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Conversion of Synthetic A to In Vivo Active Seeds and
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The aggregation of amyloid-3 peptide (A3) in brain is an early event and hallmark of Alzheimer’s disease (AD). We combined the advantages of
invitroand in vivo approaches to study cerebral 3-amyloidosis by establishing along-term hippocampal slice culture (HSC) model. Whileno A3
deposition was noted in untreated HSCs of postnatal A3 precursor protein transgenic (APP tg) mice, A3 deposition emerged in HSCs when
cultures were treated once with brain extract from aged APP tg mice and the culture medium was continuously supplemented with synthetic A 3.
Seeded A deposition was also observed under the same conditions in HSCs derived from wild-type or App-null mice but in no comparable way
when HSCs were fixed before cultivation. Both the nature of the brain extract and the synthetic Af3 species determined the conformational
characteristics of HSC A3 deposition. HSC A3 deposits induced a microglia response, spine loss, and neuritic dystrophy but no obvious neuron
loss. Remarkably, in contrast to in vitro aggregated synthetic A3, homogenates of A3 deposits containing HSCs induced cerebral 3-amyloidosis
upon intracerebral inoculation into young APP tg mice. Our results demonstrate that a living cellular environment promotes the seeded con-

version of synthetic A3 into a potent in vivo seeding-active form.
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Significance Statement

In this study, we report the seeded induction of A3 aggregation and deposition in long-term hippocampal slice cultures. Remark-
ably, we find that the biological activities of the largely synthetic A3 aggregates in the culture are very similar to those observed in
vivo. This observation is the first to show that potent in vivo seeding-active A3 aggregates can be obtained by seeded conversion

of synthetic A in a living (wild-type) cellular environment.

Introduction
A hallmark and early trigger of Alzheimer’s disease (AD) patho-
genesis is the aggregation of amyloid-f peptides (AB) in brain
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(Hardy and Selkoe, 2002; Holtzman et al., 2011). Although AB
aggregation studies in cell-free systems have provided important
insights into the dynamics and kinetics of amyloid formation
(Harper and Lansbury, 1997; Dasilva et al., 2010; Du et al., 2011),
it was the development of AB precursor protein transgenic (APP
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tg) mouse models that has revolutionized the research of cerebral
B-amyloidosis (Games et al., 1995; Hsiao et al., 1996; Sturchler-
Pierrat et al., 1997; Duyckaerts et al., 2008; Jucker, 2010). The
need of in vivo approaches to study cerebral B-amyloidosis was
further bolstered by the observation that in vitro aggregated syn-
thetic AB is a poor in vivo seed for cerebral B-amyloidosis
(Meyer-Luehmann et al., 2006; Stohr et al., 2012) likely due to
conformational differences and/or cofactors compared with in
vivo generated A aggregates (Paravastu et al., 2009).

We and others (Harris-White et al., 1998; Johansson et al.,
2006) have tried to model B-amyloidosis in hippocampal slice
cultures (HSCs) from APP tg mice for more than a decade, how-
ever, with poor success. Now we report that seeding such cultures
once with brain homogenates from aged APP tg mice while sup-
plementing the medium continuously with synthetic AB in-
duces robust A3 aggregation and associated pathologies with
biological activities remarkably similar to those observed in
vivo in APP tg mice and AD brains. Our results demonstrate
that in vitro formation of in vivo seeding-active A3 aggrega-
tion can be achieved by seeded conversion of synthetic ABin a
living cellular environment.

Materials and Methods

Mice for HSCs. HSCs were prepared from pups of the following mice:
male and female C57BL/6] mice, APP23 and APPPS1 tg mice, and crosses
of APP23 X APPPSI1 mice. APP23 tg mice overexpress human APP sev-
enfold and harbor the Swedish double mutation (Sturchler-Pierrat et al.,
1997). APPPS1 tg mice overexpress human APP threefold and harbor
Swedish double mutation and mutated human presenilin 1 (PS1) (Radde
etal., 2006). We furthermore used App-null mice (Eisele et al., 2014) and
mice expressing eGFP under the control of the neuron-specific Thy-1
promoter (Thyl-GFP) (Feng et al., 2000; Vlachos et al., 2012).

Preparation of HSCs. HSCs were prepared from pups at postnatal day 2-3
according to previously published protocols (Brinks et al., 2004; Mayer etal.,
2005). Postnatal pups were killed by decapitation, and brains were aseptically
removed. Hippocampi were dissected and cut perpendicular to the longitu-
dinal axis into 400 wm sections with a tissue chopper. Intact hippocampal
sections were transferred into Petri dishes, containing cold buffer solution of
minimum essential medium supplemented with 2 mm GlutaMAX (Invitro-
gen, Thermo Fisher Scientific) at pH 7.3. Four sections were placed onto one
humidified porous membrane (Millicell Cell Culture Inserts CM30; Merck
KGaA) per well in six well plates filled with 1.2 ml culture medium/well. The
culture medium consisted of heat-inactivated horse serum (25%), HBSS
(25%), and minimum essential medium (50%), complemented with Glu-
taMAX (2 mm) adjusted to pH 7.2. HSCs were kept at 37°C in humidified
CO,-enriched atmosphere. The medium was changed three times per week.
HSCs of Thyl-GFP mice also contained entorhinal cortex and were pre-
pared according to a similar and previously described protocol (Del Turco
and Deller, 2007).

Treatment of HSCs. HSCs were kept for 10 d without any experimental
treatment to obtain stable culturing conditions. At day 10 after the me-
dium change, synthetic AB1-40 or AB1-42 (from 100 uMm frozen stock
solution; initially prepared by adding PBS to lyophilized AB, American
Peptide; followed by 3 X 1 min vortexing on wet ice) was added to the
medium to reach a final concentration of 1.5 um. We cannot exclude that
at least some A oligomerization has taken place. Subsequently, 1 ul of
brain extract of APP23 or APPPSI tg mice or of non-tg wild-type mice
(for a description of the extracts, see below) was pipetted once on the
surface of each culture. Over the following 9 week cultivation period, all
subsequent medium changes were done with culture medium containing
1.5 uM synthetic AB (no more extract was added). Some HSCs were
prefixed after 1 week with 4% PFA in 0.1 M phosphate buffer (PB) at
room temperature for 2 h, rinsed 3 times with PB for 10 min followed by
the combined treatment as described above.

Histology and immunohistochemistry of HSCs. HSCs were fixed with
4% PFA in 0.1 M PB, pH 7.4 for 2 h. Cultures were rinsed 3 times with
0.1 M PB for 10 min. The Millipore membrane with the fixed cultures was
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cut off, and cultures were mounted on a planar agar block and sliced into
50 wm sections on a vibratome (Leica VT 1000S Vibratome, Leica Bio-
systems). Typically 2—4 intact sections were obtained per culture and
were collected in PBS. Immunohistochemistry was performed according
to standard protocols on free-floating sections either using the Vectastain
Elite ABC Kit (Vector Laboratories) or standard immunofluorescence
with appropriate secondary antibodies (goat anti-rabbit or goat anti-
mouse Cy3- or Alexa-488-, -546-, -568-, or -647-conjugated antibodies;
Invitrogen, Thermo Fisher Scientific) (Mayer et al., 2005; Eisele et al.,
2010). As primary antibodies were used: polyclonal rabbit CN3 antibody
to human AB (Eisele et al., 2010); rabbit polyclonal antibody against
ionized calcium binding adapter molecule 1 (Iba-1, Wako Chemicals);
mouse monoclonal antibody against neurofilament light polypeptide
(NF-L; MABI1615; Millipore); mouse monoclonal antibody AT8
(Thermo Scientific) directed against p-Tau position 191/194 (murine).
Some of the sections were counterstained with Congo red and examined
for birefringence under polarized light. Immunofluorescence-stained
sections were routinely counterstained with DAPI nuclear stain (300 nm,
Invitrogen, Thermo Fisher Scientific).

Extract preparation from brain and HSCs. Brain extracts were prepared
from aged (24-month-old) male or female APP23 tg mice, aged (21-
month-old) APPPS1 tg mice, and age-matched non-tg control mice as
described previously (Meyer-Luehmann et al., 2006). In brief, after re-
moval of the cerebellum and lower brainstem, the forebrain was imme-
diately fresh-frozen on dry ice and stored at —80°C until use. Tissue was
homogenized (Ultra Turrax T8, IKA-Werke) at 10% (w/v) in sterile PBS
(Lonza), vortexed, sonicated three times for 5 s each (LabSonic, B. Braun,
Biotech International; 0.5 mm diameter sonotrode, cycle 1, amplitude
80%), and centrifuged at 3000 X gfor 5 min. The extract is referred to the
supernatant and typically contained 1-10 ng/ul total AB (AB40 and
AB42 combined). Extracts were aliquoted and immediately frozen at
—80°C until use. Slice culture homogenates were prepared from 15 iden-
tically treated HSCs. Cultures were removed from the membrane,
pooled, and immediately frozen on dry ice and stored at —80°C until use.
Frozen slice cultures were homogenized with EPPI pestles (Schuett Bio-
tec) in 150 ul sterile PBS, vortexed, and sonicated three times for 5 s each.
HSC homogenates were aliquoted and immediately frozen at —80°C
until use.

SDS-PAGE and immunoblot analysis. HSC homogenates/extracts were
analyzed on NuPAGE Bis-Tris mini-gels using LDS sample buffer and
MES running buffer (Invitrogen, Thermo Fisher Scientific). Proteins
were transferred onto a nitrocellulose membrane, probed with monoclo-
nal antibody m3.2 against murine AB (Morales-Corraliza et al., 2009),
and visualized using SuperSignal West Dura chemiluminescent substrate
(Invitrogen, Thermo Fisher Scientific).

Staining with luminescent conjugated oligothiophenes. Luminescent
conjugated oligothiophene (LCO) amyloid-binding dyes were used to
distinguish between different AB morphotypes, by detecting fluores-
cence emission spectral differences. Specifically, the pentamer formyl
acetic acid (pFTAA) LCO was used, as described previously (Fritschi et
al., 2014). For visualizing A deposition in HSCs from Thy1-GFP mice,
an LCO with red-shifted fluorescence emission was chosen (the hep-
tamer formyl acetic acid [hFTAA]) (Klingstedt et al., 2011), to avoid
fluorescence cross talk between the eGFP signal and the LCO. A depo-
sition in microglia-depleted HSCs was visualized with the blue-shifted
LCO qFTAA (quadro-formylthiophene acetic acid) (Klingstedt et al.,
2011) to avoid bleed-through into the CN3 (secondary antibody conju-
gated to Alexa-546) and Iba-1 (secondary antibody conjugated to Alexa-
647) channels. For the staining of either LCO, HSC sections were washed
in PBS (3 X 10 min) and subsequently mounted on Superfrost slides.
Staining with the LCOs (1.5 mm in deionized water, diluted 1:1000 in
PBS) was performed similar to a previous description (Klingstedt et al.,
2011). Sections were allowed to dry for 2 h at room temperature and then
coverslipped with Dako Fluorescence Mounting Medium.

Quantification of total AB load. The total AB load (%) of HSCs was
determined on each section (50-um-thick) from the resliced cultures by
calculating the areal fraction occupied by CN3-positive (peroxidase-
based) immunostaining in two-dimensional sectors over the whole sec-
tion volume (20X/0.45 NA objective). The mean A load of all the
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sections from each culture (typically 2—4 sections) was regarded as the
total AB load of the corresponding culture.

The total ABload (%) induced by the injection of HSC extract into the
dentate gyrus of young APP23 tg mice was determined on a set of every
12th systematically sampled, serial (25-pum-thick) sections throughout
the entire dentate gyrus by calculating the areal fraction occupied by
CN3- and Congo red-positive immunostaining in two-dimensional sec-
tors at a single focal plane (20X/0.45 NA objective). All the stereological
quantification was done with a microscope equipped with a motorized
x-y-z stage coupled to a video microscopy system (Stereo Investigator;
MicroBrightField) as previously described (Bondolfi et al., 2002). The
investigator who performed analysis was blind toward the different
groups.

Electron microscopy. HSCs were immersed in a fixative solution (4%
PFA, 0.05% glutaraldehyde, 15% saturated picric acid in 0.1 m PBS) for
2 h and then washed, osmicated, dehydrated, and flat-embedded in resin
(Fluka Durkupan, EMS, Hatfield) on glass slides. Ultrathin sections were
cut by an Ultracut (Leica EM UC7, Leica Biosystems) and collected on
single-slot Formvar-coated nickel grids. For immunolabeling a postem-
bedding protocol was used. After etching in 1% periodic acid for 10 min,
an incubation in 1% sodium metaperiodate and glycine/sodium borohy-
drate solution followed (10 min each). Sections were blocked in 2%
human serum albumin in TBST for 10 min and incubated with the poly-
clonal rabbit CN3 antibody to AB (Eisele et al., 2010) (1:100 overnight at
4°C). As secondary layer, a gold-conjugated (10 nm) anti-rabbit antibody
(1:50, British Biocell Interaction) was used. Sections were exposed to lead
citrate for 2 min. Digital images were taken by means of a transmission
electron microscope (Leo 906 E, Carl Zeiss Microlmaging) equipped
with a 2K Sharpeye CCD camera (Trondle).

Spine counts at electron microscopic level. For spine count analysis at
electron microscopic level, 16-week-old untreated wild-type HSCs and
HSC:s treated with APPPSI tg brain extract and synthetic AB1-42 were
analyzed (n = 3 each). From each culture, 20 panoramic images (each
composed of 3 X 3 attached and nonoverlapping photos) at the same
magnification were taken randomly. The photographed area of each cul-
ture was ~2450 um? and number of spines per area was manually
counted. The investigator performing the analysis was blind toward the
two groups. The Student’s f test was used for statistical analysis.

Spine analysis at light microscopic level. Spine analysis was done on
HSCs derived from Thyl-GFP mice. AB plaques were visualized by
hFTAA staining (see above for details). GFP and hFTAA were both ex-
cited using a 488 nm argon laser line. GFP fluorescence emission was
collected using a narrow bandpass 505-530 nm filter, whereas the hRFTAA
emission was collected using a longpass 585 nm filter, ensuring no fluo-
rescence cross talk between the two dyes. Dendritic spines were quanti-
fied in Fiji (public domain software, version 1.84, http://fiji.sc/Fiji) using
3D image stacks of side branches of principal apical dendrites (second- or
higher-order dendritic segments) of CA1 pyramidal neurons within stra-
tum radiatum. Image stacks were acquired using the Zeiss LSM 510
META (Axiovert 200M; Carl Zeiss Microlmaging) confocal microscope
and a 63X/oil objective (1.4 NA, Zeiss). Spine counting was performed
blind to experimental conditions on randomly chosen individual den-
dritic segments within each culture (4 cultures per condition, 3—8 den-
dritic segments per culture); the length of the dendritic segment was
measured in 3D using the Simple Neurite Tracer plugin in Fiji. The
number of spines on each segment was recorded using the Cell Counter
plugin in Fiji. The average number of spines per wm on a dendritic
segment was used as a measure of spine density. Spine density was calcu-
lated on all cultures per condition.

Spectral analysis of AB morphotypes. Spectra of pFTAA-stained amy-
loid aggregates within HSC sections (for staining details, see above) were
acquired on a Zeiss LSM 510 META (Axiovert 200M) confocal micro-
scope (40X oil-immersion objective, 1.3 NA) equipped with a spectral
detector. The dye was excited using the 458 nm argon laser line. Emission
spectra were acquired from 470 to 695 nm at a step of 10.70 nm and
normalized to their respective maxima. The ratio of the intensity of emit-
ted light at the blue-shifted portion (502 nm) and red-shifted peak (599
nm) was used as a parameter for spectral distinction of different plaques.
These peaks were selected to maximize the spectral differences of the
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pFTAA-stained A3 plaques between HSC treated with brain APP23 or
APPPS] extract in combination with synthetic AB1-40 or AB1-42. The
599/502 ratio was computed for each plaque by determining the mean of
the 599/502 ratio at 3 different ROIs within one A3 plaque (core). All
plaques analyzed were from the intermediate sections of the cultures
(neither top nor bottom section) and border regions were excluded. In
each culture, 4-15 AB plaques were analyzed and the mean was taken for
statistical analysis (n = cultures; 11-13 cultures were analyzed per
condition).

Microglia depletion. To deplete microglia in culture (Kohl et al., 2003),
the bisphosphonate clodronate (clodronate disodium salt, Merck KGaA)
was dissolved in dH,O (1 mg/ml) and applied to the culture medium at
100 pg/ml. After 24 h, cultures were carefully rinsed with prewarmed
PBS and replaced with fresh culture medium. AB deposition was induced
on day 10 as described above. Seven weeks later, HSCs were fixed in 4%
PFA. HSCs were sliced on a vibratome (as described above) and
immune-stained for Iba-1 (with the secondary antibody conjugated to
Alexa-647 fluorochrome) to assess the microglia depletion. Amyloid de-
posits were stained using polyclonal CN6 antibody (a follow-up version
of CN3) with the secondary antibody conjugated to Alexa-546). Images
of sectioned cultures were captured on a Zeiss Axioplan 2 microscope,
using tile scanning (MosaiX on AxioVision 4.3) and a Zeiss Plan Neofluar
X10/0.3 objective. A semiautomated computer analysis was performed
using a custom-made macro written for Fiji (public domain software,
version 1.84, http://fiji.sc/Fiji) to quantify the percentage of AB immu-
nostaining and microglia on each section. Gamma values were adjusted
to reduce background tissue fluorescence before thresholding each chan-
nel. The ratio of the thresholded pixels to the total pixels yielded the
microglia-stained area coverage, expressed as percentage microglia load
and the A stained area coverage, expressed as percentage Af3 load.

Electrochemiluminescence-linked immunoassay for AB. AB (ABx-40,
ABx-42) concentrations in brain extracts, culture extracts, and synthetic
AP preparations were determined with an electrochemiluminescence-
linked immunoassay as previously described (Langer et al., 2011) using
the new V-PLEX AP peptide panel 1 (6E10) kit according to the manu-
facturer’s instructions (Meso Scale Discovery). For total A3, ABx-40 and
ABx-42 were combined.

Preparation of synthetic AB fibrils. AB1—40 or AB1-42 (American Pep-
tide) was dissolved in PBS at a concentration of 100 um (i.e., 433 ng
AB1-40/pul or 451 ng AB1-42/ul), vortexed 3 X 1 min on wet ice.
Solutions were subsequently incubated at 37°C for 5 d on a rotator, as
previously described (Meyer-Luehmann et al.,, 2006). Aliquots were
stored at —80°C until use.

Assessing A seeding activity of brain extracts and HSC homogenates.
Male and female 4-month-old APP23 tg mice on an App-null back-
ground (Eisele et al., 2014) served as host mice (gender was matched
between the groups). The mice were anesthetized with a ketamine/
xylazine mixture (ketamine 100 mg/kg, xylazine 10 mg/kg) in saline.
Bilateral stereotactic injections of 2.5 ul brain extract or culture ho-
mogenate were made with a Hamilton syringe into the hippocampus
(anteroposterior —2.5 mm, lateral =2.0 mm, dorsoventral —1.8
mm). Injection speed was 1.25 wl/min, and the needle was kept in
place for an additional 2 min before withdrawal. The surgical area was
cleaned with sterile PBS, and the incision was sutured. The mice were
kept under infrared light and monitored until recovery from
anesthesia.

Four months later, animals were killed, and the brains were removed and
immersion-fixed for 48 h in 4% PFA in PBS, followed by cryoprotection in
30% sucrose in PBS for an additional 48 h. After freezing, brains were cut into
25-um-thick coronal sections using a freezing-sliding microtome (Leica SM
2000R, Leica Biosystems). Sections were collected in cryoprotectant (35%
ethylene glycol, 25% glycerol in PBS) and stored at —20°C until use. Immu-
nohistochemistry was performed according to standard protocols with the
Vectastain Elite ABC Kit (Vector Laboratories) using the polyclonal rabbit
CN3 antibody to AB and counterstained with Congo red as previously de-
scribed (Eisele et al., 2010).

Study approval. Experimental procedures were performed in accor-
dance with German animal welfare legislation and approved by the local
animal welfare officer and/or the local Animal Care and Use Committees.
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Figure 1. Ap deposition in HSCs is induced by seeded aggregation of synthetic A3. A, Experimental protocol. HSCs were kept 10 d to achieve stable culture conditions. Thereafter HSCs were
treated once with brain extract, and the medium was supplemented with synthetic (syn) AB3 during the following 9 week culture period. B, Image of four HSCs placed on a membrane inset and
illustration of one 150- m-thick HSC. Slices were fixed and further sectioned into 50- um-thick slices, enabling separate examination of top, intermediate, and bottom layers for each slice of the
culture. €, AB-immunostained untreated HSCs of an APP23 X APPPS1 double tg mouse after 10 weeks of cultivation. No A3 deposition could be detected. D, E, Similarly, no AB deposition was
observed in HSCs of APP23 XX APPPS1 mice when the medium was supplemented with 1.5 pum human syn AB1-40 (D) or when HSC was treated once with brain extract of an aged APP23 tg mouse
(E). F,In contrast, robust A3 deposition (A3immunostaining) was observed in HSCs of APP23 X APPPS1 mice treated once with APP23 brain extract and medium supplemented with 1.5 v human
syn AB1-40. G, H, AB deposition was also observed in HSCs of wild-type (G) and App-null mice (H) when treated on top once with brain extract and continuously with human syn AB1-40in the
medium. /, Two examples of top, intermediate, and bottom layers of wild-type HSCs treated with APP23 brain extract and 1.5 um AB1— 40 show dominant A3 deposits at the rim of all sections but
also smaller fibrillar deposits in the center of the culture. Boxed areas are shown at higher magnifications. J, K, Induced A deposition in HSCs was time-dependent and dependent on the A3
concentration in the medium. Quantification of the induced A3 load (%) at 1, 4, and 9 weeks with 1.5 um syn AB1—40 in the medium (n = 11 cultures/time point; ANOVA, F, 55 = 13.45;p <
0.0001) (/). *p << 0.05 (Tukey's post hoc multiple-comparison test). ***p << 0.001 (Tukey's post hoc multiple-comparison test). Induced AS load (%) 9 weeks after treatment with various
concentrations of human syn A31-40 in the medium (n = 1013 cultures/concentration; ANOVA, F 3 4, = 32.18; p < 0.0001) (K). ***p << 0.001 (Tukey's post hoc multiple-comparison test).
L, Immunoblot analysis with an antibody specific to murine (m) A3 revealed a faint A3 band in the APP23 brain extract (lane 4) and, upon longer incubation, also in HSCs treated with APP23 extract
and human syn A3 in the medium (lane 3), but not in HSCs treated with APP23 brain extract alone (lane 2; lane 1 shows an untreated HSC). This indicates that at least some HSC-derived murine A3
is codeposited with human A3 in HSCs. GAPDH was used as loading control. Scale bars: C—H, I, 200 r.m; I, boxes, 20 pum.
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Results

A deposition in HSC is induced by
seeded aggregation of synthetic A
HSCs were prepared from postnatal
APP23, APPPS1, and APP23 X APPPS1
double tg mice and cultivated for up to 10
weeks (Fig. 1). After this time, the cyto-
architecture was still largely intact. How-
ever, no A deposition was detected in
any of the untreated HSCs (Fig. 1C) de-
spite robust AB deposition being present
in 8-week-old APP23 X APPPSI1 tg mice
in vivo (F.L. and M.]., unpublished obser-
vation). To compensate for the release of
the secreted AB from the slices into the
medium the latter was supplemented con-
tinuously with 1.5 uM synthetic AB1-40. Again, no A deposits
emerged in the HSCs (Fig. 1D).

Previous work has shown that cerebral -amyloidosis can be
induced in APP tg mice by inoculation with A3-amyloid contain-
ing brain extracts (Meyer-Luehmann et al., 2006; Eisele et al.,
2010). Inspired by these findings, a small volume (1 ul) of extract
from an aged amyloid-laden APP23 tg mouse brain was applied
once onto the top of the HSCs on day 10 after establishing the
culture. Yet again, no A3 deposits were induced even after 9
weeks in culture (Fig. 1E). However, when treatment with brain
extract from aged APP23 tg mice (but not from age-matched
wild-type control mice) was combined with the continuous ap-
plication of synthetic human AB1-40 in the medium, robust A3
deposition was induced in the slices (Fig. 1F). Remarkably, this
treatment combination also induced A deposition in HSCs de-
rived from wild-type mice (Fig. 1G), suggesting that A3 deposits
develop also in the absence of transgenic HSC-generated human
AB. This was also true for endogenous HSC-derived mouse Af3
because deposits were also found in HSCs from App-null mice
using the same conditions (Fig. 1H ). Thus, HSC-generated A is
not necessary for the induction of Af3 deposition; however, if
present, HSC-derived murine A appears to codeposit with the
induced A deposits (Fig. 1L). Strikingly, when tg brain extract
and synthetic AB treatment were applied to formaldehyde-fixed
(and thus inactivated) HSCs, AB deposition was limited to the
rim of the culture (Fig. 2), whereas in living HSC A deposition
was much stronger and also present in the center of the sections
(Figs. 11, 2B). This argues that living hippocampal slices are man-
datory for the development of AB deposits in HSCs. Further-
more, in living HSCs, A3 deposition was dependent on time and
on concentration of synthetic AB in the medium (Fig. 1],K).
With the highest AB concentration tested (1.5 uM synthetic
APB1-40 in the medium), first AB deposits were detected 1 week
after the combined treatment and increased further for up to 10
weeks in culture.

Figure2.

m; insets, 200 wm.

Brain extract and synthetic A species determine the
morphotype of HSC A deposits

The requirement of adding both amyloid-laden APP tg brain extract
on top of the culture and synthetic A3 to the medium to induce HSC
AP deposition suggests that AB aggregation in culture occurs via
seeded conversion. To confirm such a mechanism, HSCs were
treated with brain extracts from either aged APP23 or aged APPPS1
tg mice and were incubated with medium supplemented with either
synthetic AB1-40 or AB1-42. AB deposits in APP23 tg mice differ in
appearance and molecular architecture from deposits in APPPSI tg
mice (Heilbronner et al., 2013). While A deposits in aged APP23 tg

Novotny, Langer et al.  In Vivo Active Synthetic A Seeds in Slice Cultures

HSCs fixed before treatment reveal only modest A 3 deposits and only at the rim of the culture. A, Wild-type HSCs were
fixed in 4% PFA before treatment with APP23 brain homogenate and synthetic A31—40. A deposits (anti-A3 immunostaining)
were only observed at the edge of the HSC (inset), whereas no AB deposits were found in the center of the section (A). B, In
contrast, numerous A3 deposits were found with the same treatment in living wild-type HSC (see also Fig. 1). Scale bars: 4, B, 50

mice are fairly large and contain predominantly A40 (i.e., AB end-
ing with amino acid 40), AB plaques in aged APPPS1 tg mice are
smaller, more numerous, highly compact, and contain predomi-
nantly AB42. Indeed, HSCs treated with APP23 brain extract and
synthetic AB1-40 demonstrated larger plaques while deposits were
smaller, more numerous, and highly compact when cultures were
treated with APPPS] extract and synthetic AB1-42 (Fig. 3). Based
on morphological criteria, both the brain extract as well as the syn-
thetic A species in the medium determined the morphotypes of the
induced AB deposits. Using the amyloid conformation-specific lu-
minescent conjugated oligothiophene pFTAA (Klingstedt et al.,
2011; Fritschi et al., 2014), this morphological observation was
quantitatively confirmed (Fig. 3E).

HSC AP deposits recapitulate many aspects of

cerebral -amyloidosis

Electron microscopic analysis of HSC AB deposits revealed anti-
AB-immunogold-labeled amyloid fibers arranged in typically
packed parallel bundles (Fig. 4A) virtually identical as described
for AB plaques in APP tg mice (Stalder et al., 1999, 2001) and AD
patients (Terry et al., 1964). Larger deposits exhibited Congo
red-positive staining with the characteristic birefringence under
cross-polarized light (Fig. 4B, C).

To study amyloid-associated morphological alterations in
more detail, HSCs were prepared from tg mice expressing eGFP
in neurons (Thyl-GFP mice) and were treated once with brain
extract from aged APPPSI1 tg mice while the media was supple-
mented with synthetic AB1-42. Numerous GFP-positive dys-
trophic and neuritic structures were observed in vicinity of
AB-plaques (Fig. 4D-F). Also, at the ultrastructural level, dystro-
phic boutons were observed in the vicinity of A plaques (Fig.
4G). Some of these dystrophic structures were positive for phos-
phorylated Tau (AT8 antibody) and neurofilament light chain
(Fig. 4 H,I). Overall, the dystrophic elements appeared very sim-
ilar to dystrophic neurites described in aged APP tg mice
(Masliah et al., 1996; Phinney et al., 1999; Rupp et al., 2011) and
AD brain (Probst et al., 1983). The same HSCs were then used for
dendritic spine counts, which revealed an ~50% decrease in the
density of GFP-labeled spines (Fig. 4/-L). Spine loss appeared to
be strongest in the vicinity of A deposits, again similar to reports
in aged APP tg mice (Spires et al., 2005; Bittner et al., 2010). A
general decrease (39%) in the number of spines was also found at
the ultrastructural level in wild-type HSCs treated with APPPS1
brain extract and synthetic AB1-42 compared with untreated
wild-type HSCs (221.0 £ 31.79 vs 135.7 * 13.22 spines per
counting area, indicated is the mean = SEM, for details, see Ma-
terial and Methods; p < 0.05). Obvious neuron loss was not
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AB morphotypes in HSCs depend on the seed and synthetic AB species. A-D, Differences in structural appearance of induced A3 deposits (anti-A3 immunostaining) in

10-week-old wild-type HSCs inoculated with different brain extracts and incubated with 1.5 m of either synthetic (syn) AB1-40 or AB1-42 in the culture medium. 4, Large fibrillary
deposits of A3 (arrows) were observed with APP23 brain extract and syn AB1-40. B, Inoculation with APP23 brain extract and syn AB1-42 revealed a mixed pattern of small and large
fibrillary deposits. C, APPPST brain extract combined with syn AB31-40 revealed large and compact AB deposits, whereas (D) numerous small AB deposits (arrows) were seen with
APPPST brain extract and syn AB1-42. Scale bars: A-D, 20 m. E, Spectral properties of the induced A3 deposits using the conformation-dependent amyloid-specific dye pFTAA. For
quantitative comparison, the ratio of light emitted at 599 and 502 nm was assessed for individual A3 deposits and the mean ratio determined per HSC. Per condition, 11-13 HSCs were
analyzed; data are mean = SEM. ANOVA (extract X syn A3) revealed a significant effect for extract (F; 43) = 6.41;p << 0.05) and syn AB (F(; 43y = 26.17; p < 0.001) but failed to reach

significance for the interaction (F(; 43) = 1.61; p > 0.05).

apparent in HSCs, similar to APP23 and APPPS1 mice, where
neuron loss is also modest and develops only in aged mice (Cal-
houn et al., 1998; Rupp et al., 2011).

AP plaques in APP tg mice and human AD brain are sur-
rounded by microglia (Itagaki et al., 1989; Mackenzie et al., 1995;
Stalder et al., 1999; Grathwohl et al., 2009). Although microglia
were evenly distributed in untreated HSCs, they were more nu-
merous, hypertrophic, and intensely Ibal-positive in areas with
AP deposition (Fig. 5A,B). Although individual microglia cells
were attached to the amyloid deposits with apparent uptake of
amyloid-positive material (Fig. 5C), the typical tight clustering of
several microglia around a single A deposit (plaque) as seen in
APP tg mice and AD brain was not observed in HSCs. When
microglia were depleted in HSCs, the total AB load was not sig-
nificantly changed, but a significant increase of the more compact
LCO-positive amyloid was noted (Fig. 5D).

HSCs with induced A deposits efficiently seed 3-
amyloidosis in APP Tg animals

To assess whether such HSCs harbor B-amyloid inducing activity
in vivo, 2.5 ul of homogenates from amyloid-laden cultures
(treated with APP23 tg brain extract and synthetic AB1-40) or
the same amount of homogenates from amyloid-free cultures
(treated only with APP23 tg brain extract) was injected into the
hippocampus of young, 4-month-old APP23 tg mice on an App-
null background. For comparison, some hosts were intracere-
brally injected with APP23 brain extract or with aggregated,
synthetic AB1-40, which have previously been shown to have
very potent and very poor in vivo B-amyloid-inducing activities,
respectively (Meyer-Luehmann et al., 2006) (Fig. 6 A, B). Analysis
4 months after inoculation revealed the expected induction of A3
deposition in the hippocampus of mice receiving APP23 brain
extract (Fig. 6C). Although less pronounced than for the APP23
extract (~40% less), robust induction of A deposition was ob-
served with the amyloid-laden HSCs (Fig. 6D). In contrast, only
minimal AB deposits were found with amyloid-free HSCs that
were treated only with the APP23 extract (Fig. 6E). Fibrils of
synthetic AB1-40, despite 40-fold higher concentration, induced

only minimal AB deposition (Fig. 6F). These remarkable obser-
vations suggest that AB aggregates in HSCs reproduce seeding
characteristics of brain-derived A aggregates that are absent in
synthetic in vitro aggregated Ap.

Discussion

In the present work, we demonstrate that HSCs promote the seeded
aggregation of synthetic AB and the formation of amyloid plaques.
Remarkably, the AB aggregates generated in the HSC model are
active in vivo as seeds for inducing cerebral 3-amyloidosis, which
emphasizes their similarity to A seeds formed in brain. A3 aggre-
gation has recently been described in APP-overexpressing 3D hu-
man neural stem cell cultures, but its in vivo activity has not been
tested (Shi et al., 2012; Choi et al., 2014). Moreover, according to
current insights, A aggregation in the brain spreads along neuro-
anatomical pathways in a self-propagating non—cell-autonomous
process (Jucker and Walker, 2013; Raj et al.,, 2015); therefore, an in
vitro system more closely mimicking the in vivo brain environment
(Frotscher and Heimrich, 1993; Bahr, 1995; Frotscher et al., 1995) is
required. The development of amyloid plaque-associated patholo-
gies in the HSCs underlines the similarities of this new in vitro model
with cerebral 3-amyloidosis in a transgenic mouse brain. Of note,
the amyloid-associated changes in HSCs occur in wild-type brain
tissue without APP overexpression and thus make seeded A3 aggre-
gation in HSCs a unique and valid model of cerebral B-amyloidosis,
also for sporadic AD. Prefixation of the HSCs largely prevented A3
aggregation and highlights the contribution of cellular processes to
achieve biological active A3 aggregates.

HSCs prepared from postnatal APP tg mice did not develop A3
deposits, even after 10 weeks of cultivation and despite development
of robust cerebral B-amyloidosis in the corresponding 8-week-old tg
mice. This may be because A generated in HSCs diffuses into the
medium precluding the local buildup of sufficiently high AS levels
for amyloid deposition (Waters, 2010). The recently reported A3
deposition in human cell cultures (Shi et al., 2012; Choi et al., 2014)
is probably related to the used Matrigel, a gelatinous mixture of
extracellular matrix proteins that should trap AB. However, we
achieved amyloid plaque formation in HSCs by repeatedly adding
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Figure 4.  Pathology associated with seeded A3 deposition in 10-week-old HSCs. A, Immunoelectron microscopy of induced
A deposits in wild-type HSCs treated with APP23 tg brain extract once on top and continuously supplemented with synthetic
AB1-40 in the media revealed the typical bundles of amyloid fibrils interdigitated with cellular elements. Inset,

synthetic AB to the medium and brain-
derived A seeds once to the culture. This
seeded AP aggregation can occur indepen-
dent of endogenous A generation and may
be initiated at cellular membrane structures
(Nagarathinam et al., 2013). Interestingly,
however, seeded AB aggregation requires
functional, living HSCs (membranes), as in-
activation before cultivation largely elimi-
nated amyloid deposition. Consistently, in
previous work using a variety of cell lines
and medium supplemented with A (albeit
in at least tenfold higher concentration than
in the present work), it was found that AB
aggregates occurred only in the presence of
living cells (Friedrich et al., 2010), although
again its in vivo activity was not tested.

Our data demonstrate that AB plaque
formation occurs via templated conver-
sion of synthetic AB exemplified by the
achievement of different A3 morphotypes
depending on the nature of the synthetic
A species in the medium (AB1-40 vs
APB1-42) and also on the applied brain
extract (APP23 or APPPSI mice). Poly-
morphic AB deposits and structural Af3
variants have also been described in APP
tg mouse models (Heilbronner et al,
2013) and AD brain (Lu et al., 2013) and

<«

Anti-AB-immunogold labeled amyloid fibers (arrows) at high
magpnification. B, €, Congo red-stained compact A deposits
in HSCs treated as in A combined with A3 immunostaining
(dark-blue) under normal light (B) and with the characteristic
apple-green birefringence between crossed polarizers (C). D,
E, Dystrophic GFP-positive structures in the vicinity of the in-
duced A3 deposits (A3 immunostaining, red) in HSCs of Thy1-
GFP mice treated with APPPS1 brain extractand syn AB1—42.
Dystrophic neuritic elements were observed in stratum oriens
(D), but they were also found in stratum radiatum and stratum
lacunosum-moleculare of CA1 (E). Dystrophic elements were
virtually absent in untreated cultures (F), cultures treated only
with brain extract or only with syn AB1—42 (data not shown).
Immunoelectron microscopy reveals an amyloid plaque in the
stratum oriens (G) surrounded by several dystrophic boutons
(asterisk). H, I, Dystrophic structures and boutons were (at
least partly) also immunopositive for hyperphosphorylated
tau (AT8 antibody; H, red) and neurofilament light chain (/,
red). The A3 deposits were visualized with anti-A3 immuno-
staining (green). J, K, Dendritic spines in HSCs prepared from
Thy1-GFP mice. Dendritic segments with numerous spines
were observed in untreated HSCs (J). In contrast, curved and
thinned (arrowhead) dendritic segments with only very few
spines were present in HSCs treated with APPPS1 extract and
syn A31—-42 (K). The number of dendritic spines/um on side
branches of apical dendrites (CA1 pyramidal neurons, stratum
radiatum) was significantly reduced in HSCs with A3 deposits
(L) compared with control cultures treated only with syn
AB1-42 or APPPST brain extract and compared with un-
treated cultures (n = 4 cultures per group; 3— 8 segments
analyzed in each culture; ANOVA, Fi5 ;5 = 10.21;p <
0.001). *p << 0.05 (post hoc Tukey’s multiple comparison).
Scale bars: 4,1 wm; inset, 0.1 wm; B, C, 20 m; D—F, 20
um; G, 1 um; H, 1,5 um; J, K, 5 wm.
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Microglia-amyloid interaction and microglia depletion in wild-type HSCs. A, B, Double immunolabeling of microglia (anti-lba1, green) and AB (anti-A3, red) revealed the

scattered distribution of microglial cells in untreated HSCs and thus in the absence of A deposits (A). In contrast, in HSCs treated with APP23 brain extract and synthetic AB1-40,
microglia were more numerous and appeared hypertrophicin areas rich in A3 deposits (B). Scale bars: 4, B, 20 wm. €, Confocal imaging and 3D surface reconstruction of microglia (Iba-1,
green) and amyloid plaques (qFTAA, red) reveal a tight association of microglia processes with the amyloid suggestive of some uptake/interaction with the amyloid (yellow). Scale bar,
100 wm. D, Clodronate treatment of HSCs greatly depleted microglia. Shown are 8-week-old HSCs (n = 29 and n = 25 cultures/group for depleted and control, respectively. ***p <
0.001 (Mann—Whitney U test). A similar microglia depletion was already found after 1 week in culture consistent with previous reports (Kohl et al., 2003). Despite the microglia depletion,
no significant effect on the induced total A3 deposition was found (p = 0.640). However, when the amyloid-specific dye qFTAA was used, a significant increase was found (p << 0.001).

Data are mean = SEM.

different AB conformers have different biological activities in
vitro (Petkova et al., 2005; Eisenberg and Jucker, 2012).

Although in vitro aggregated synthetic AB can act as an in vivo
seed in APP tg mice (Stohr et al., 2012), its seeding activity is at
least 100X less potent than brain-derived aggregated AB (Meyer-
Luehmann et al., 2006; Stohr et al., 2012). In contrast, HSC-
derived aggregated Af shows seeding activity within the same
order of magnitude as brain-derived aggregated AB. This is con-
sistent with the idea that brain seeds impose their structure on the
synthetic AB and render it seeding active. Moreover, the strong
reduction of AB aggregation by fixation before treatment sug-
gests a factor in living HSCs (and thus the brain), which contrib-
utes to the seeded A aggregation.

A plaque features (congophilic amyloid, star-like appear-
ance, and parallel fibril bundles at ultrastructural level) and
associated neural changes in HSCs (dystrophic and phosphor-
ylated Tau-positive neurites, loss of dendritic spines) recapit-
ulate largely the amyloid-associated neural changes in APP tg
mouse models (Masliah et al., 1996; Phinney et al., 1999;
Spires et al., 2005; Bittner et al., 2010; Rupp et al., 2011) and
AD brain (Probst et al., 1983). However and most remarkably,
these amyloid features and neural changes in HSCs occur in
response to the induced aggregation of exogenously applied
synthetic AB. Equally important and of note, all these changes
occur in wild-type tissue and thus avoid the potential con-
founding overexpression of APP present in transgenic mice
(Jucker, 2010).

Microglia in HSCs show a typical ramified morphology
(Hailer et al., 1996; Skibo et al., 2000), which was retained
throughout the 10 week HSC period. Although microglia were
more numerous and hypertrophic in areas with A plaques (typ-

ically around the rim of the culture), indicating that a local in-
flammatory and phagocytic response was taking place, the tight
clustering of microglia observed around A deposits in vivo was
not observed in HSCs. This may be a result of the disruption of
localized signals and microglial chemotaxis due to dilution of
chemoattractants and/or the presence of synthetic A in the cul-
ture medium. When microglia were depleted in HSCs, the total
ABload was not changed, but a shift to more dense-cored plaques
was found. Interestingly, this finding is reminiscent of our in vivo
observations, where in microglia-depleted APP23 animals a small
decrease in the diffuse AB load and a tendency toward an increase
in the dense-cored amyloid load (albeit not significant) was ob-
served after 4 weeks (Grathwohl et al., 2009). The lack of changes
in total A3 load after microglia-depletion in vitro and in vivo may
at least partly be explained by overwhelming A3 aggregation over
(physiological) removal.

In conclusion, we have demonstrated that A3 aggregation and
many of the previously described neuronal changes in APP tg
mice and AD brain can be achieved by the seeded conversion of
synthetic AB in living wild-type brain tissue. HSCs combine ad-
vantages of in vitro tissue culture and in vivo analysis of mouse
models. This easily accessible system is amenable to experimental
manipulation and live imaging. Systems that model the complex
brain environment are urgently needed to study the mechanisms
governing Af3 aggregation in vivo, the downstream pathological
processes of neurodegeneration, and to test therapeutic ap-
proaches. The finding of seeded conversion of synthetic AS into
potent in vivo seeding-active AP aggregates should ease further
studies aiming at deciphering the factors responsible for its
conversion.
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Figure6. HSChomogenates with A3 deposits induce 3-amyloidosis upon inoculation in APP tg mice. 4, Preparation of the different inoculates: (1) brain extract of an aged APP23 tg mouse was
used as a control; (2) homogenates of HSCs with abundant A3 deposits (induced with APP23 extract and syn A31-40); (3) homogenates of HSCs that lack A3 deposits (treated only with APP23
extract); and (4) preaggregated synthetic A31—40. B, A3 concentrations in the different preparations. (~F, Different preparations were injected into the hippocampus of young, 4-month-old
APP23 tg mice on an App-null background (abbreviated here as APP23 tg mice). Brains were immunohistochemically analyzed for A3 deposition together with Congo red staining 4 months later.
The injection of the APP23 brain extract induced the expected A3 deposition in hippocampus (dentate gyrus, €). Homogenates of amyloid-laden HSCs also induced overt, albeit less, A3 deposition
(D), whereas homogenates from HSCs only treated with APP23 extract revealed minor A3 deposition (E). Preaggregated synthetic A3 only induced sparse and very localized A3 deposition (F). G,
Stereological quantification of the induced A3 load in the dentate gyrus (n = 6 or 7/group; ANOVA, F 5 ,,, = 19.45; p << 0.0001). *p < 0.05 (Tukey's post hoc multiple-comparison test). **p <<

0.01 (Tukey's post hoc multiple-comparison test). Scale bars: (~F, 200 m.
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