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Abstract

Objectives: The heterogeneity of Amyloid-beta (Ap) plaque load in patients with
Alzheimer's disease (AD) has puzzled neuropathology. Since brain Ap plaque load does
not correlate with cognitive decline, neurotoxic soluble Ap oligomers have been champi-
oned as disease-causing agents in early AD. So far, investigating molecular interactions
between soluble oligomeric Ap and insoluble Ap in vivo has been difficult because of the
abundance of Ap oligomer species and the kinetic equilibrium in which they coexist. Here,
we investigated whether Ap plaque heterogeneity relates to interactions of different Ap
conformers.

Materials and Methods: We took advantage of transgenic mice that generate exclusively
Ap dimers (tgDimer mice) but do not develop Af plaques or neuroinflammation during
their lifetime, crossed them to the transgenic CRND8 mice that develop plaques after
90 days and measured A plaque load using immunohistochemical and biochemical as-
says. Furthermore, we performed in vitro thioflavin T (ThT) aggregation assays titrating
synthetic Ap,,-S8C dimers into fibril-forming synthetic AB,,,.

Results: We observed a lower number of AB plaques in the brain of double transgenic
mice compared to tgCRND8 mice alone while the average plaque size remained unal-
tered. Corroborating these in vivo findings, synthetic Ap-S8C dimers inhibited fibril for-
mation of wild-type A also in vitro, seen by an increased half-time in the ThT assay.
Conclusions: Our study indicates that Ap dimers directly interfere with Ap fibril formation
in vivo and in vitro. The variable interaction of Ap dimers with insoluble Ap seeds could

thus contribute to the heterogeneity of Ap plaque load in AD patients.

KEYWORDS
Amyloid-beta, Alzheimer's disease, dimer, fibril formation

Abbreviations: AD, Alzheimer's disease; APP, Amyloid precursor protein; Ap, Amyloid beta; EDTA, Ethylenediaminetetraacetic Acid; ELISA, Enzyme-Linked Immunosorbent Assay;
gDNA, Genomic DNA; haPrP, Syrian hamster prion gene; HFIF, Hexafluoroisopropanol; gPCR, Quantitative real-time Polymerase Chain Reaction; RF, Rigid Fibril; RP-HPLC, Reverse-
Phase High-Performance Liquid Chromatography; SDS, Sodium Dodecyl Sulphate; TBS, Tris-Buffered Saline; TBST, Tris-Buffered Saline/0.025% Tween 20; ThT, Thioflavin T.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2020 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd on behalf of British Neuropathological Society.

Neuropathol Appl Neurobiol. 2021;47:603-610.

wileyonlinelibrary.com/journal/nan 603


www.wileyonlinelibrary.com/journal/nan
https://orcid.org/0000-0001-7065-5027
https://orcid.org/0000-0003-2558-5159
mailto:﻿
https://orcid.org/0000-0003-1503-1822
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ckorth@hhu.de
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fnan.12685&domain=pdf&date_stamp=2021-01-07

604 Neuropathology and
WILEY- Applied Neurobiology

GERRESHEIM ET AL.

INTRODUCTION

Amyloid-beta (AB) plague load in patients with Alzheimer's disease
(AD) is heterogeneous and often does not correlate with cognitive
deficits (1-4). This has remained a conundrum, as AB plaques have
been a defining feature of AD since its inception. To this end, Ap
oligomers and tau fibrillization are better correlates of failing cogni-
tion (5). Accordingly, the amyloid cascade hypothesis of AD, claiming
that Ap multimerization is causal in the neuropathology of AD, has
consequently shifted to Ap oligomers as causative agents in early
AD (5).

However, the term Ap “oligomer”, at this stage, is poorly defined
and comprises anything from dimers to 24-mers (6), each with po-
tentially different and possibly even opposing effects. For example,
Ap oligomers have been proposed to be predecessors of Ap plaques
(7), to be sequestered by AB plaques as a protective mechanism
(8), but also to be shed from plaques, which act as a reservoir (9).
The ongoing problem with studying the effects of different spe-
cies of insoluble/multimeric and soluble/oligomeric species of Ap
in brains, cellular systems or cell-free systems is the existence of a
kinetic equilibrium between different species, that is, the inability
to investigate exclusive Ap species at defined concentrations with-
out permanently ongoing dynamic changes in their multimerization
or conformation. For these reasons, stabilized dimeric Af variants
have been generated, either by introducing intermolecular disulfide
bridges (10,11) or by linking two AB peptides head to tail via a flexible
glycine-serine-rich linker (12).

We previously generated a disulfide-stabilized Ap dimer via re-
placing a serine at position 8 of the AB domain with a cysteine. This
mutant allowed preparations of synthetic AB-S8C dimers as well as
the generation of naturally secreted of AB-S8C dimers after pro-
cessing of a corresponding active amyloid precursor protein (APP)
mutant in cell culture and in an in vivo mouse model termed tgDimer
mouse (13,14). We took advantage of these tgDimer mice that ex-
press human APP_., K670 N / M671L (Swedish) / S679C under con-
trol of the Thy1 promoter and in which exclusively AB-S8C dimers
are generated but no other AP species including monomers (14).
TgDimer mice are remarkable since they express no insoluble Ap,
hence, do not develop Ap plaques, astrogliosis or neuroinflammation
during their lifetime. Yet they show learning and memory deficits as
well as anxiety and despair-related behaviours with aberrant sero-
tonin and acetylcholine levels and thus reflect features of early AD
(14,15).

To investigate how AP plaque heterogeneity may relate to in-
teractions of different Ap conformers, we analysed the aggrega-
tion propensity of Ap-S8C dimers in the presence of wild-type Ap
seeds by crossing the tgDimer mouse with the transgenic CRND8
(tgCRND8) mouse, a mouse line expressing human APP,,. K670 N
/ M671L (Swedish) / V717F (Indiana) under control of the Syrian
hamster (ha) PrP promoter (16). We investigated plaque formation in
3- and 5-month-old tgCRND8/tgDimer mouse brains and compared
them to tgCRNDS8 brains of same age. In order to simulate these Ap
interactions in vitro, we used the thioflavin T (ThT) assay, where we

added varying amounts of stabilized synthetic Ap,,-S8C dimers to
wild-type AB,,,.

Our data suggest that the presence of AB-S8C inhibits Ap plaque
seeding, although plaque size remained the same when compared
to tgCRND8 mice suggesting an inhibitory effect of AB-S8C dimers
on amyloid fibril formation. By adding Ap,,-S8C to the aggrega-
tion-prone wild-type Ap,, in vitro, we observed an increased time of
seeding onset supporting the idea that Ap dimers inhibit fibril forma-

tion but not growth.

MATERIALS AND METHODS
Animals

TgCRND8 mice express human APP .. with the familial Swedish
(K670 N/ M671L) and Indiana (V717F) mutations under control of
the Syrian hamster prion gene (haPrP) promoter, and have been ex-
tensively characterized before (16). TgDimer mice express human
APP_., with the Swedish mutation and the dimer mutation within
the Ap domain (S679C) that generates AB-S8C dimers. The mice
used here (tgCRND8/tgDimer) were hemizygous for APP carrying
the Swedish and Indiana mutation (from CRND8) and hemizygous
for APP carrying the Swedish and AB-S8C mutation (from tgDimer).
Animal experiments were performed in accordance with the German
Animal Protection Law and were authorized by local authorities
(LANUV NRW, Germany). Mice were housed under standard labora-
tory conditions with lights on from 7 a.m. to 7 p.m. and with water
and food provided ad libitum.

Antibodies

Ibal antibody (EPR16588) was bought from Abcam. GFAP-specific
antibody (Z0334) and the Ap antibodies 6F/3D, M0872, were pur-
chased from DAKO. IC16 and CT15 antibodies were described
elsewhere (17,18) and used in combination with secondary goat
anti-mouse or goat anti-rabbit POD-linked antibodies (Thermofisher
1:25,000). In addition, anti-Actin (A2066) and anti-Tubulin (T9026)
antibodies were purchased from Sigma. Additionally, goat anti-
mouse IRDye 680RD and goat anti-rabbit 800CW (from LI-COR)
were used as secondary antibodies.

Brain tissue preparation

At postnatal day 90 (P90) and 150 (P150), tgCRND8, tgCRND8/
tgDimer and tgDimer mice were euthanized and their brains re-
moved. One hemisphere was fixed overnight in 4% buffered
formaldehyde, followed by paraffin embedding. Afterwards, the
hemisphere was cut into 10-um-thick coronal sections. The other
hemisphere was snap-frozen in liquid N, before genomic DNA
(gDNA) was extracted from homogenized tissue of this hemisphere
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to quantify gene expression by quantitative real-time polymerase

chain reaction (qPCR).

Immunohistochemistry

Ap plaques were visualized by immunohistochemistry using the
6F/3D antibody at a dilution of 1:100 and stereologically quanti-
fied in 8 coronal brain sections (with 100 um interspace between
sections) per animal at 200x magnification. Ap plaque number (n/
mm?) was determined in an unbiased manner by an area fraction
fractionator (counting frame 300 x 300 pm, grid size 425 x 425 um
for both probes). The average plaque size (um?) was calculated by
dividing the total Ap plaque-positive area by the total plaque num-
ber. Absolute values were related to the investigated area. A Nikon
80i microscope, a colour digital camera (3/4" chip, 36-bit colour,
DV-20, MicroBrightField) and MicroBrightField software Stereo
Investigator 11 were used.

Quantitative real-time RT-PCR

gDNA was isolated using a lysis buffer containing EDTA and 1% SDS
from the 10% brain homogenate samples. Expression levels of the
APP transgene in CRND8 were determined using the following prim-
ers: haPrP-5-3' TGGCTAGTCAGGGCTTTGTT (forward primer) and
haPrP-5-3' TGGGAGGCTGTTTCTTAGGG (reverse primer) both tar-
geting the promoter region of haPrP.

The APP (Ap-S8C) transgene was quantified with: pTS-
CAPPswe3600-5-3' CTGCCTCTCTGCCTCTCTGC (forward primer)
and APPseq3R-5-3' CACAGAACATGGCAATCTGG (reverse primer)
to target the Thy1 promoter region. Raw Ct values were used to cal-
culate relative expression levels of target genes, after normalization

to the internal control gene $-actin.

Four-step ultracentrifugation fractionation

The amount of insoluble Ap in tgCRND8 and in tgCRND8/tgDi-
mer mouse brains was determined by performing a four-step ul-
tracentrifugation as described previously (19). Briefly, 100 pL of
10% homogenates Tris-buffered saline (TBS) were centrifuged
at 100,000 x g at for 1 h at 4°C. The supernatants (soluble free
AB) were harvested and the pellets were resuspended in 100
uL TBS/1% Triton TX-100 by sonication. After centrifugation at
100,000 x g at 4°C for 1 h, the supernatants (membrane bound
Ap) were taken and the precipitates dissolved in 100 puL TBS/2%
SDS by sonication. After centrifugation at 100,000 x g at room
temperature, the supernatants (protein bound Ap) were harvested
and the precipitates were finally dissolved in 100 pL of 70% for-
mic acid (plaque-associated insoluble AB) before being centrifuged
again for 1 h at 100,000 x g at room temperature. The first three
supernatants were diluted 20-fold in TBS and the formic acid

fraction was neutralized by adding 20 volumes of 1 M unbuffered

Tris solution.

Ap ELISA

Insoluble AB,, and AB,, were extracted from brain homogenates
after four-step fractionation with 70% formic acid and quantified
using the Ap,, or AB,, kit from Invitrogen (Invitrogen; KHB3481 and
KHB3441) according to the manufacturer's protocol. Ap concentra-
tions were calculated relative to the monomer concentration of the
standard and are indicated as pmol/g protein. Ap levels were normal-
ized using the protein concentration measured with the DC™ (deter-

gent compatible) protein assay (Bio-Rad).

Western Blot

For visualization of Ibal and GFAP, 30 and 20 g of 10% whole-brain
homogenates respectively in 100 mM Tris HCIl pH 7.5, 140 mM NaCl
and 3 mM KCI (TBS) containing Complete protease inhibitor cocktail
(Roche) were separated on a NuUPAGE 4-12% Bis-Tris Gel (Life tech-
nologies), using NUPAGE Sample buffer with addition of 2% (v/v) of
B-mercaptoethanol and transferred to a 0.2 um nitrocellulose mem-
brane. The membranes were blocked with PBS/5% skimmed milk
and incubated with either primary antibodies against Iba1 (1:2,000)
or GFAP (1:2,500) and actin (1:5,000) or tubulin (1:5,000) diluted in
TBS/0,025% Tween20 (TBST). After 3x washing with TBST and incu-
bation with appropriate secondary antibodies, signals were quanti-
fied by densitometric analysis using the Odyssey infrared imaging
system (LI-COR).

For AP species visualization, 10% brain homogenates and the
fractions derived from four-step fractionation were incubated with
IC16-coupled NHS agarose beads (13). After washing with PBS,
bound APP/AB was eluted with NuPAGE sample buffer/2% f-mer-
captoethanol, and afterwards separated on a 4-12% Bis-Tris Gel.
The membrane was boiled for 10 min in PBS after separation, before
blocking with PBS/5% skimmed milk. The membrane was incubated
with the antibody 4G8 against Af (1:500) diluted in TBST respec-
tively. After washing three times with TBST and incubation with sec-
ondary horseradish peroxidase conjugated (POD) antibody, signals
were detected with SuperSignal™ West Pico PLUS Chemiluminescent
Substrate (Thermofisher). The same blot was washed and incubated
with CT15 (1:3,500) in TBST for APP fragment detection, and signals

were visualized using the LI-COR system.

AB,, and Ap,,-S8C dimer preparation

AB,, was purchased from Bachem, AB,,-S8C was synthesized by JPT
Peptide Technologies. Both were treated with hexafluoroisopropanol
(HFIP) and lyophilized before use. Subsequently, Ap,,-S8C was dis-
solved in 50 MM HEPES NaOH pH 7.6 and incubated for at least 4 h
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to complete dimerization. Thereafter, the dimerized fraction was puri-
fied by reverse-phase high-performance liquid chromatography (RP-
HPLC) on a Zorbax 300 SB-C8 column (4.6 mm x 250 mm) connected
to an Agilent 1260 system and lyophilized again. Another HFIP treat-
ment ensured the presence of pure non-aggregated AB,,,-S8C dimers.
Immediately before use, the Ap proteins were dissolved in 50 mM
HEPES NaOH pH 7.6 buffer to a stock concentration of 20 uM.

Thioflavin T (ThT) assay

Five uM AB,,, were mixed with varying amounts of Ap,,-S8C dimers
(between 0.25 and 2.5 uM) in 50 mM HEPES NaOH pH 7.6 contain-
ing 10 uM ThT (Abcam) up to a volume of 55 pL into wells of a half
area black/clear flat bottom polystyrene 96-wells plate (Corning).
On the same plate, varying amounts of Ap,,-S8C dimers in 50 mM
HEPES NaOH pH 7.6 were mixed with 10 uM ThT. The ThT fluores-
cence of AB,,-S8C dimers was later subtracted from the ThT fluo-
rescence obtained from 5 uM Ap,, mixed with AB,,-S8C dimers.

The outermost wells of the plate were filled with buffer and ThT

only, in order to reduce artefactual measurements on marginal rows
and columns. ThT fluorescence was measured using a FluoStar plate
reader (BMG Labtech) at 30°C with orbital shaking at 700 rpm for
at least 24 h. ThT fluorescence was excited at 448 nm and emission
collected at 482 nm.

Statistical analysis

Data are depicted as means +SEM. Normal distribution of the data
sets was tested by Pearson's normality test. Mann-Whitney Test
was applied for the analyses of two groups, unless stated otherwise.
Differences were considered significant at p < 0.05. All tests were
performed utilizing GraphPad Prism 8.4.2.

RESULTS

APP transgene expression levels of tgDimer, tgCRND8 and

tgCRND8/tgDimer mice were measured by qPCR. The expression
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FIGURE 1 Morphological and biochemical differences between tgCRNDS8 (P90, n = 11; P150, n = 8) and tgCRND8/tgDimer (P90, n = 7;
P150, n = 6) mice. Core plaques were defined as compact dense plaques, whereas diffuse plagues were defined as an amorphous structure,
without a clear border. Mann-Whitney tests were used to test for statistical significance. (A) Representative immunohistochemical images of
the neocortex and hippocampus for Ap are presented for tgCRND8 and tgCRND8/tgDimer mice at P90 and P150. At P90, few plaques are
detected in both genotypes, whereas at P150 more Ap deposits are detected in the tgCRND8 mouse compared to the tgCRND8/tgDimer
mouse. Antibody 6F/3D. Scale bar =200 um. (B) There is a significantly higher number of core plaques in the neocortex of the tgCRND8
mice (2.5 + 0.2) compared to the tgCRND8/tgDimer mice (1.5 + 0.3; p = 0.0268) at P90. The number of core plaques in the neocortex

and hippocampus is significantly higher in tgCRND8 mice (9.3 £ 0.8 and 7.1 + 1.0) versus tgCRND8/tgDimer mice at P150 (5.4 + 0.9 and

2.9 +0.8; p=0.0127, p = 0.0200) at P150. The number of diffuse plaques is significantly higher in the neocortex at P90 in tgCRND8 mice
(0.4 £ 0.05) compared to tgCRND8/tgDimer mice (0.2 + 0.05; p = 0.0346). At P150, the number of diffuse plaques is significantly higher in
both brain regions of the tgCRND8 mice (1.1 + 0.1, 0.9 + 0.2) compared to the tgCRND8/tgDimer mice (0.4 £ 0.1,0.3 £ 0.1; p = 0.0013 and
p = 0.0073, respectively). (C) The size of the core and diffuse plaques (in tm?) in the neocortex and hippocampus are not different between

the groups.
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FIGURE 2 Differences ininsoluble Ap,, levels and Ap ratio between tgCRND8 and tgCRND8/tgDimer mice. (A) The level of insoluble
AB,, is higher in tgCRND8 mice (25,392 + 5,149 pg/mg protein) compared to tgCRND8/tgDimer mice (11,138 + 2,501 pg/mg protein,

p = 0.0441) at P90. At P150, the insoluble Ap,,, is also higher in tgCRND8 mice (523,455 + 53,885 pg/mg protein) compared to tgCRND8/
tgDimer mice (321,280 + 106,856 pg/mg protein), although not reaching statistical significance (p = 0.1812). (B) The Ap,,/total Ap ratio

is significantly higher in the tgCRND8 mice (P90: 82.5 + 1.2%; P150: 73.7 + 1.4%) versus tgCRND8/tgDimer (P90: 75.1 + 3.1%; P150:

59.5 + 5.0%) mice at both ages (p = 0.0154 and p = 0.0081 respectively).

of the haPrP promoter-driven hAPP,,.(Swe/Ind) gene (Figure S1A),
or Thyl promoter-driven hAPP.,(Swe/Ap-S8C) gene (Figure S1B)
did not differ between the tgCRND8/tgDimer and tgCRND8 mice,
respectively, or between the tgCRND8/tgDimer and tgDimer mice,
respectively.

The influence of the Ap-S8C dimers on plaque formation was
assessed by quantifying dense or core plaques. Dense plaques are
fibrillar deposits of Ap, that show all the classical properties of am-
yloid including B-sheet secondary structure and dystrophic neurites
surrounding the plaques, and diffuse plaques are amorphous Ap
deposits - an antecedent stage of core plaques (20). At the age of
90 and 150 days, both the tgCRND8 and tgCRND8/tgDimer mice
showed AB plaques (Figure 1A). We quantified both Ap core and dif-
fuse plaques by measuring the number (per mm?) and size (in pm?) of
plaques in coronal brain sections of tgCRND8 and tgCRND8/tgDi-
mer mice at P90 and P150 (Figure 1A). In comparison to tgCRND8/
tgDimer mice, tgCRND8 mice had significantly more Ap core and dif-
fuse plaques at P90 only in the earlier affected neocortex but not yet
in the hippocampus (Figure 1B; p = 0.0268, p = 0.0346, p = 0.0566
and p = 0.2638, respectively). Later on, at P150, this difference
also became detectable in the hippocampus (Figure 1B; p = 0.0127,
p = 0.0013, p = 0.0200 and p = 0.0073 respectively). However, the
average size of the plaques was not different between the groups
(Figure 1C).

Insoluble AB,, and AB,, peptides from brain homogenates of
tgCRND8/tgDimer and tgCRND8 mice at P90 and P150 were ob-
tained via a four-step fractionation protocol (Figure S2) and quan-
tified by ELISA. All concentrations were normalized using the total

protein concentration of the starting 10% brain homogenate. The
level of insoluble Ap,, was significantly higher in tgCRND8 mice at
P90 (25,392 + 5,149 pg/mg protein) compared to tgCRND8/tgDimer
mice (11,138 + 2,501 pg/mg protein, Figure 2A p = 0.0441). The level
of insoluble AB,, at P150 in tgCRND8 mice (523,455 + 53,885 pg/
mg protein) was also higher as in the tgCRND8/tgDimer mice
(321,280 + 106,856 pg/mg protein) but failed statistical significance
(p=0.1812).

The Swedish mutation of APP does not change the Ap,,/total
Ap ratio compared to wild-type APP. Consistently, we observed a
ratio of 20% AB,,/total AB in tgDimer mice, which did not signifi-
cantly change throughout the lifespan and was similar to wild-type
mice (14), which indicates no accumulation of Ap and especially Ap ,,.
The Indiana mutation of APP in tgCRND8 mice, by contrast, mark-
edly increased the generation of Ap,, and led to an average ratio of
about 80% Ap,,/total AB in the insoluble A fraction derived from
tgCRNDS8 similar to previous findings in other AD animal models
(16,21). In tgCRND8/tgDimer mice, we detected a significant lower
ratio of Ap,,/total A (P90: 75.1 + 3.1%; P150: 59.5 + 5.0) compared
to tgCRND8 mice (P90: 82.5 + 1.2; P150: 73.7 + 1.4; Figure 2B
p =0.0154 and p = 0.0080). We did not observe significant amounts
of other Ap oligomer species in the brains of these mice (Figure S3).

Next, we analysed whether we could observe a correlation be-
tween Ap plaque load and the concentrations of insoluble Ap,,. At
P90, there was a trend towards a positive correlation between the
levels of insoluble Ap,, and the numbers of plaques in tgCRND8
mice (Figure S4, p = 0.0856) consistent with the idea that Ap,,, is the
most aggregation-prone A species initiating seeding. Interestingly,
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FIGURE 3 Effect of Ap,,-S8C dimers on Ap,, aggregation assay.
AB,,-S8C dimers added in various concentrations to Ap,, inhibit
fibril formation. The half-time (defined as the time to reach 50%
of maximum fluorescence) of 5 uM AB,,, without the addition of
AB,,-58C s 3.2 h + 0.1 h. At concentrations of 0.25 and 0.5 uM of
AB,,-S8C dimers (concentration given as monomer equivalents), a
slight shift of the curve to the right is observed with an increase in
aggregation half-time (5.8 h £ 0.2 h; 7.7 h £ 0.3 h, not significant).
The addition of higher concentrations, 1 uM and 2.5 uM AB -
S8C, results in a significant increase in the aggregation half-time
(normalized data, one-way ANOVA, 11.3 h + 0.5 h; p = 0.0164,
and 17.9 h + 1.2 h; p = 0.0005 respectively).

this correlation vanished later on, at P150 (Figure S4), possibly, as
discussed by Burgold et al. (22) due to the fact that in the late “satu-
ration phase” of plaque genesis in vivo, Af is mainly added to existing
plaques and does not reach the critical concentration for new nucle-
ating seeds.

In contrast, in the case of tgCRND8/tgDimer mice, while there
was no correlation between the number of plaques and AB,,, levels
at P90, a significant positive correlation was present later, at P150
(Figure S5, p = 0.0382). This shift of a correlation between Ap,,, level
and plaques to older age is likely to be a consequence of decreased
baseline AB,, levels, reaching the saturation threshold later. Of note,
despite the differences in the plaque burden, the level of neuroin-
flammation indicated by microgliosis or astrogliosis was similar in
tgCRND8 versus tgCRND8/tgDimer mice (Figure S6).

The results here suggest that the presence of AB-S8C dimers
slows down the formation of new Af plaques. An explanation for
this observation is that the introduction of the disulfide cross-link
causes steric hindrance for the dimeric Ap-S8C to form fibrils. The
AB-S8C dimer adopts a rather rigid conformation, which is different
from the monomeric and oligomeric forms (13,23). As a result, the
AB-S8C dimer in the tgDimer is not prone to seed nucleation, as has
been shown by molecular modelling and the fact that they do not
develop plaques during their lifetime (13,23).

In order to corroborate the effect of Ap-S8C dimers on amyloid
fibril formation in vitro, we dimerized synthetic Ap,,-S8C by letting
it incubate in 50 mM HEPES NaOH pH 7.6 at 37°C with 450 rpm
shaking. After 4 h, dimerization was complete (Figure S7), and the
Ap-S8C dimer fraction was purified and collected via RP-HPLC and
prepared for aggregation assays.

In a ThT assay, we added various concentrations of synthetic
AB,,-S8C dimers to wild-type Ap,,. Without Ap,,-S8C dimers, AB,,,
fibril formation was achieved with a half-time (defined as time to
reach 50% of maximum fluorescence) of 3.2 h + 0.1 h (Figure 3).
Addition of AB,,-S8C dimers at a dose of 0.25 uM and 0.5 uM, in-
creased the half-time of fibril formation in dose-dependent manner
(5.8 h+0.2 hand 7.7 h £ 0.3 h, Figure 3, not significant). Addition
of higher concentrations of AB-S8C dimers: 1 puM and 2.5 pM Ap-
S8C dimers, resulted in a more pronounced increased half-time
(11.3h+0.5hand 17.9 h + 1.2 h, Figure 3, normalized data, one-way
ANOVA, p = 0.0164, p = 0.0005 respectively).

DISCUSSION

Our findings are remarkable in two ways: first, they show that Ap
dimers, the Ap oligomer species best definable and likely most
abundant in brains of AD patients (24), are able to inhibit Ap seed-
ing, and second, that Ap plaque seeding and growth follow differ-
ent dynamics. How could the discrepancy of seeding and growth
be instated in molecular terms? Our previous molecular dynamics
simulations demonstrated the inability of AB-S8C dimers to form
nuclei (13) (explaining the absence of AB plaques in the tgDimer
mouse), yet, their fundamental ability to associate with existing
wild-type Ap plaque nuclei (14). The formation of wild-type Af nu-
clei (= seeds) is fundamentally different from their growth, since
the former is thermodynamically unfavourable, whereas the lat-
ter is thermodynamically favourable (25). Once the nucleus has
formed, further addition of monomers becomes thermodynami-
cally favourable because monomers contact the growing polymer
at multiple sites which results in rapid growth. It is conceivable
that AB-S8C dimers intercept nucleation, thereby blocking growth,
more efficiently in the initial stages of seeding when the nucleus
or its precursor are unstable (25). In addition, Ap plaque surface
area increases by an order of two relative to their radius, and thus
disruptive effect of the Ap dimer is more efficient when the overall
Ap plaque surface area is smaller in early stages rather than in late
stages of plaque growth.

Our in vivo and in vitro data are also supported by findings where
a single-chain dimeric variant of AB,, with two A, units connected
via a flexible glycine-serine-rich linker, readily formed globular
oligomers and curvilinear fibrils (12). Adding this Ap dimer species to
Ap monomers progressively slowed rigid fibril (RF) formation, which
was evident in the increasing RF lag periods. It was argued that the
formation of metastable oligomers therefore alters RF nucleation
(12). Similarly, Ap-S8C dimers may interfere with fibril formation,
by inhibiting nucleation, which would be an explanation for the in-
creased half-time of the aggregation curves in the ThT assay by ad-
dition of AB,,-S8C dimers.

The well-known intersubject heterogeneity of Ap plaque load (1-
3) likely has multiple origins. For example, it has been suggested that
it may be related to different A prion conformers that reliably rep-
licate within one individual brain, but that are not similar between
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two or more AD brains leading to a low intrasubject variability but a
high intersubject variability of Ap conformers (26) that may, to some
degree, correspond to different numbers of plaque formation. The
contribution of microglia or myeloid cells to Ap plaque load has also
been emphasized (27). With this study, we add evidence for the in-
hibiting effect of Ap dimers as a cause for Ap plaque load hetero-
geneity, if it is assumed that the equilibrium between insoluble Ap
seeds and the simultaneously available amount of Ap dimers is highly
variable between individual AD cases and subject to the influence of
a multitude of factors.

We demonstrated that two neurotoxic Ap species, soluble Ap
dimers and insoluble Ap, can have opposing effects on a classical
diagnostic feature of AD, the abundance of Ap plaques. Our insights
indicate that correlating the clinical severity of AD defined by cog-
nitive deficits with a mere morphological phenotype, Ap plaque
numbers, may insufficiently reflect the underlying equilibrium of
functionally active, neurotoxic Ap species. Current clinical diagnos-
tics not distinguishing different Ap species like Ap positron emission
tomography or the detection of whole A species levels in cerebro-
spinal fluids are therefore in danger of picking misleading biological
variables. A more fine-grained Ap species diagnostics may there-
fore be beneficial, including for predicting the value of Ap-targeted
pharmacotherapies.

In conclusion, we have demonstrated that Ap oligomers - here
AB-S8C dimers - are able to decrease Ap plaque seeding in vivo and
in vitro and are a contributing factor to the clinical heterogeneity of
AB plaque load in individuals suffering from AD or even cognitively

unimpaired controls.
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