
logically preclinical Alzheimer's disease cases and in all Alzheimer's
disease cases (Fig. 4D-F). All types of plaques exhibited AByspe.
APnzpe plaque loads were lower than total AB1_so/42 plaque loads.
Alzheimer's disease cases had higher APnspe plaque loads than
cases with pathologically preclinical Alzheimer's disease. Cases
with pathologically preclinical Alzheimer's disease exhibited higher
ABnzpe plaque loads than non-Alzheimer's disease controls (Fig. 5A
and B and Supplementary Table 2D).

The phosphorylated AB plaque loads were lower than the Ap
and ABnzpe plaque loads. However, in Alzheimer's disease cases
the phosphorylated AB plaque load was higher than in pathologic-
ally preclinical Alzheimer's disease. Non-Alzheimer's disease con-
trols exhibited no anti-phosphorylated AB-positive plaques
whereas some cases with pathologically preclinical Alzheimer's dis-
ease showed few phosphorylated AB-positive plaques. The phos-
phorylated AB plaque load in pathologically preclinical Alzheimer's
disease cases was slightly higher than in control cases (Figs 4G, H
and 5C and Supplementary Table 2D). Single pathologically
preclinical Alzheimer's disease cases exhibiting high amounts of
ABi7-24 and APyspe-positive plaques did not exhibit phosphory-
lated AB within these plaques in consecutive sections
(Supplementary Fig. 5).

Logistic regression analysis controlled for age and gender re-
vealed a significant association of the AB load, ABwage load and
the phosphorylated AB load with Alzheimer's disease cases in
comparison to cases with pathologically preclinical Alzheimer's dis-
ease and non-Alzheimer's disease control cases (P < 0.05; detailed
statistical analysis see Supplementary Table 2E).

Double-label immunohistochemistry revealed that in Alzheimer's
disease cases most AB plaques also exhibit APnzpe whereas phos-
phorylated AB was usually restricted to a subset of plaques, espe-
cially cored plaques (Supplementary Fig. 4B-J).

non-Alzheimer's disease controls, pathologically preclinical Alzheimer's disease and symptomatic Alzheimer's disease cases in similar

intensity. Case numbers according to Supplementary Table 1B are provided. Statistical analysis was performed by ANOVA with Games-
Howell post hoc test: *P < 0.05; **P < 0.01; ***P < 0.001 (Alzheimer's disease, n = 10; pathologically preclinical Alzheimer's disease,
n = 20; control, n = 10; Supplementary Table 2A-C). AD = Alzheimer's disease; B-AB-stage = biochemical-Ap stage; pAB = phosphory-

lated AB; p-preAD = pathologically (diagnosed) Alzheimer's disease.
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Figure 3 (A) Analysis of B10AP immunoprecipitated protofibrils and fibrils and A11 immunoprecipitated non-fibrillar oligomers revealed
highest levels of these in the soluble and dispersible fractions of Alzheimer's disease cases. Pathologically preclinical Alzheimer's disease cases
exhibited fewer A oligomers, protofibrils, and fibrils than Alzheimer's disease cases but more than non-Alzheimer's disease controls, which did
not show AR oligomers, protofibrils or fibrils. (B) In the precipitated protofibrils, fibrils, and oligomers, APyspe was found only in the dispersible
but not in the soluble fraction. The levels of AByage oligomers, protofibrils and fibrils were not significantly different between Alzheimer's
disease and pathologically preclinical Alzheimer's disease cases but higher than in non-Alzheimer’s disease controls. Only a subset of patho-
logically preclinical Alzheimer's disease cases (p-preAD) exhibited AByape indicative of biochemical-AB stage 2 whereas other pathologically
preclinical Alzheimer's disease cases with anti-AB;_s7 positive Ap aggregates did not exhibit anti-ABnzpe-positive material representing
biochemical-Ap stage 1. (C) Dispersible phosphorylated AB oligomers, protofibrils, and fibrils were nearly restricted to Alzheimer's disease cases

whereas non-Alzheimer's disease controls and pathologically preclinical Alzheimer's disease exhibited nearly negligible amounts.

Phosphorylated AB in patients with Alzeimer's disease represented the third stage of the biochemical development of AR aggregates

(continued)
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Biochemical stages of AB deposition

Correlations between the biochemical
stages of amyloid-p aggregation and
accumulation with the hallmark lesions
of Alzheimer's disease and its associa-
tions with dementia

The biochemical-Ap stages correlated with the AB-medial tem-
poral lobe phase (r=0.79, P < 0.001), the Braak-neurofibrillary
tangle-stage (r=0.609, P=0.001), and the CERAD score for
neuritic plaques (r=0.56, P =0.002) as well as with the overall
NIA-AA degree of Alzheimer's disease pathology (r=0.683,
P < 0.001; detailed statistical analysis is shown in Supplementary
Table 2F).

Likewise, the biochemical-Ap stage analogue for plaques corre-
lated with the AB-medial temporal lobe-phase (r=0.834,
P <0.001), the Braak-neurofibrillary tangle-stage (r=0.564,
P=0.002), the CERAD score for neuritic plaques (r=0.429,
P =0.023), the overall NIA-AA degree of Alzheimer's disease
pathology (r=0.76, P <0.001; detailed statistical analysis is
shown in Supplementary Table 2G) as well as with the biochem-
ical-AB stages (r=0.688, P < 0.001).

Using Fisher's exact test with a subsequent trend test there was
a significant association between the increasing clinical stage of
Alzheimer’s disease from non-Alzheimer's disease to pathologically
preclinical Alzheimer's disease and finally to symptomatic
Alzheimer's disease with the biochemical-AB stage and the bio-
chemical-Ap stage analogue for plaques (P < 0.001; detailed stat-
istical analysis Supplementary Table 2H).

Discussion

The major findings of this study are: (i) the prevalence of ABnspe
. and phosphorylated AB in dispersible, membrane-associated, and
plaque-associated AP aggregates showed a hierarchical sequence
of three stages, in which these post-translationally modified AB
species occurred in AR aggregates: biochemical-AB stage 1 =ag-
gregation of AB4—o/42 alone, biochemical-AB stage 2 = additional
detection of AByspe, and biochemical-Af stage 3 = aggregation of
AB1_40/42, ABnspeosa2, and phosphorylated ABaosqz (Fig. 6); (if)
the phosphorylation of AB at serine 8 and its aggregation in dis-
persible oligomers, protofibrils and fibrils was associated with
symptomatic Alzheimer's disease but not with pathologically pre-
clinical Alzheimer’s disease and controls; (iii) the amounts of sol-
uble and dispersible AB oligomers, protofibrils and fibrils increased
with the development from non-Alzheimer's disease to pathologic-
ally preclinical Alzheimer's disease and then to Alzheimer's disease;

Figure 3 Continued
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and (iv) ABnspe and phosphorylated AB were not detectable in
soluble oligomers, protofibrils and fibrils but in dispersible ones.
Dispersible, membrane-associated, and plaque-associated AP
aggregates exhibited a hierarchical sequence, in which AB4_s0/42,
ABnspe: and phosphorylated AB occurred in these aggregates. This
sequence aflowed the distinction of three biochemical stages of A
aggregation and accumulation (biochemical-AB stages). The first
stage was characterized by the detection of ABq_4o/42 in the ab-
sence of detectable amounts of AByspe and phosphorylated AB.
Biochemical-AB stage 2 was characterized by the additional occur-
rence of APspe-positive material in these aggregates in the ab-
sence of phosphorylated AB. Phosphorylated A in biochemical-AB
stage 3 was restricted to those cases that already exhibited anti-
AB and anti-ABnape-positive material. ABnzpesor APnape—42, phos-
phorylated AB,o, and phosphorylated AB,, were all found in cases
with Alzheimer's disease with biochemical-AB-stage 3. However,
APnspe-42 and phosphorylated AB4; were the predominant forms.
This sequence was further confirmed by the finding of a similar
hierarchical sequence in the occurrence of AB, ABape, and phos-
phorylated AB in senile plaques in controls, cases with pathologic-
ally preclinical Alzheimer's disease, and cases with symptomatic
Alzheimer's disease. Comparison between biochemical detection
of AB aggregates and immunohistochemistry revealed that the
biochemical detection of AR aggregates by western blotting was
less sensitive than immunostaining for plaques. A possible explan-
ation for this finding is that those cases with initial plaque depos-
ition have only very few plaques that may not be included in the
samples taken for biochemical analysis or that the amount of
plaque-pathology is too low for detection in brain homogenates.
The hierarchical staining pattern of plaques and AP aggregates
seen in this study can be explained by either a hierarchical occur-
rence of these AB species in the aggregates or by different sensi-
tivities of the antibodies. Arguments in favour of a hierarchical
occurrence of ABiso/42, APnzpe and phosphorylated AB are that
the antibody sensitivity of anti-ApBnspe and anti-phosphorylated AB
were quite similar (Saido et al., 1995; Kumar et al., 2013) and did
not explain the differences between biochemical-AB stages 2
and 3, and that biochemical-AB stage 1 cases already exhibited
significant anti-Aps_47 positive material in the absence of APyspe
and phosphorylated A signals. Moreover, this sequence was seen
in AB aggregates in brain homogenates as well as in plagues
stained immunohistochemically with these antibodies. A further
argument in favour of a hierarchical sequence in which AB aggre-
gates accumulate distinct types of AB peptides is provided by pre-
vious reports showing that AB plaques first stain for AB4,, second
for AB4o (Iwatsubo et al., 1996; Lemere et al., 1996) followed by
ABnzpe (Iwatsubo et al., 1996), then for ABy11pe, and, finally, in
very few cases, for APiz.qor42 (P3) (lwatsubo et al., 1996;

throughout the pathogenesis of Alzheimer's disease (biochemical-Ap stage 3). The 8 kDa band stained with anti-phosphorylated AB was
considered unspecific and not relevant for Alzheimer's disease because it was seen in non-Alzheimer's disease controls, pathologically
preclinical Alzheimer's disease and symptomatic Alzheimer's disease cases in similar intensity. No phosphorylated Ap containing oligomers,
protofibrils and fibrils were found in the soluble fraction. Case numbers according to Supplementary Table 1B are provided. Statistical
analysis was performed by ANOVA with Games-Howell post hoc test: *P < 0.05; **P < 0.01; ***P < 0.001 (Alzheimer's disease, n = 10;
pathologically preclinical Alzheimer's disease, n = 20; control, n = 10; Supplementary Table 2A-C). AD = Alzheimer's disease; B-AB-stage
= biochemical-AB stage; pAB = phosphorylated AB; p-preAD = pathologically (diagnosed) Alzheimer's disease.
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Figure 4 (A-C) AB plagues detected with anti-ABs, were found

A. Rijal Upadhaya et al.

p-preAD/ AD/
stage analogue 2 B-Ap stage analogue 3

in both Alzheimer's disease and pathologically preclinical Alzheimer's

disease cases. The biochemical-AB stage analogues for plaques were provided. (D-F) AByspe Was found in pathologically preclinical
Alzheimer's disease cases of biochemical-Ap stage analogue 2 and in Alzheimer's disease cases. In the biochemical-Ap stage analogue 1
case depicted in D no anti-AByspe-positive plaques were found. (G-1) Phosphorylated AB was absent in biochemical-Ap stage analogues 1
and 2 pathologically preclinical Alzheimer's disease cases (G and H) but prevalent in the biochemical-AB stage 3 case with Alzheimer's
disease (I). Calibration bar in H corresponds to 400 pm (valid for A-1). A, D and G: Case A15; B, E and H: Case A14; C, F and I: Case A30.
AD = Alzheimer's disease; B-ApB-stage analog = biochemical-AB stage analogue; pAB = phosphorylated AB; p-preAD = pathologically

(diagnosed) Alzheimer's disease.

Thal et al., 2005). As AP and A4y both occur very early in the
development of AR plaque pathology and as ABn11pe Was seen in
plaques of Alzheimer's disease as well as of pathologically precfin-
ical Alzheimer's disease cases, we focused our study on AB, ABape

and phosphorylated AB. These three different AP peptides ex-
hibited a robust hierarchical sequence that provides a backbone
for the determination of other peptides and their relation to the
development of Alzheimer's disease-related Ap aggregation.
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Figure 5 AP load, ABnspe load, and phosphorylated AB load in
Alzheimer's disease, pathologically preclinical Alzheimer's dis-
ease (p-preAD) and control cases. (A) The AB load increased
gradually from control to pathologically preciinical Alzheimer's
disease and then to Alzheimer's disease cases. (B) The ABnspe
load in pathologically preclinical Alzheimer's disease and
Alzheimer's disease cases was higher than in non-Alzheimer's
disease cases. Significant differences in the ABysz,e load between
pathologically preclinical Alzheimer's disease and Alzheimer's
disease cases were not observed. (C) Alzheimer's disease cases
had significantly higher phosphotylated A loads compared with
control and pathologically preclinical Alzheimer's disease cases.
ANOVA with Games-Howell post hoc test: *P < 0.05;

***P < 0.001 (Supplementary Table 2E). AD = Alzheimer's
disease; pAP = phosphorylated AB; p-preAD = pathologically
(diagnosed) Alzheimer's disease.

A limitation of autopsy studies is that only a single time point
can be analysed for each individual. To minimize this limitation we
used the AB phase, the Braak-neurofibrillary tangle stage, and the
CERAD score for neuritic plague pathology as widely accepted
pathological markers for Alzheimer's disease progression (Hyman
et al., 2012). The biochemical-AB stages, thereby, correlated with
the phases of AB plaque distribution (Thal et a/., 2002), the Braak—
neurofibrillary tangle stages for neurofibrillary tangle distribution
(Braak and Braak, 1991) and with the CERAD score for neuritic
plague pathology (Mirra et al., 1991). This correlation was not
simply an effect of ageing because we used partial correlation
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analysis controlled for age and gender, a statistical method that
allows one to calculate the correlation between two parameters
independent from age and gender effects. Interestingly, the oc-
currence and amount of phosphorylated AP in biochemical-AB
stage 3 cases was associated with symptomatic Alzheimer’s dis-
ease but not with pathologically preclinical Aizheimer's disease. As
such, it is tempting to speculate that the biochemical composition
of AP aggregates changes with the progression of Alzheimer's
disease from pathologically preciinical Alzheimer's disease to
Alzheimer's disease cases. Hence, we assume that cases with
Alzheimer's disease contain more soluble and dispersible AB oligo-
mers, protofibrils, and fibrils than pathologically preclinical
Alzheimer's disease and non-Alzheimer's disease cases and the
presence of modified AByspe and phosphorylated AR peptides
may stabilize dispersible oligomeric, protofibrillar and fibrillar AB
aggregates. An argument in favour of this hypothesis is that both
ABnzpe and phosphorylated AB have the ability to stabilize Ap
aggregates (Schlenzig et al., 2009; Kumar et al., 2011). An alter-
native explanation for the increased amounts of ABnzpe and phos-
phorylated AB in Alzheimer's disease cases in comparison with
pathologically preclinical Alzheimer's disease cases is that both
are by-products of an increased production or decreased clearance
of AB without relevance for the disease and its progression.
Accordingly, the accumulation of such by-products would be ex-
pected to be more predominant in symptomatic Alzheimer's dis-
ease cases compared with pathologically preclinical Alzheimer's
disease cases, and ABnspe and phosphorylated A would accumu-
late in parallel with Af plaques detected with anti-ABq7_54 or anti-
ABay. However, this was not the case for phosphorylated AB. As
depicted in Supplementary Fig. 5 isolated pathologically preclinical
Alzheimer's disease cases exhibited very high amounts of ABi7.24
and ABnspe-positive plaques, even more than some Alzheimer's
disease cases, but no phosphorylated AB. On the other hand,
phosphorylated AB was seen in all symptomatic Alzheimer's dis-
ease cases, even in those that had fewer plaques than some
pathologically preclinical Alzheimer's disease cases. Another argu-
ment against the hypothesis that ABnspe and phosphorylated AB
are by-products of AR accumulation without specific impact on the
disease is that both modified forms of AB are more prone to form
oligomeric and fibrillar aggregates in vitro than non-modified AR
(Saido et al., 1995; Schlenzig et al., 2009; Kumar et al., 2011). As
such, ABnspe and phosphorylated AB promote the formation of
oligomeric,” protofibrillar and fibrillar aggregates of AR and the
biochemical-Ap stages more likely document the biochemical de-
velopment of AR aggregates in the pathogenesis of Alzheimer's
disease. For all that, it is not yet clear whether ABnzpe and phos-
phorylated AB play a directing role in the pathogenesis of
Alzheimer's disease. At least, they serve as marker proteins for
the progression of the disease as shown here.

It is important to note that the biochemical development of AB
aggregates starts with the aggregation of AB in all four fractions
received after brain homogenization. Immunoprecipitation with
B10AP antibody fragments and A11 revealed that these initial
AB aggregates already contain AB oligomers, protofibrils and fi-
brils. Given the sequence of events in the biochemical-Af stages, it
is tempting to speculate that modification of initial Ap aggregates
by adding detectable amounts of ABnspe and phosphorylated AB
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Symptomatic AD and pathologically diagnosed preclinical AD (p-preAD)
and its association with Ap plaque distribution and the biochemical
pattern of AB-aggregation

Diagnosis non AD p-preAD

symptomatic AD

Ap-Plaque
distribution:
ABMTL Phase

Phase 1 Phase 2

...................................

Soluble fraction
Dispersible fraction

Membrane associated
fraction

Plaque associated
fraction

Ap levels in
brain homogenates

non AR

AR o
+AB,

B-Ap stage 0 1 2

Figure 6 Associations between the diagnosis of Alzheimer's disease, pathologically preclinical Alzheimer's disease and control cases with
the biochemical-AB stages of the biochemical composition of AB aggregates and with the AB-medial temporal lobe phases. ‘Non-
Alzheimer's disease’ is by definition the absence of AB plaques. Pathologically preclinical Alzheimer's disease cases and cases with
symptomatic Alzheimer's disease can be distinguished by the distribution of AB plaque pathology in the brain as represented in the medial
temporal lobe (Thal et al., 2000, 2002, 2013) but also by changes in the biochemical composition of soluble, dispersible, membrane-
associated, and plaque-associated AP aggregates as represented by the biochemical-Ap stages. These differences in the biochemical
composition of Ap aggregates between cases with pathologically preclinical Alzheimer's disease and Alzheimer's disease cases are
indicated by the detection of phosphorylated AB in symptomatic Alzheimer's disease cases and by the detection of ABnage in the soluble
and dispersible fraction. The hierarchical sequence, in which ABy_40/42, ABnspe, and phosphorylated AB occurred in the Ap aggregates in
the human brain, thereby, allowed the distinction of three biochemical-Ap stages: biochemical-AB stage 1 was defined by the detection of
anti-AB-positive AB aggregates in the absence of detectable amounts of AByspe and phosphorylated AB; biochemical-Af stage 2 was
characterized by additional ABnspe in the aggregates without detectable phosphorylated AB; biochemical-Ap stage 3 represented Ap
aggregates in the brain exhibiting all three types of AB, i.e. AB1_40/42, ABnzpe, and phosphorylated AB. AD = Alzheimer's disease; ABMTL

phase = AB medial temporal lobe phase; B-A-stage = biochemical-AB stage; pAB = phosphorylated AB; p-preAD = pathologically

(diagnosed) Alzheimer's disease.

peptides to these aggregates is a critical event for the develop-
ment of Alzheimer's disease. Phosphorylation of AB at setine 8
indicating biochemical-Ap stage 3 rather than the mere presence
of APnspe, thereby seems to be critical for conversion from patho-
logically preclinical Alzheimer's disease to Alzheimer's disease.
Arguments in favour of this hypothesis are: (i) pathologically pre-
clinical Alzheimer's disease cases do not exhibit significant
amounts of phosphorylated Ap in dispersible oligomers, protofibrils
and fibrils but Alzheimer's disease cases do; (i) cases with
Alzheimer's disease have significant numbers of phosphorylated
AB-containing plagues (phosphorylated AB plaque load =1.21%)
whereas the phosphorylated AP plaque load was in mean
<0.28% in pathologically preclinical Alzheimer's disease cases;
and (iii) ABnspe is already present in significant amounts in plaques
(ABnspe plaque load =2.25%), dispersible oligomers, protofibrils,
fibrils, and in the SDS-soluble membrane-associated fraction in

pathologically preclinical Alzheimer's disease cases and increases
quantitatively  in  Alzheimer's  disease  (APnzpe  plaque
load = 4.22%) but does not indicate a qualitative change in the
composition of Ap aggregates between Alzheimer's disease and
pathologically preclinical Alzheimer's disease cases because AByspe
already occurs in biochemical-AB stage 2, which is seen in patho-
logically preclinical Alzheimer's disease cases, and in biochemical-
Ap stage 3 in Alzheimer's disease cases. In the event that phos-
phorylation of AB increases its tendency to form dispersible aggre-
gates and, thereby, supports conversion from pathologically
preclinical Alzheimer's disease to Alzheimer's disease, blocking or
modulation of AB phosphorylation would be an approptiate mech-
anism to prevent or delay the conversion from pathologically pre-
clinical Alzheimer's disease to symptomatic Alzheimer's disease. An
aggregation promoting the role for phosphorylated AR has been
demonstrated (Kumar et al., 2011). However, it is important to
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test this potential treatment strategy in an appropriate animal

model to exclude the possibility that phosphorylated AB is
merely a by-product of the disease without therapeutic potential.

Phosphorylation of serine residues by protein kinase A similar to
serine 8 of the AP peptide (Kumar et al., 2011) is also seen in tau
protein (Andorfer and Davies, 2000). Thus, one could assume that
AB and tau phosphorylation are two results of a common problem:
increased phosphorylation of proteins in the Alzheimer's disease
brain. Arguments against this hypothesis are that: (i) dispersible AR
alone was associated with neurodegeneration in APP transgenic
mice with an increased AB production (Rijal Upadhaya et al.,
2012a); (i) AP was capable of exacerbating tau pathology in
tau transgenic mice (Gotz et al., 2001; Lewis et al., 2001) sug-
gesting a causative or at least triggering role for AB in Alzheimer's
disease-related neurodegeneration; and (iii) tau phosphorylation
occurs early in the pathogenesis of neuronal alterations in
Alzheimer's disease (Braak et al., 2011) as well as in other non-
Alzheimer's disease tauopathies (Dickson et al., 2011), whereas
AP phosphorylation at serine 8 is a late event mainly restricted
to symptomatic Alzheimer's disease cases, as shown here.

As ABnspe and phosphorylated AB have also been found in
APP/PS1 transgenic mice without inducing significant levels of
tau pathology the hierarchical accumulation of different forms of
AP peptides alone may not cause Alzheimer's disease, but in the
presence of mild, pre-existing tau pathology as it is regularly the
case in elderly humans (Braak et al., 2011), Ap aggregates may
exacerbate tau pathology as also seen in mouse models for
Alzheimer's disease (Gotz ef al., 2001; Lewis et al., 2001; Oddo
et al., 2004).

Our finding, that soluble and dispersible Ap oligomers, protofi-
brils and fibrils increase from pathologically preclinical Alzheimer's
disease to Alzheimer's disease cases is in line with the previously
reported detection of AP oligomers, protofibrils and fibrils in
Alzheimer's disease cases (Kayed et al., 2003; Habicht et al.,
2007; Mc Donald et al., 2010). However, our data apparently
contradict reports by other authors showing that the AR plaque
loads did not vary significantly between Alzheimer's disease and
non-demented cases with plaque pathology (Arriagada et al.,
1992b) and that increasing cognitive decline in patients with
Alzeimer's disease could not be explained by differences in the
AB loads (Arriagada et al., 1992a). Of note, in the present
study, some pathologically preclinical Alzheimer's disease cases
had higher amyloid plaque loads in the temporal neocortex than
some cases with Alzheimer's disease (Supplementary Fig. 5). This
might explain the lack of statistically significant differences in AB
loads reported in the abovementioned studies. However, when
staining AP plaques for phosphorylated A we found significant
differences between pathologically preclinical Alzheimer's disease
and Alzheimer's disease cases in the respective phosphorylated A
plaque loads indicating that changes in the biochemical compos-
ition of the AP aggregates occur when pathologically preclinical
Alzheimer's disease cases convert to symptomatic Alzheimer's dis-
ease, i.e. the conversion from biochemical-Ap stage 2 to biochem-
jcal-AB stage 3. These qualitative changes were also found
biochemically in dispersible AB oligomers, protofibrils, and fibrils
as well as in the membrane-associated and plague-associated
fractions.
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Although it is tempting to assume that the hierarchical se-
quences of AB plaque distribution and that of the biochemical

. evolution of Alzheimer's disease-related AB aggregates represent

a pathogenetic sequence of events it is possible that this sequence
can be held at a given point or that AB deposition is even revers-
ible until a given point in this sequence. Accordingly, cases classi-
fied as pathologically preclinical Alzheimer's disease (non-
demented individuals with Alzheimer's disease pathology accord-
ing to current NIA-AA criteria for the neuropathological diagnosis
of Alzheimer's disease (Hyman et a/., 2012)) do not necessarily
develop symptomatic Alzheimer's disease.

The non-Alzheimer's disease control and pathologically preclin-
ical Alzheimer’s disease cases included in this study were identified
at autopsy and were not tested for Alzheimer's disease bio-
markers, such as CSF-AB and CSF-tau protein or amyloid PET.
Therefore, the pathologically preclinical Alzheimer's disease cases
in our study cannot be compared with clinically detectable prectin-
ical Alzheimer's disease cases according to Vos et al. (2013).
However, it will be an important issue for future research to
verify the neuropathological and biochemical correlatives in amyl-
oid PET-positive or CSF-biomarker positive non-demented cases
and to distinguish them from cases with symptomatic
Alzheimer's disease and non-Alzheimer's disease.

The missing signals for ABnzpe and phosphorylated Ap in the
soluble oligomers, protofibrils, and fibrils argue in favour of
aggregation promoting effects of both post-translational modified
AB species as previously described in vitro (Schlenzig et al., 2009;
Kumar et al., 2011). However, ABnspe was observed in the sol-
uble fraction of Alzheimer's disease cases indicating that
presumably smaller APnspe oligomers are present in  the
Alzheimer's disease brain that cannot be precipitated with A11
and B10AP.

In conclusion, we have shown qualitative differences in the
composition of AB plaques and dispersible AB oligomers, protofi-
brils and fibrils between Alzheimer's disease and pathologically
preclinical Alzheimer's disease cases that allow the distinction of
three biochemical-AB stages. Although it appears quite obvious
that non-phosphorylated full-length AB accumulates before trun-
cated and phosphorylated forms become detectable, their se-
quence of occurrence was associated with a critical step in the
pathogenesis of Alzheimer's disease: phosphorylated AB, indicative
for biochemical-Ap stage 3, was specifically associated with symp-
tomatic Alzheimer's disease. Thus, phosphorylated AR may sup-
port further accumulation of AB oligomers, protofibrils, and fibrils
in the event that pathologically preclinical Alzheimer's disease con-
verts into Alzheimer's disease. Phosphorylation of AB at serine 8
may be a new therapeutic target to prevent conversion from
pathologically preclinical Alzheimer's disease to Alzheimer's
disease.
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Fig. 1.

Number per month of consulted items and subjects, differential diagnosis, and
hospitalization in whole 10 Dementia Medical Centers in Gunma prefecture
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Fig. 2. Numbers of consulted subjects per month
Comparison between our center and other 8 local-type centers (mean)
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Fig. 3. Contents of consultation by phone (473 items by 370 subjects) and interview

(441 items by 323 subjects)
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Fig. 4. Numbers of diagnosed subjects per month
Comparison between our center and other 8 local-type centers (mean)
Table 1. Result of differential diagnosis (n=415)
: . Cases % %
Diagnosis n=415 (total) (dementia)
Normal 23 5.5%
Mild cognitive impairment (MCI) 51 12.3%
Alzheimer disease dementia (ADD) 219 52.8% 74.0%
ADD+VD 18 4.3% 6.1%
Vascular dementia (VD) 7 1.7% 2.4%
ADD+DLB 6 1.4% 2.0%
Dementia with Levy bodies (DLB/PDD) 14 3.4% 4.7%
Fronto-temporal lober degeneration 12 2.9% 4.1%
Normal pressure hydrocephalus (pure) * 12 2.9% 4.1%
Dementia, un-classified 8 1.9% 2.7%
Cerebro-vascular disease 16 3.9%
Depression 3 0.7%
Others 26 6.3%
Dementia total 296 71.3% 100%

*Complication with other type of dementia was excluded
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Table 2. Person who associated with patient at first visit (n=63)

Wh'ﬁe(g,:)ﬁ ent Male patient Female patient
Husband 6 ( 95%) 0 6 (15.8%)
Spouse 24 (38.1%)
Wife 18 (28.6%) 18 (72.0%) -
Son 5 ( 7.9%) 0 5 (13.2%)
Children 29 (46.0%)
Daughter 24 (38.1%) 7 (28.0%) 17 (44.7%)
Daughter-in-law 10 (15.9%) 0 10 (26.3%)
Total 25 38
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